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for these reactions is such that one has to reach hundreds of millions of degrees 
in order for them to take place. This is what happens in the sun, where gravita- 
tion has compressed the mass and heated it to a temperature high enough to 
stop the gravitational compression. As a result of the high temperature, fusion 
takes place-so slowly that it will take billions of years to consume a typical 
proton. Chapter 3 shows how nuclear fusion has been exploited on a massive 
scale in thermonuclear weaponry. 

We have already discussed the other method of generating nuclear energy, 
fission, and introduced the chain reaction in uranium. To relate our discussion 
of fission to the curve of binding energy: In very heavy nuclei such as lead or 
uranium, the nucleons are less and less tightly bound; the binding energy per 
nucleon is less than it is in the lighter structures into which they are trans- 
formed by fission. These fission fragments have masses between 70 and 170 
times the mass of hydrogen. Even a very low-energy, nearly stationary neutron, 
when it is captured by the uranium-235 nucleus, destabilizes it and makes it 
explode into lighter fragments: the uranium-235 is called a "fissile" element. As 
noted, uranium-235 contains 92 protons and 143 neutrons, and uranium-238 
has 92 protons and 146 neutrons. The curve of binding energy shows only the 
available energy; it remains for human ingenuity to provide the path by which 
the nuclei will split or merge. It is not necessary to initiate the fission reaction 
by raising the temperature. All that is required is to know how to combine the 
fissile element, uranium-235, with a medium that allows enough of the two or 
three neutrons liberated in the fission process to remain unabsorbed so as to be 
able, in turn, to produce other fissions, thus giving rise to a chain reaction. 
Uranium-235 and uranium-238 have quite different probabilities of reaction 
with an incident neutron, although the energy released by fission of one or the 
other nucleus is about the same. 

The Nuclear Chain Reaction 

THE P U R P O S E  of this chapter is to provide the basic understanding of what 
is needed to exploit fission and to produce fissionable materials for use in 
nuclear weapons. Nuclear reactors are discussed only for the production of 
plutonium-zjg; reactors for electrical power are treated in Chapter 5. 

By the end of the Second World War, physicists understood how to pro- 
duce both explosives and electricity by exploiting the energy liberated from 
atomic nuclei. Much development has ensued in both fields. 

As discussed in the previous chapter, the two processes for creating nuclear 
energy are fission and fusion-the splitting of heavy nuclei into lighter ones, 
and the creation of heavier nuclei by fusing together lighter ones. In both 
cases, the energy exploitable is equal to Me2, where M is the difference in mass 
between the initial and final nuclei involved in the process and c is the speed 
of light in vacuum. It is millions of times greater per atom than the energy 
resulting from chemical reactions. 

The  discovery of fission and the fact that each fission releases two or more 
neutrons gives the possibility of a neutron chain reaction that would allow a 
change of scale from the few neutrons created with natural radioactive sources 
or by cosmic rays to numbers of neutrons (and fissions) that would enable 
large power plants and dwarf the largest chemical explosive releases. 

For an explosive chain reaction to take place, the mass of fissionable mate- 
rial must exceed a threshold value called the "critical mass," or else too many 
neutrons escape without collision and the chain reaction dies out after a few 
successive fissions. It was this critical mass of 60 kilograms of uranium-235 that 
Frisch and Peierls were the first to predict by a correct approach, although 

1 inaccurate input data made their estimate low by about a factor of lo. 
The  power produced by Fermi's first chain-reacting pile at the University of 

Chicago (two watts) was that of a small flashlight, but the essential feature of 



x 

M E G A W A T T S  A N D  M E G A T O N S  

nuclear reactors was there-the possibility of making a large-scale controlled 
neutron chain reaction. This stunning achievement of December 1942 was fol- 
lowed by the construction, at Hanford, Washington, of a reactor loo million 
times more powerful than Fermi's first demonstration reactor. Here the objec- 
tive was not to produce energy but to make in sufficient quantity an element- 
plutonium-239-that could replace the fissile element uranium-235 in the 
fabrication of nuclear-explosive weapons. This was an alternative to the separa- 
tion, thus far never attempted, of U-235 isotopes on an enormous scale. 

Plutonium-239 (with Z = 94, i.e., there are 94 protons) is produced by the 
reaction uranium-238 + neutron => uranium-239 -> neptunium-239 -> pluto- 
nium-239. (The symbol => means "produces" and the symbol -> means 
"decays to," by the emission of an electron-a beta ray.) 

The  "capture" of a neutron by uranium-238 (U-238) liberates immediately 
several gamma rays of total energy equal to the binding energy of a neutron, 
transforming U-238 to U-239. The ensuing decays of U-239 and neptunium 239 
(Np-239) each involve the emission of an electron and a neutrino. The emis- 
sion of one negative electron (identical to the usual atomic electrons) 
increases the charge of the nucleus by one unit. Thus the nucleus of neptu- 
nium has 93 positive charges while that of plutonium has 94. Uranium-239 has 
a half-life of 23 minutes, neptunium-239 2.4 days; they are fleeting intermedi- 
aries in the production of plutonium-239 from uranium-238, which is 140 times 
more abundant than uranium-235 in uranium ore. Plutonium-239 (Pu-239) has 
a half-life of z4,000 years. 

SOME DEFINITIONS 
Lifetime (or, more technically, "mean life"): the time after which, on average, a 

freshly produced radioactive nucleus decays. Some individual nuclei will decay 

sooner and some later. One cannot predict at what time a specific nucleus will decay 

but can only predict when it is most likely to do so. 

Half-life: the time after which half of any given sample will have decayed. For 

radioactive decay, the half-life is precisely 0.697 as long as the mean life. Because the 

individual decays occur at random, this time is the same no matter how large the 

sample. The time it takes for half of a trillion nuclei to decay is the same as the time 

it takes for half of a billion nuclei. And the time for decay of half of the remaining 500 

billion or 500 million nuclei is again the same. 

Decay rate: the rate at which an average sample of a species of radioactive nuclei 

will decay. It is the inverse of the lifetime; the longer the lifetime the slower the rate. 

The Nuclear Chain Reaction 

"Fertile" materials are those that do not produce energy through fission, but 
are transformed by neutron capture into material that can be fissioned. That is 
the case for uranium-238, which can be transformed into plutonium-239. The 
absorption of a neutron by uranium-238 is, therefore, important because pluto- 
nium-239 is easy to fission and call make a good explosive. In the operation of a 
reactor, the capture of neutrons by uranium-238 does not lead to a total loss of 
the neutrons in the long run-i.e., in a nuclear reactor where the Pu-239 thus 
produced might be fissioned in a few months or years. But excessive capture by 
U-238 can so degrade the neutron economy that no chain reaction is possible. 
Several other isotopes can undergo fission by the absorption of slow neutrons, 
i.e., are fissile: the most important ones are uranium-233 and plutonium-241. 

Like Fermi's first reactor, the Hanford reactors used pure carbon to slow (or 
"moderate") the fission neutrons from uranium-235 so that they would produce 
new fissions, while minimizing the chance for them to be captured by the 
much more abundant uranium-238 that would otherwise quench the chain 
reaction. But their enormous heat production meant that the Hanford pluto- 
nium reactors needed to be cooled by the waters of the Columbia River. 

The  first pile at Hanford generated 250  million watts-250 megawatts or 
MW-of thermal power and produced each year almost a hundred kilograms 
of plutonium. A rule of thumb is that a megawatt of fission heat in a natural- 
uranium reactor accompanies the production of about a gram of plutonium- 
239 per day. About six kilograms were sufficient to make a bomb. The  first 
plutonium bomb was tested on July 16, 1945, in the New Mexico desert, and 
the second was dropped three weeks later on the Japanese city of Nagasaki, 
three days after a uranium fission bomb had destroyed the city of Hiroshima. 

PROPERTIES  OF T H E  N E U T R O N  

In view of the vital role played by neutrons for producing nuclear energy, con. 
trolled or explosive, we should dwell a bit on their properties. 

A free neutron in vacuum has a half-life of about a thousand seconds (abou. 
16 minutes). It disintegrates spontaneously into a proton, an electron, and : 
neutrino. A neutron bound to protons can live eternally (in a stable nucleu! 
such as deuterium) or disintegrate into a proton, an electron, and a neutrinc 
(in a radioactive nucleus) in a time that varies between a fraction of a seconc 
and a billion years or more, depending upon the type of nucleus. 

But a neutron's life is typically far more complicated. A free neutron travel 
ing through matter undergoes collisions with nuclei through which it is slowec 
down or captured. When capture occurs, the nucleus is converted into anothe 
somewhat heavier nucleus, which can be either stable or radioactive. The  inter 
actions of neutrons with nuclei are astonishingly varied-ranging from thosc 
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SPECIFICS A B O U T  T H E  NEUTRON CHAIN REACTION I N  

NUCLEAR WEAPONS A N D  NUCLEAR REACTORS 
Each neutron released in fission can either be captured by a nucleus, escape 

from the nuclear fuel, or give rise to a fission which, in turn, produces two or three 

neutrons. If this latter process dominates and more than one neutron from each fis- 

sion provokes a new fission, then there is an exponential multiplication in an  infinite 

medium. That is, if one  fission provokes two more, and if each of these two similarly 

provokes two, the number of fissions in each successive interval of ten billionths of a 

second is 1, 2, . . . 32, . . . 1024, 2048 . . .Thus if the mass M is sufficient, the system 

makes the transition from the infinitely small scale of the initial fission reaction to 

that of the immense number of nuclei contained in M-in less than a microsecond. 

For an  explosive chain reaction to take place, the Inass M must be greater than a 

threshold value called the "critical mass," so that enough neutrons from the average 

fission remain in the region and so can carry on the chain reaction. This critical mass 

M, is about lo kilograms for plutonium-239 and about 60 kilograms for uranium-235, 

when these materials are in the form of metal spheres at their normal density. In 

nuclear weapons, these values might be reduced by a factor o f 4  if the force of a pow- 

erful explosive is sufficient to double the density of the plutonium by ~ o m ~ r e s s i o n , ~  

and by a further factor of 2 by having the sphere of fissionable material surrounded by 

matter that can "reflect" some of the escaping fission neutrons back into the sphere. 

This possibly surprising fact is of great practical importance. In a just-critical mass, 

there is a certain probability that a neutron will collide and cause a fission in going 

from the center of the sphere to the edge. That probability will remain the same if 

the density is increased by a factor F, while the radius is reduced by a similar factor. 

Since the mass of a sphere is proportional to the density and to the cube of the radius, 

the mass of a just-critical sphere-Mc-is inversely proportional to the square of the 

density (that is, F x F-' = F-'). 

T h e  play Copenhagen by Michael Frayn, produced in both London and New 

York, alludes to some of these matters in the context of a brief but historic meeting in 

Nazi-occupied Copenhagen in September 1941 between the leader of the German 

nuclear program, Werner Heisenberg, and Niels Bohr, the inventor of the Bohr atom 

and of the liquid-drop model of the nucleus that in 1939 had been accepted as 

explaining neutron-induced fission. 

When the fission propagates, the mass M is raised to the enormous temperature 

of tens of millions of degrees; the internal pressure corresponding to metallic density 

at this temperature (and to the pressure of the X-rays that correspond to the light from 

such superhot materials) drives the ball apart. T h e  nuclei of M, therefore, don't all 

have time to fission; the system becomes subcritical and the neutron chain reaction 
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dies out before it involves most of the U-235. In the Hiroshima bomb, only about 2% 

of the uranium fissioned. 

In a nuclear reactor, the goal is to maintain a chain reaction in which each fis- 

sion leads to precisely one subsequent fission (and so on) to prevent a runaway chain 

reaction from taking place. Just one neutron coming from the fission reaction, or 

from the fission products, is able to produce a succeeding fission; the rest are lost to 

absorbers in the reactor, and some to neutron-absorbing control rods used specifi- 

cally to maintain the reactor just critical. I11 reactors producing heat to be used to 

generate electrical power, one  takes advantage of the fact that the fission of each 

nucleus produces 25 million times more energy than the combustion of an atom of 

carbon. In such a reactor of iooo MW, a thousand times more fissionable material is 

present than exists in a bomb. This produces in a continuous, controlled fashion a 

great deal of energy over many years at a rate equivalent to the energy released by one 

Hiroshima bomb every eight hours. T h e  essence of reactor design and operation is to 

prevent a divergent chain reaction, that is to say, one in which the multiplication 

coefficient (number of daughter fissions divided by number of mother fissions) is 

greater than 1. 

T h e  primary fission products are, in general, very unstable: they and their 

radioactive decay products make up  the radioactive waste whose management is one 

of the most vexing problems of the nuclear industry. 

causing fission or other types of nuclear alchemy to elastic collisions in which 
only momentum is exchanged without any nuclear reaction occurring at all. 

When a nuclear projectile, such as a neutron, moves through matter, the 
chance that it produces a reaction is determined by what is called the "cross 
section," defined, in this case, as the apparent target area offered by a nucleus. 
The common unit of measure is the "barn," equal to cm2, the area of a 
little square 10-l2 cm on a side-a unit used by the Los Alamos physicists, who 
thought that this cross section on a nuclear scale was so large that it was, figura- 
tively speaking, as big as the side of a barn. The  cross section takes into account 
not only the actual physical size of the nucleus but also the likelihood of a col- 
lision of a particular kind. A homey analogy might be to assign an "area" to a 
window at which a child throws a rubber ball. This "area" would measure the 
likelihood that the child will break the window. Clearly that likelihood will 
depend not only on the actual area of the window but on the kind of glass it is 
made of and how hard the ball is thrown. The  "area" will increase as the ball is 
thrown harder and harder. 

Similarly, the cross section for nuclear collisions varies with the energy of 
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the neutrons, but by no means in such a simple fashion; a larger set of possibil- 
ities exist. These include elastic collisions (i.e., a "bounce" with all the energy 
remaining in the kinetic energy of the colliding particles) and inelastic colli- 
sions, in which the target nucleus is excited by the collision, with later decay 
by the emission of a gamma ray-the neutron loses energy in the inelastic col- 
lision but remains free. Then there is "absorption," in which a neutron is 
totally absorbed into a "compound nucleus" that later decays by emission of a 
gamma ray; or even an "n-p" (neutron-proton) reaction, in which a neutron 
striking a target is absorbed but a proton is emitted. So there is a whole array of 
cross sections for the collision of a neutron with a nucleus like that of uranium- 
235. In the example of the window, at low speed, the "elastic cross section" of 
the window equals the "geometrical cross section"; as speed increases the 
"fracture cross section" increases while the elastic cross section falls, because 
for a window (but not for a nucleus), the "total cross section" is equal to the 
geometric cross section. See Fig. 2.1 for an example. 

It is remarkable that this capture cross section can change by a factor of 
iooo or more as one goes from a given nucleus to a neighboring nucleus that 
has only one proton or neutron more. The  situation is analogous to that in 
chemistry when there is an enormous difference in chemical properties 
between one atom and its next-higher neighbor in the periodic table, which 
has only one electron more. For example, chlorine, with 17 orbital electrons, is 
highly reactive, and argon, the next element, with 18 electrons, is chemically 
inert. 

Absorption of Neutrons 

Great ingenuity was necessary to construct a reactor with natural uranium. No 
matter how much uranium with its natural content of 0.72% U-235 is amassed, 
the system will be subcritical, because a fission neutron has only a small 
chance of causing fission in U-238 (and less in the small amount of U-235) 
before it loses enough energy by inelastic scattering so that only the scarce U- 
235 is susceptible to fission. The  problem is evident from the four rather com- 
plicated graphs of Figs. 2.2, 2.52.4, and 2.5. 

In a nuclear weapon, a fission chain reaction takes place in nearly pure 
uranium-235 using directly neutrons of fission with an energy of 2 MeV. In a 
typical nuclear reactor, the neutrons are slowed down from the initial fission- 
neutron energy of 2 MeV to thermal energy of 0.025 eV; a light-element mod- 
erator avoids capture in the uranium-238 resonances while slowing to thermal 
energy. 

The  genius of the nuclear pioneers was the observation that a light-element 
moderator could bring the fission neutrons safely through the complex "reso- 
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Fig. 2.1. A neutron, represented by a frog, escapes from a nucleus - 
that has undergone fission, represented by an exploding airplane. 

The frog falls toward the sea and sees two islands of about the same size: Ura- 

nium-235 and Uranium-238. The lucky frog manages to open his parachute, 

which greatlyslows his fall. But when he looks down again at the two islands, he 

is astonished to see an important difference: 

Uranium-235 now looks big, and Uranium-238 seems tiny by comparison. 

"It's weird," says the stupefied frog to himself "These neighboring islands have 

almost the same name, they were about the same size, but one has grown to 

immense proportions as I slowed. " 

That is because this apparent area has nothing to do with a geometric area. It 

reflects the appetite of the uranium-235 nucleus for the approaching neutron. 

This appetite is measured by the effective area or cross section of the nucleus. 
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The fission cross-section and capture cross-sections for U-238 (Fig. 2.3) show that 

once the neutron gets below a fraction of an MeV, the probability of captnre is 

ioo,ooo times as high as the probability of fission. A chain reaction requires that at 

least one of the two or so neutrons produced in fission cause another fission, but in 

U-238 below an MeV only about one neutron in ioo,ooo would cause fission; so the 

neutrons would die out. 

The situation for a neutron chain proton is very favorable with pure U-235 (Fig. 

2.2). Inelastic scattering is not shown on these curves, but it is clear that the fission 

cross section for U-235 is almost ten times its capture cross-section at almost any 

energy, so that only 10% of the neutrons will be lost to capture, making a chain reac- 

tion in pure U-235 of sufficient mass impossible to avoid. 

The fission and capture cross sections for natural uranium are obtained by multi- 

plying the curves for U-235 by 0.7% and adding them to the corresponding curves for 

U-238, multiplied by 0.993. When this is done (Fig. 2.4), the fission curve except at 

the highest energy is entirely due to U-235, and the capture curve at all energies is 

essentially identical with that for U-238 It is clear that the situation for a chain reac- 

tion in natural uranium is unfavorable for neutron energies of lo eV or more, but is 

quite favorable for thermal energies, where the capture cross section is 4.1 barn, and 

the fission cross section of natural uranium (due entirely to U-235) is about 3.4 barn. 

Fig. 2.5 plots the cross sections for uranium containing 4.1% U-235. A neutron 

chain reaction can occur only below the resonance absorption region of U-238; but 

at energies below about 1 eV, the fission cross section is large enough to permit sub- 

stantial structure in the core ofa power reactor. 

nance region" in the middle of the graph to enter the favorable region between 
thermal energies and lo eV or more. Let's see why this is so. 

Neutrons can be slowed down by elastic collisions similar to those between 
billiard balls: they lose their energy all the more rapidly if the target nuclei are 
light- that is, of mass similar to that of one or a few neutrons, not one hundred 
or more. A billiard ball will bounce several times from the cushions of the 
table before coming to rest. It will do the same if it strikes a large wood block 
placed on the table, losing a small fraction of its energy in the process. But if it 
strikes another ball at rest head on, it comes to rest and all the energy is taken 
by the target ball. When a cue ball strikes a target ball in a glancing encounter, 
it loses hardly any energy, and it can lose at most loo% in a direct, head-on col- 
lision. O n  the average the cue ball loses 50% of its energy when it strikes 
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another ball at random. The proton, which is the nucleus of the hvdrogen 
atom, is the lightest nucleus: the neutron thus loses, on the average, half of its 
energy in each collision with a proton, and occasionally a11 of its energy in a 
single collision, while it loses a much smaller fraction of its energy when the 
target is made up of heavy nuclei. 

A neutron emitted in the fission of a heavy nucleus has kinetic energy of 2 

MeV-it travels at a speed of 20,000 kmls (about 7% of the speed of light) and 
is called a "fast" neutron. A thermal, or slow, neutron, which has an energy of 
0.025 eV, travels at a speed of about 2 kmls. Twenty-six collisions are enough, 
on the average, for a neutron of2 MeV to be gradually slowed down to the aver- 
age energy of the atoms that make up a hydrogen-rich medium at room tem- 
perature. It takes 31 collisions in deuterium (heavy hydrogen, with one neutron 
and one proton in its nucleus), 120 collisions in carbon, and 2200 in uranium. 

The medium that slonls down the neutrons is called the "moderator." This 
medium varies from one type of reactor to another. In most reactors, the mod- 
erator is the hydrogen contained in ordinary water, but natural uranium will 
not produce a self-sustaining chain reaction with ordinary water as moderator, 
because of the hunger of protons to capture a neutron (with the emission of a 
gamma ray); hence all water-moderated reactors use slightly enriched ura- 
nium. Fig. 2.5 shows the capture and fission cross sections of uranium contain- 
ing 4.1% uranium-235. 

In his 1934 experiments, Fermi and his team stumbled onto the importance 
of moderated neutrons accidentally. After observing peculiar results that 
turned out to be due to a wooden table supporting the experiment, the experi- 
menters put a piece of paraffin in front of the target, and they noticed that for 
the creation of radioactivity this greatly enhanced the effectiveness of the neu- 
trons that passed through it. In paraffin, two out of three nuclei are protons, the 
nuclei of hydrogen atoms, which slow the neutrons so effectively. Thus was 
invented the science of slow-neutron physics, for which Fermi received the 
Nobel Prize. The citation for Fermi's 1938 Nobel Prize reads: ". . . for his 
demonstrations of the existence of new radioactive elements produced by neu- 
tron irradiation, and for his related discovery of nuclear reactions brought 
about by slow neutrons." 

As a neutron is being slowed down to thermal energy by collisions, it passes 
through intermediate energies and it can be lost in a collision or absorbed 
without producing fission. The probability of absorption (i.e., the absorption 
cross section) of slow neutrons varies considerably from one element to 
another: boron-lo (an isotope with 5 protons and 5 neutrons-which consti- 
tutes one of every 5 atoms of natural boron) has a considerable cross section of 
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3800 barns; the 80%-abundant boron-11 ( 5  protons plus 6 neutrons), 5 milli- 
barns (i.e., 0.005 barn); cadmium, 2000 barns; carbon, only 3 millibarns; and 
iron, lo barns. Such differences in the characteristics of these materials allow 
their judicious use in the control of nuclear reactors: by inserting them in the 
right combination, one can finely control the fate of neutrons emitted in the 
reactor core. 

The  extraordinary differences in the properties of U-235 and U-238 nuclei 
can be seen in Figs. 2.2 and 2.3: the fission cross section for uranium-235 is 
about 583 barns for neutrons with an energy of 0.025 eV-an energy compara- 

' 

ble to the thermal energy of an atoni at the temperature of a typical nuclear 
fuel-and falls to 2 barns for neutrons of 2 MeV, which is the average energy of 
neutrons emitted by fission. For uranium-238, it is effectively zero (lo micro- 
barns) for thermal neutrons, while it is only 0.5 barn for 2 MeV neutrons. That 
is why a chain reaction cannot take place in uranium-238: a neutron liberated 
by fission has an energy close to 2 MeV; the likelihood that a single neutron 
will produce another fission with a probability greater than % (so that a fission 
reproduces itself) is slight, because it is too quickly slowed down by a few 
inelastic shocks and drops below the energy threshold for fission. In the lowest 
energy range, all the cross sections simply rise in inverse proportion to the 
velocity of the neutron-that is, as 1 divided by the square root of the kinetic 
energy. 

In the energy region above a few electron volts one sees also that a very 
small variation in the neutron energy changes enormously the probability of 
capture of these neutrons. These narrow peaks, called "resonances," illustrate 
the fact that these nuclei, combinations of neutrons and protons, are systems 
capable of vibration, like musical instruments. 

Quantum mechanics tells us that the neutron projectiles have a wave 
nature as well as a particle nature. These waves can resonate in the nuclei they 
enter. The  large absorption cross section for neutrons of these uranium-238 res- 
onances would result in the capture of so many neutrons as they are slowing 
down in the moderator (considering the 141-fold larger abundance of uranium- 
238 than uranium-235 in natural uranium) that the uranium must be arranged 
in lumps within the moderator; thus the slowing takes place outside the lumps, 
and the neutrons diffuse into the uranium only after they reach thermal 
energy. Even so, with a uranium-235 absorption cross section of 98 barns at 
thermal energy, and a uraniuin-238 absorption cross section of2.7 barns (multi- 
plied by 141, this adds an effective 381 barns to the uranium-235 absorption 
cross section), the proportion of neutrons reaching thermal energy that can 
cause fission is only 55%, which is the ratio of the number of fissions divided by 
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the total-the number of neutrons that cause fission, the number captured by 
uranium 235, and the number captured by uranium 238, i.e., 583/(583 + 98 + 
381) = 55%. With 2.4 neutrons emitted per fission of U-235, the situation is mar- 
ginal for a reactor using natural uranium, even with a perfect moderator, since 
only 2.4 x 55% = 1.32 fission neutrons are produced even if every fission neu- 
tron is brought without loss to the thermal range. Nevertheless, with suffi- : 
clently pure graphite or with heavy water, natural uranium reactors work very 
well. i 

T H E  DOPPLER E F F E C T  

There is the perhaps apocryphal but instructive story of a troop of soldiers 
singing merrily while marching in step on a suspension bridge. The  bridge col- 
lapsed when the rhythm of the march corresponded exactly to that of the nat- 
ural swinging motion of the bridge. There was a "resonance" between the 
frequency of the marching and the frequency of the vibration of the bridge. 
Troops are required to break step under such circumstances. 

A commonplace phenomenon familiar in acoustics and optics, the 
Doppler effect, plays a critical role in reactor design and operation. It is now 
routinely used in noninvasive monitoring of blood flow in arteries. When a 
whistle on a moving vehicle emits a sound, the pitch appears higher if the vehi- :. 

cle is approaching the listener. In the nineteenth century, the Doppler shift 
was demonstrated for skeptical audiences in Europe by having trumpet players 
on an approaching railway car play a given note; musicians with perfect pitch 
stationed at trackside would hear a higher note. Even those of us without per- 
fect pitch notice a drop in pitch of a train whistle as the train passes by. 

When a star recedes from us, the frequency of the emitted light decreases 
and it becomes redder-the result of the wave nature of light. The  same hap- - 
pens in nuclear physics. If a neutron has an energy that corresponds to a reso- 4 

'j 
nance of a compound nucleus (the nucleus composed of the original nucleus 
plus the neutron), it has a great probability of being absorbed. If the nucleus is 
in motion at a significant speed, because the atoms are agitated by an increase 
in temperature of the medium, then the absorption probability for this neutron 4 
decreases, but can rise for another neutron that initially did not have the right 
energy for resonance. 

When a neutron is slowed down by collisions, it can lose too much energy 
in a collision to fall into the very narrow region of a resonance. With the 
Doppler effect, because if the agitation of the atoms in a heated medium, it is - 
as if the strong resonances were wider so that the energy range of the neutron 
for which it can be absorbed is also wider; the phenomenon is important for 
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Fig. 2.6. The Chain Reaction in a Nuclear Reactor, 
Tragi-comedy in five acts 

With, in order of appearance: 

THE URANIUM-235 NUCLEUS, THE MASTER OFCEREMONIES, 
played by the big top hat 

THE NEUTRONS, played by the frogs 

THE FISSION PRODUCTS, played by the little top hats 

THEPROTONS, played by the birds 

THE URANIUM-238 NUCLEI, played by the snakes 

Authors:]oliot-Halban-Kowarski-Perrin-Fermi 
Stage effects: Sempk 

Fig. 2.7. Act I: A slow neutron is swallowed by o uranium-235 n~cleus.  

The Nuclear Chain Reaction 

Fig. 2.8. Act 11: The nucleus bursts and liberates three new 

neutrons and two lighter nuclei, the f i s ion  products. 

reactor safety. If the core of a reactor starts to heat up because of a lack of cool- 
ing liquid resulting from a sudden leak, the large amount of uranium-238 
exhibiting Doppler broadening allows the neutrons to be more readily 
absorbed, and the chain reaction is spontaneously smothered, without the 
need of external intervention. The  uranium-238 does not fission, so it acts like 
a neutron absorber that is the more effective the warmer the fuel is. 

Figures 2.6 to 2.11, in which the neutron is disguised as a frog, illustrate the 
problems to be resolved in order for the neutron to lose its energy before being 
captured, to enable a chain reaction to occur in natural uranium or in ura- 
nium slightly enriched with uranium-235. 

In Act IV, the frog, which is at the head of the stairs, has to jump down the 
steps until it reaches one of the lower ones. Then it has to dive into the top hat, 
which is full to the brim and which breaks apart (fissions) because it is very 
fragile. The  pool then releases three little frogs that it had kept prisoner, to 
carry on the game. 

But there are traps lying in wait. The  snakes on each step represent the pos- 
sibility of capture in uranium-238 without fission. 

To help the frog get down the stairs, that is to say, to slow down the neu- 



M E G A W A T T S  A N D  M E G A T O N S  

Fig. 2.9. Act 111: The neutrons gush forth from the fission at high speed. They are slowed 

down by collisions with the protons (the birds), which sometimes absorb them. 

trons, the medium where the fission takes place is structured in such a way that 
the neutrons collide elastically with the light nuclei of the moderator and give 
up a part of their energy: the lighter the moderator nucleus, the greater the 
fraction of its energy given up by the neutron at each collision, thus allowing it 
to avoid as many traps as possible at intermediate energies. The  proton, the 
nucleus of the hydrogen atom, allows the frog to jump many energy-steps with 
a single bound, rapidly losing its energy, thus avoiding the danger of being 
trapped by a snake. The traps are the most numerous and the most treacherous 
on the middle steps. They illustrate the action of uranium-238 (Fig. 2.3). The 
art of the nuclear physicist is to help the frog get to the bottom of the stairs with 
a minimum of losses. 

But life wouldn't be interesting if it weren't complicated. A proton also has 
a rather high probability of capturing a neutron. There are enormous differ- 
ences in the voracity of different nuclei for the neutron-frogs. For example, 
deuterium (D), heavy hydrogen made up of a proton already bound to a neu- 
tron, is less voracious than protons. And that is why heavy water (DzO) is very 
useful as a moderator in certain reactors. As we have noted, the number of C O ~ -  

lisions necessary for the neutron to reach thermal energy is a bit higher for 
deuterium than for collision with protons (31 vs. 26), but the capture probabil- 
ity per collision is much lower. 

The physicist still has many more obstacles to overcome. TO use uranium- 

. 
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Fig. 2.10. Act IV: The uranium-235 is mixed with uranium-238. The uranium-238 

(the snakes) captures the neutrons while they are slowing down and gradually 

changes into plutonium-239. 

Fig. 2.11. Act V: The neutron moderator, the uranium, and a few traps are laid out so 

that only one neutron, of the three that burst forth from the fission, is available to be 

absorbed by the uranium-235. to restart and continue the operation indefinitely. 



M E G A W A T T S  A N D  M E G A T O N S  I The Nuclear Chain Reaction 

235 in natural uranium, the fission neutrons must be kept out of the traps set by 
the uranium-238 with which it is mixed. That makes it impossible to arrange a 
chain reaction without a moderator (and therefore impossible to trigger a 
bomb) when the fuel is natural uranium, and that's fortunate for civilization. 
To make a uranium bomb, the natural uranium has to be enriched in ura- 
nium-235 (usually to a concentration of 80% or more) so that the reaction can 
proceed entirely with fast neutrons. That is how the bomb that destroyed 
Hiroshima was made. 

Fundamentally, the rate at which a neutron is absorbed (whether in a 
bomb or in a reactor) is the product of an average cross section, the neutron 
speed, and the number of nuclei present per cubic centimeter; and the 
time for the absorption is 1 divided by this product. Checking dimensions, we 
state that [TI = i/([L2] x [LT1]  x [L-3]). True. (In technical notation, z-' = 
<C x v> = <ovN>, where C is the so-called "macroscopic cross section" in cm2 
per cubic centimeter, and the < . . . > is a particular average that takes into 
account the different cross sections for different neutron velocities at a given 
temperature.) Whereas a bomb explodes in a time of about lo nanoseconds 
and has an explosive power corresponding to the few kilograms of material 
moving at a speed of a corresponding loy cmls, a thermal neutron in a reactor 
takes about 40 microseconds to cause fission, so the maximum explosive yield 
one could obtain from a thermal reactor is far less-because it will blow itself 
apart before much fission has a chance to happen. 

A vast amount of radioactivity is stored in a power reactor that has been 
operating for some months or years, and the reactor must be carefully designed 
and operated to contain this material, but damage to the public from blast 
from a thermal reactor is not possible in view of the small kinetic energy of 
the expanding reactor, even if driven by explosives into a region in which the 
chain reaction goes at its maximum possible rate. If there were an attempt to 
make a nuclear explosive of natural uranium arranged in a graphite-moderated 
reactor, the explosive yield of the reactor would be something on the order of a 
millionth that of the simple nuclear explosive, and the radioactive materials 
produced in the actual explosion similarly less. 

E N R I C H M E N T  OF U R A N I U M  

A nuclear weapon requires plutonium, or uranium highly enriched in ura- 
nium-235. We have explained why enrichment is also useful in providing more 
flexibility in the design of power reactors, enabling them to use ordinary water, 
instead of heavy water, as moderator and coolant. Uranium enrichment to 3% 
to 5% (i.e., by a factor of 4 to 7 from the natural 0.71%) is enough to permit 

close-spaced fuel rods and hence a more compact reactor than with natural 
uranium, where the moderation must occur in regions free of uranium. The  
higher concentration of U-235 also allows the fission cross section of U-235 to 
coinpete favorably with the capture cross section of the water moderator. 

In early years after the Second World War, enrichment procedures needed 
gigantic installations which cost hundreds of millions of dollars, consumed 
enormous amounts of electrical power, and were impossible to camouflage. 
That is no longer true. Nowadays there are simpler techniques, based on cen- 
trifugation, that are employed on a large scale to produce uranium enriched to 
a modest extent (4% uranium-235) for normal reactors that produce electrical 
power. The  centrifuges are also more suited to the clandestine manufacture of 
enriched uranium, because they are less visible and use less electrical power. 

Separating uranium-235 from uranium-238 is a process based on the 1.5% 
mass difference between the atoms. Two techniques were used In the Manhat- 
tan Project for enriching the uranium for the Hiroshima bomb. T h e  first was 
an "electromagnetic separation" process in which uranium atoms have an 
electron stripped off, and these ions are accelerated to form a beam like the 
electron beam in a television tube or computer monitor. Uranium ions are 
400,000 times heavier than electrons, and some of the ions are 1.5% Ilghter 
than the others. ATV tube using uranium instead of electrons would therefore 
give a double image, one about 0.75% bigger than the other; the larger image 
due to uranium-235 would be q o  times less intense than the image formed by 
uranium-238. The  electromagnetic separation process used such vast amounts 
of energy that it was soon dropped in favor of the "gaseous diffusion process," 
which takes advantage of the fact that uranium-235 diffuses through small 
pores slightly faster than uranium-z38. Thousands of "stages" of porous "bar- 
rier" materials and pumps and piping were required to enrich uranium by this 
method. 

Gaseous diffusion makes use of uranium in combination with six fluorine 
atoms (uranium hexafluoride, UF6), which is a stable substance, although 
highly reactive chemically. It has the virtue that fluorine occurs in nature as a 
single isotope (9 electrons and hence 9 protons in the nucleus, and with lo 
neutrons, so that it is F-19). So the difference in the mass of the various UF6 
molecules in the gas is due entirely to the difference in mass between the ura- 
nium-238 atoms and the uranium-235 atoms. If fluorine were not "mono- 
isotopic," these enrichment processes would work far less well. The  UF6 
molecules penetrate through a porous barrier at slightly different rates because 

I 
of the three-unlt mass difference (out of 352 or 349 atomic mass units) between 
the molecules containing uranium-238 and the ones containing uranium-235. 
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The uranium-235 molecules penetrate through the barrier about 0.43% faster 
than the molecules containing uranium-238- just the difference in the aver- 
age speed of the molecules at the same temperature. 

More recently, the use of highly precise lasers has been demonstrated to be 
an effective means of exciting and inducing chemical reactions or ionization 
in uranium-235 atoms without affecting uranium-238. It remains to be seen 
whether this technique can compete economically to enrich reactor fuel; in 
actual fact, in 1999 the United States Enrichment Corporation abandoned the 
atomic-vapor laser isotope separation process, for which it had expressed high 
hopes at the time of its stock sale to the public in 1998. The "noncompetitive" 
electromagnetic enrichment process will appear again in Chapter 12 on 
nuclear weapon proliferation and terrorism. 

Most U.S. and French commercial enrichment is still done by gaseous dif- 
fusion, but the rest of Europe and Russia have moved to the gas centrifuge, 
which requires larger capital investment but uses much less electrical power. 
The modern high-performance gas-centrifuge isotope enrichment plant con- 
sists of many tall cylinders each spinning in a vacuum at some 1500 m/s surface 
speed; this enormous rotational rate produces high equivalent gravitational 
fields (evident in a mild form in amusement-park rides), and separation factors 
per stage are larger than in the gaseous diffusion plant. Even so, and despite 
the fortyfold larger power requirement of gaseous diffusion for a given amount 
of "separative work," it remains cheaper for the United States to use its old 
gaseous diffusion plants, which are supplied with low-cost power under a long- 
term contract. A nuclear power plant producing 7000 GWhIyr of electrical 
output needs 250 GWh of electrical energy each year for enrichment in a 
gaseous diffusion plant, in comparison with 6.3 GWh/yr in a gas-centrifuge 
plant. 

NUCLEAR REACTORS 

Nuclear reactors use nuclear fission to produce heat. This heat is extracted 
from the fissionable fuel by fluids called "coolants," which, in addition to pre- 
venting overheating, transport the fission heat to generate steam for the tur- 
bines that drive the electric generators. From the point of view of producing 
energy, a reactor is an incredibly complicated steam kettle. We concentrate in 
this chapter on the fission aspect of a reactor and shall explain in Chapter 5 
those aspects related to the electricity they generate. 

Three reactor types are in common use for supplying electrical power. The 
first uses natural uranium, in which the proportion of uranium-235 is only 
0.71%. In such a reactor, the fast fission neutrons must lose their energy to 
arrive at almost zero energy (0.025 eV), where their  roba ability of fissioning the 
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uranium-235 nuclei is maximum. The tiny proportion of uranium-235 makes 
this operation difficult and requires that the loss of neutrons by absorption in 
the moderator be minimal. As was previously discussed, this objective can be 
attained with a heavy-water moderator, or with pure carbon in the form of 
graphite, these two materials being light and also having a small probability to 
capture neutrons. The heavy-water moderator is at atmospheric pressure and 
room temperature, although the fuel in the double-walled pressure tubes is so 
hot that the heavy-water coolant operates at a temperature near 300°C and pro- 
duces steam of 150 bar (atmospheres) pressure to drive the steam turbine. 
These reactors can be built without the thick steel pressure vessels that must be 
used with light-water reactors, fundamentally because the neutrons diffuse 
much farther in heavy water or pure carbon and so can diffuse back from the 
moderator into the fuel that is enclosed in relatively thin-walled pressure 
tubes, widely spaced in the moderator. 

In the second and most common type of reactor, the fuel is composed of 
uranium-oxide ceramic fuel pellets containing an enhanced proportion, of the 
order of 4%, of uranium-235, called "low-enriched uranium"; ordinary water- 
"light watern-is both coolant and moderator. A variant in use in about 20 of 

"he most modern French reactors, as well as elsewhere in the world, replaces 
the uranium-235, in a third of the fuel elements, by plutonium diluted in ura- 

. nium-238. This mixture is called "MOX," for Mixed Oxide; the MOX fuel is 
almost interchangeable with normal low-enriched uranium fuel in producing 
fission heat in the reactor. 

In these water-moderated reactors, the fuel mixtures are sufficiently dilute 
so that the reactor fuel cannot be used directly to make bombs, the heat pro- 

; duced is spread through a large amount of material to make it easier to remove, 
and the later partial fission in situ of the plutonium produced by transforma- 
tion of the uranium-238 contributes also to the useful heat. In these reactors 
the neutrons are consumed before they are entirely "thermalized" -the fis- 
sions are caused primarily by neutrons of energy slightly higher than the 0.05 
eV that corresponds to the operating temperature of the water moderator and 
the fuel (not room-temperature thermal energy of 0.025 eV, but twice that 
because of the elevated temperature). 

In reactors using low-enriched uranium, the nuclear fuel is shaped in pel- 
lets or thin rods, to enable removal of heat while respecting a maximum oper- 
ating temperature in the center of the fuel element. The pellets or rods are 
immersed in moderators that are as little absorbing as possible, made up of 
light elements (the frog can thus jump an enormous number of steps in a sin- 
gle bound), so that when the neutron encounters another fuel element, it has 
the low energy necessary to be swallowed with high probability and provoke 
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another fission. It is barely possible to have a "homogeneous" natural uranium 
reactor, in which the uranium is well mixed, even with a perfect moderator 
that absorbs no neutrons. However, two billion years ago, not only was it possi- 
ble but it actually happened, as can be seen in the accompanying insert. The 
discovery of this event gave rise to wild speculation on the part of some who 
chose to believe the fantastic story that our planet was once inhabited by 
beings who killed themselves off in a nuclear war. 

OKLO: F O S S I L  NUCLEAR REACTORS 

In June 1972, French authorities observed a tiny anomaly in the course of analysis 

of the concentration of uranium-235 in an ore sample: a concentration of 0.7171% 

was measured instead of the normal value of 0.7202%. This little variation of 4 parts 

per thousand recurred in subsequent control measurements on the same sample. 

When it was observed in material destined for the Soviet Union, where it was to be 

enriched commercially, the possibility of cheating was raised: the Soviets would have 

suspected France of sending them uranium from which part of the uranium-235 had 

already been extracted. 

At the end of what virtually amounted to a criminal investigation to trace the ori- 

gin of this depleted ore, it had to be admitted that no criminal hand had slipped arti- 

ficially depleted material into a natural ore sample. It turned out that the abnormal 

sample came from the northern extremity of the Oklo deposit in Gabon, Africa. In 

some soundings, samples whose concentration of uranium-235 was only about half 

normal were found. 

At first it was thought that there might be as-yet-unknown isotope separation phe- 

nomena, which would have had enormous economic importance. In that case, how- 

ever, there would have been enriched samples next to these depleted samples. Such 

samples were indeed "found," but this turned out to be the result of invalid measure- 

ments conditioned by a preconceived notion of some natural process of uranium 

enrichment. 

All physicists have come across aberrant measurements in the course of their 

careers. That is of no importance if they know how to keep their heads. As Einstein 

said: "Anyone who has never made a mistake has never tried anything new." 

In the Oklo case, a French Atomic Energy Commission team explained the mys- 

tery. Analysis of the ore showed that the uranium had been the siteof ioo,ooo times 

more fissions than would be expected from the accumulation of spontaneous fissions 

over two billion years. Only a long-sustained chain reaction could have caused these 

fissions that consumed up to half of the uranium-235 in the ore deposit. 

The half-life of uranium-235 is 700 million years. Two billion years ago, the frac- 
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tion of uranium-235 in natural uranium ore was 7.26 times as much as it is now 

(because U-238 has a much longer half-life, the fraction of uranium-235 is divided by 

two every 0.7 billion years, so two billion years ago it was 22'07 = 7.26 times greater 

than it is now). This amounted to about 5% uranium-235, as in our modern nuclear 

power reactors. The formation of the natural reactor is also linked with the appear- 

ance of life on Earth, because the great concentrations of natural uranium in the ore 

at Oklo resulted from successive chemical fractionation in which oxygen played an 

essential role. It is generally accepted that oxygen first appeared in the terrestrial 

atmosphere when living organisms became capable of photosynthesis. That played a 

major role in eliminating the oncedominant carbon dioxide from the earth. 

One had to wait, therefore, for favorable conditions to be attained, two billion 

years ago, for the natural uranium to be concentrated in the ore to the value neces- 

sary for a chain reaction, and these favorable conditions lasted only a billion years, 

because of the decay of the uranium-235. In the sequence of events leading to a reac- 

tor, as deduced by the engineers, organic matter-acting in the sea on sedimentary 

layers containing uranium-played a preponderant role in precipitating uranium in 

the form of pitchblende in geological traps. Oklo was a reactor made not by men, but 

by plants. 

When the necessary favorable conditions came together and the ore found itself 

in contact with water from the swamps acting as moderator, the reactor was able to 

operate for almost a billion years without a violent dispersion of the ore body-totally 

different from the disastrous 1986 Chernobyl accident in Ukraine, about which we 

shall have a lot more to say. 

There is much to be learned from the study of these fossil reactors about the geo- 

logical evolution of nuclear waste over long periods of time. 

Very few of the uranium deposits of the planet could have exhibited the sponta- 

neous arising of natural reactors, and the traces of any that did arise have been blot- 

ted out by geological upheavals-except at Oklo. It was an extraordinary discovery. 

Some writers and pseudo-thinkers have seen in it proof of a visit to our planet by 

extraterrestrials, much more advanced than we, for whose existence they claim that 

this is only one among many indisputable signs. Experience shows that one cannot 

convince cranks by making use of scientific proof; but if one can't persuade the pub- 

lic new to the controversy, then there is reason to worry. 

Our old planet has already encountered, in the course of its long history, the 

same radioactive entities, artificial and fleeting (a lifetime of only a few million 

years), that it is now proposed should be entombed as nuclear waste. It makes one 

wonder whether this buried waste will one day surprise a future generation as much 

as this one has been surprised by natural reactors like Oklo. Engineers don't yet know 

if they have enough information to choose burial sites as safe as that of Oklo. 



unlike a nuclear weapon, a reactor cannot release an enormous amount of 
CONTROLLING THE F ISS ION REACTION fission energy in a fraction of a microsecond. In a reactor, the multiplication 

A nuclear power plant engineer's job is somewhat like that of a tightrope factor due to those neutrons instantly emitted in fission, called "prompt" neu- 
walker. With a good balancing pole, it is easy, particularly if there is also a hens, is always maintained at slightly less than I. Nature has very kindly intro- 
safety net. In the role of the balancing pole, various design features and devices duced a tiny which slows or delays the neutron multiplication. 
permit control of fission within the mass of the fuel, the process being stabi- providentially, certain fission products emit neutrons delayed by about ten sec- 
lized at the desired power level by the extraction of the generated energy. F~~ ends when they disintegrate in a cascade that finally results in stable nuclei. 
the net, safety procedures are designed to stand up to any foreseeable eventual- The delayed neutron fraction is small-0.65% for uranium-235, 0.21% for 
ity that might lead to an uncontrolled chain reaction. plutonium-2i9-b~t it is sufficient to maintain the reactor in equilibrium in 

: The evolution of a chain reaction is characterized by a multiplication fat- conditions where the multiplication factor including prompt neutrons is less 

than and where an uncontrolled chain reaction cannot take   lace. The ten 

one "generation" later-that is, when the neutrons produced in these fissions seconds of breathing space given by the delayed neutrons allow the use of 
are absorbed. The time between generations is about 40 millionths of a second an essential safety element: control and safety rods that one can introduce 
for water-moderated reactors, because of the great distance a neutron travels in rapidly into the fissionable core of the reactor and that contain nuclei that 
slowing and its slow speed in the later portions of this process. This time is only absorb a sufficiently large fraction of the neutrons to maintain the multi~lica- 
several billionths of a second for a nuclear weapon and less than a millionth of tion factor below 1. When they are partially withdrawn from the reactor, they 

absorb fewer neutrons; the "neutron flux" increases-that is to say, the number 
slowed down by a moderator. neutrons that, each second, cross a square centimeter in the center of the 

If this ratio K is greater than 1, the number of fissions increases with time reactor. The power of the reactor then increases continually at a rate that is a 
and the system is supercritical. function of the delayed neutron lifetime and of the excess in criticality. The 

If this ratio is equal to 1, the system is critical, and the number of fissions per time available for the control of a normal reactor is typically many minutes, 
second remains constant in time. since the multiplication factor including delayed neutrons is only slightly 

If this ratio is less than 1, the system is subcritical, and the fissions die away. 
The  "criticality excess" is a measure of the amount by which the factor K 

differs from I. So the criticality excess is K-1. PARAMETERS OF CRITICALITY 

In nuclear weapons, one tries to make K as large as possible, by bringing In the course of time, because of transmutations and disintegrations, the 
together in a short enough time, on the order of some microseconds, more chemical composition of the core evolves. Uranium-238, which acts as a neu- 
than the minimal mass necessary for an explosive chain reaction to take place. tron trap, changes into plutonium-239, which is as active in the production of 
This mass is on the order of a few kilograms or tens of kilograms, depending on energy as uranium-235 and winds up contributing considerably to the energy 
the density and nature of the material, and for relatively slow assembly it is supplied by the reactor. Uranium-235 is consumed. 
important that there be no neutron to start the reaction between the time the But certain fission products, whose quantity in the reactor varies over time, 
system is just critical until it is finally assembled. Can be ferocious poisons for the reactor. That is the case for xenon-135, whose 

In nuclear reactors, the factor K must be equal to 1 to permit producing and neutron capture cross section is colossal. It is not produced directly but comes 
extracting the energy resulting from fission in several tons of fuel nuclei in a from the disintegration of a direct fission product, iodine-135. If a high-power 
stable fashion. The trick to operating nuclear reactors is to maintain the multi- reactor is shut down, the quantity of xenon-135 increases to such an extent after 
plication factor strictly equal to 1, by continually compensating for the exhaus- a hours that the reactor cannot be restarted, even if the control rods are 
tion of fissionable material over time and by preventing any disruption from cOm~letely withdrawn. In fact, this was the one surprise in scaling from Fermi's 
this balance that would allow this factor to exceed the critical value of 1. hvO-watt pile of December 2,1942, to the 250-megawatt Hanford reactor. In a 

But a reactor is not like a wild mustang that a fearless rider is trying to stay low-Power reactor, the amount of fission product present at any given time is 
astride as it snorts and paws the ground. "Ot ~ufficient to produce poisoning. Even with a high-power reactor, however, 
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it is enough to wait a day o r  so, because, just by chance, the half-life of xenon- 
135-the time in which half of it decays-is only eight hours. Under normal 
operation at high power, the xenon-135 is burned as rapidly as it is created, 
because it is transmuted by absorption of neutrons and is thus present only in 
small quantities. Nevertheless, in a large reactor, one can have "waves" of 
xenon that, from time to time, poison portions of the reactor. The  Xe-135 con- 
centration can be locally high, depressing the local fission rate and heat pro- 
duction (and also the production of additional Xe-135 in that locality); this 
excess of poison can then decay, only to appear elsewhere in the reactor. 

In addition, physical parameters (cleanliness and purity of materials, for 
example) are not uniform throughout the reactor, and the criticality depends 
on the temperature. 

Let's suppose, for example, that there is a large region in the core of the 
reactor where the multiplication factor rises to 1.01. Keep in mind the essential 
character of a chain reaction; seventy generations are enough for a 1% critical- 
ity excess to double the number of neutrons, and this is reached in less than a 
tenth of a second in a thermal reactor that, we have supposed, has been driven 
to criticality by prompt neutrons alone. We recall the Oriental tale in which a 
prince wants to thank a subject and allows him to choose his own reward. The  
subject points to a chessboard and asks for one grain of rice on the first square, 
two on the second, and so on, doubling each day until the sixty-fourth square. 
The  sovereign, astonished and enchanted by so modest a request, accepts and 
discovers a little late that o n  the sixty-fourth square he will have to give the sub- 
ject 1019 grains of rice, or about  30 billion tons, more than his kingdom has pro- 
duced during its entire existence. The chagrin of the ruler would be matched 
by that of the reactor operator and supplier if a reactor were so large and poorly 
controlled that one portion could be "prompt critical" while the rest of the 
reactor was critical only wi th the aid ofdelayed neutrons. However, for reactors 
containing U-238, the Doppler effect reduces the reactivity in the regions of 
high power and hence high fuel temperature. 

The  pressurized water reactors used in both the United States and France 
are designed so as to be undermoderated: when the temperature increases, the 
expansion of the moderator (which is also the coolant) reduces the criticality 
and stabilizes the power. This  is all the more true if there is a sudden loss of 
moderator because of a leak or a catastrophic failure of the reactor vessel. But 
an inundation of cold water coming from the emergency cooling system can 
cause a sudden increase i n  criticality. These safety considerations have led to 
the almost universal adoption of pressurized light-water reactors or of a variant, 
the boiling-water reactor, which differs little from the pressurized water reactor 
in its nuclear properties. 

- 
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Having provided the background for a full understanding of nuclear reac 
tors, we shall return later to the engineering features of the nuclear plants pro 
ducing 17% of the world's electrical power, with their poblerns and promise 
But let's first attack what is, technically speaking at least, an "easier" problem 

it is at once both a great threat and a great responsibility for America] 
society-our nuclear weapons and those of the rest of the world. 



Nuclear Weapons 

HAVING S U P P L I E D  some basic information on nuclear physics and fission, 
we can now discuss important applications-nuclear weapons and reactors for 
producing electrical power. Although some details remain officially secret and 
hence cannot be published in this book, the main design features of nuclear 
weapons are much simpler to understand, in principle, than those of power 
reactors, because there is no need to provide for transfer of heat from the fis- 
sion chain reaction, and the mechanical aspects of a bomb are of interest only 
to the moment of detonation. Furthermore, the analysis of possible accidents 
is easier than in the case of nuclear reactors. For these reasons, we first con- 
sider nuclear weaponry. 

In discussing the functioning of nuclear weapons, we will restrict ourselves 
to facts and principles abundantly documented in the literature in the public 
domain. Weapons proliferators will find nothing new in our book; we are not 
writing a text for nuclear terrorists. We shall explain the general principles of 
the different kinds of nuclear weapons and describe their effects, as well as the 
planetary dangers that will exist until the absurdly large existing stock of 
weapons is liquidated. We shall finally discuss some of the aspects of nuclear 
weapon explosion tests, and the costs incurred in the weapons program. 

THE F I S S I O N  WEAPON 

The basic problem in designing a fission bomb is to bring together a sufficient 
amount of fissionable material to sustain a neutron chain reaction, and to do it 
in a short enough time. The requirement is that the material be "subcritical" 
in its initial configuration (i.e., that fission neutrons produced in the pluto- 
nium or in the uranium-235 should have enough likelihood of escape that 
each produces, on average, less than one other fission neutron). It is also desir- 
able in the assembled supercritical configuration that the fissionable material 
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be dense so that the time required for a neutron to provoke fission will be short; 
for this reason, plutonium or uranium in the form of metal is the material pre- 
ferred for nuclear weapons. 

The Los Alamos New Mexico Laboratory was created in April 1943 (as "Site 
Y'' of the secret Manhattan Project) to design and build nuclear weapons with 
enriched uranium that would be shipped from Oak Ridge, Tennessee, and 
with plutonium produced in the reactors at Hanford, Washington. 

The first approach used for assembling a nuclear weapon was the "gun," so 
called because the pieces were placed in a steel gun barrel and brought 
together by a propellant such as gunpowder or nitrocellulose. A neutron 
injected at the instant the uranium mass is fully assembled "initiates" the 

reaction, of which some 80 generations-i.e., 80 doublings-are com- 
pleted in a millionth of a second. 

A typical fission weapon consumes about 1 kg of its fissionable uranium or 
plutonium; the complete fissioning of this much material provides an explo- 
sive yield equivalent to that of 17 million kg, or seventeen kilotons (17 kt), of 
high explosive such as dynamite or TNT. The fission also releases 8 g of neu- 
trons-4.8 x neutrons. When captured by the surrounding materials, these 
neutrons produce hundreds of grams of radioactive substances, which add 
their radioactivity to that of the fission products and supplement the enormous 
quantity of gamma rays emitted instantly during the fission process. The 
nuclear weapon that destroyed Hiroshima, which contained about 60 kg of 
almost pure uranium-235, had an explosive yield of 13 kt; thus only 13/17 kg or 
about 0.8 kg was actually fissioned, and the efficiency of the weapon was 0.8 
kg160 kg, or about 1.3%. The rest of the uranium was dispersed into the atmos- 
phere, together with the highly radioactive fission products. 

The "gun" technique is no longer much used by the nuclear weapon states, 
because a different approach employs less fissile material and does so more 
efficiently-at the price of increased complexity. Such was the confidence in 
the design of the gun-type bomb that the design was never verified by a test 
explosion before the bomb was dropped on Hiroshima. Other nations mighl 
confidently build and stockpile gun-type nuclear weapons without test. 

The other assembly mechanism developed at Los Alamos was the "implo- 
sion bomb," of the type used against Nagasaki, in which high explosive is used 
to assemble a supercritical mass more rapidly than is possible with propellant. 
The gun-assembled weapon that works with uranium-235 is incompatible witk 
a particular property of plutonium: when plutonium is produced in reactors 
the isotope Pu-240 is created along with the more common isotope, Pu-239 
and has a high rate of spontaneous fission, with the emission of neutrons; onc 
of these can cause the material to chain-react almost as soon as it becomes crit, 
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ical in the assembly process and before it is fully compressed, thus leading to 
premature disassembly and producing a "fizzle." When this high spontaneous 
neutron emission rate vras disco\rered after the first samples of plutonium pro- 
duced in reactors were delivered to Los Alamos, almost the entire laboratorv 
had to be refocused to solve the problem. 'Ihe "plutonium gun" \vas no longer 
an option. .An approach was needed that could complete the assembly before 
one of the trot~blesome spo~ita~ieous neutrons \n.ould arrive. 'Tile key was to use 
implosion. 

In the implosion design, a sphere or hollow shell of fissionable inaterial is 
compressed b!. po\verf~il che~iiical explosives distributed over its external sur- 
face. Because the exp1osi1.e~ coliipress tlie core of the bonib, the implosion 
concept also yields a more efficient bonll>-tliat is to sa!,, one that produces the 
same amount of energ). with a smaller mass of fissionable material. The  
Nagasaki bomb contained about 6 kg of plutonium and had an explosive yield 
of about 22 kt, corresponding to the fission of about 1.3 kg of plutonium; its effi- 
ciency was thus about 1.3i6, or about 20%-in contrast to the 1.3% efficiency of 
the uranium gun. Thus, the implosion method, once mastered, is doubly 
attractive-it allows better efficiencl. and higher ),ield 11sing either plutoniun~ 
(as nre will S I I O ~  i l l  Chapter 12, ei.en plutonium from ci\.il power reactors with 
a very high concentratioii of PLI-240) or ~lranillrn-235 in a smaller quantity than 
in the case of the gun-vpc design. 

T h e  feasibilit). and efficiency of a11 implosion weapon depend on the preci- 
sion of the shock wave producing the compression. If one tries to use a number 
of "detonation points" 011 the surface of a sphere of explosives to create the con- 
verging detonation wa\.e that is eventuall)? to compress a central plutonium 
sphere or shell, tlie ura\,e starts out as expanding fro111 each detonator. The  plu- 
toniu~n shell is therefore distorted or broken, because it is not compressed uni- 
forml!-. '['lie problem for the engineer is to distribute a number of tletonators in 
such a \\.ay that the propagating wave is everywhere aiming for the center of the 
plutoniu~n shell. In thc sainc manner that a glass leiis in air converts the 
expanding sphere of light fro111 a flashlight bulb into a parallel beam or even 
focuses it on  a point, s\.ste~iis of "le~ises" made with high explosives allow the 
conversion ofdetonation n.a\,es divcrgiilg fro111 each detonator into one spheri- 
cally con\lergent wave. Such lenses were initially made with t\vo kinds of 
explosive-a "fast component" in which the detonation tvave ~noves at high 
speed (analogous to the wa?. light nlovcs in tlie air in an  optical lens system), 
and a "slow component" in \vliich detonation mo\.es more slo\\dy (analogous 
to the nzay glass slo14-s thc motion of light). 

T h e  injection of the neutrons to initiatc the chain reaction must be pre- 
cisely synchronized u.itli tlie implosion, or else tllc bonlb will function at 
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F reduced power, or may not function at all if the material "bounces" and 
becomes subcritical before a neutron arri\.es. 

The  bomb's efficiency can he improved hj. adding an additional shell of 
bery]]ium or uranium-238, cvhich reflects cscaping ~ieutrons back to the fis- 
sionable core, and by shaping the plutonium or uranium-23; iiito a hollow 
,hell rather than a solid sphere. 

'The early Los Alamos implosion bombs employed an "internal initiator" in 
which a small amount of beryllium, together wit11 the alpha-particle-ei~~itting 
radioacti\.e element poloniunl (PO-ZIO), W ~ S  used to produce neutrons (in the 
same fashion that Chadwick produced neutrons in 1932). But a siillple neutron 
source woultl not do tlic job. because in this design of weapon, neutrons that 
are injected too earl!, result in a11 esplosioii yield reduced by a factor of lo to 20 

from the design \.icld of 20 kt. .Accordingly, the polonium and berylli~im are 
separated I,!. a tllill la!rer of material (just a bit thicker than the range of the 
alpha particles from polonium), which is disrupted by the shock froin the con- 
ventional explosives that travels throtigh the plutonium core to the initiator at 
its center. T h e  shock mixes the polonium and tlie berj~lliuni so that the alpha 
particles can suddenly begin to produce neutrons. To be sure of having a neu- 
tron available in a fraction of a inicrosecontl, Inany curies of poloniuni are 
required, aiid the polonium (usually produced by ~leutron irradiation of large 
amounts of bismuth i l l  a nuclear reactor) has a half-life of four months and 
must be replaced every six inonths or so. 

Boosted Fission Weapons 

The fission energ!. released can be further increased I>y incorporating hydro- 
gel1 gas composed of deuterium and tritium in tlie fissio11i11g core. \$.here they 
undergo a f~ision reaction-which releases a large number of neutrons- 
within the fissioning mass. l'his procedure is called "boosting." Boosted fission 
\\leapons ivere tested for the first time in 1951. U.S. weapons now contain a 
shell of plutoniuin, into \\-liich a det~tcrium-tritium gas mixture is introduced. 
When the p l ~ ~ t o n i u m  is i ~ n ~ ~ l o d e d  by the conventional explosive that sur- 
rounds it, ant1 produces a ~iuclcar explosion, the temperature becomes high 
enough to provoke fusion of the tleuterium-tritiunl, with the sudden emission 
of the order of a graln of ileutrons. Thesc, in turn, cause additional fissions in 
the surrounding fissio~iablc metal. Clnlj. a little of the eiiergy released b!- a 
boosted fissio11 \+.capon conles from tlie deuteriuiii-triti~i111 reaction: each fis- 
sion supplies about 150 bIe\'. n,llereas each deuteriu111-tritium reaction itself 
delivers a total of 17.6 MeV (the reaction is L l  + '1' => IIei + n + 17.59 hleV). 
'The he l iu~n  n u c l e ~ ~ s  carries a\vay 3.5 MeV, the neutroii 14 MeV, in inverse 
proportion to their masscq. T h e  neutrons from the fusion induce additional fis- 
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sions in the surrounding plutonium, and it is this "boost" that gives a major 
enhancement to the explosive yield. Tritium has a half-life of 12 years, and so 
the supply must be refreshed-typically every couple of years or perhaps at 
intervals as great as lo years. 

Pure fission weapons have been used to reach a maximum power of the 
order of 500 kilotons of dynamite (forty times the yield of the Hiroshima bomb) 
and also for much lower yields, of the order of 20 t. After developing the 
first implosion weapon in 1945, the United States then designed fission 
weapons with the fissionable material split between a central ball and a hollow 
shell, making possible much s~naller and lighter implosion weapons. Boosting 
helped to increase the yield. Further advances were made in safety against 
unintended detonation and in protecting the weapon against tampering or 
theft or unauthorized use. To increase safety, the most important advances 
have been the Enhanced Electrical Detonation Safety System, which prevents 
the weapon from being set off by lightning or accident; the use in some 
weapons of "insensitive high explosive," which cannot be detonated even by 
direct impact from a rifle bullet; and the development of fire-resistant "pits" 
(that is, the metal-encased fissile-material shell that is mounted inside the 
assembly of high explosives), which will prevent the dispersion of plutonium 
in a fire fed by aircraft fuel and the combustion of the high explosive. For pre- 
vention of i~nauthorized use, Permissive Action Links (PALS, which were ini- 
tially electromechanical combination locks) were first introduced on U.S. 
weapons deployed in Europe in 1962 and have expanded in deployment and 
capability ever since. The  PAL prevents the firing circuit in the warhead from 
detonating the high explosive unless the warhead receives the preset code. 
Modern PALA allow only a limited number of attempts before disabling the 
warhead. The PAL decouples physical possession of the warhead from the abil- 
ity to use it and thus both improves control over the nuclear force and allows its 
broader deployment without fear of unauthorized use. 

THERMONUCLEAR W E A P O N S  

In 1952 the United States detonated an explosive device based on a new princi- 
ple that enabled the creation of weapons of unlimited yield-lo megatons, or 
loo, or even 1000. This was the thermonuclear weapon, or hydrogen bomb. 

In this test, a fission device such as the one discussed above was used to 
provide the energy necessary to trigger a nuclear fusion reaction in a large 
amount of material containing deuterium. Fusion on a large scale can occur 
only at temperature, pressure, and density greater than found at the center 
of the sun. It is this nuclear fiision reaction that is at the core of therinonu- 
clear weapons. The  fission device is the "primary," while the system that 
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A modern thermonuclear explosive 
This W87 thermonuclear warhead is launched on an MX intercontinental 
missile. Packed into a multiple independently targeted re-entry vehicle 
(MIRV, shown below), it splits off from the missile to strike its target. 

Fission trigger 
Chemical explosive 

Deuterium-tritium Foam Uraniuh-238 case 
(DT) gas 

MIRV length: 5.7 feet MIRV base diameter: 1.8 feet 
Explosive power: 300,000 tons of TNT 

Explosion process The compression of plutonium with a chemical 
explosive (above, left) starts a fission explosion that, in turn, is boosted 
by the fusion of DT gas. X-rays then compress the second component, 
causing a larger fissionlfusion. 

Fig. 3.1. A cartoon (not a blueprint) of one of the most modern U.S. thermonuclear 

weapons appears in a May 1999 report of a congressional committee- 
The Cox Report-and is reproduced here. 

provides the bulk of the fusio~l energ). is the "secondary" which contains deu- 
terium. Fig. 3.1 is a diagra~n of a modern tllermonuclear warhead. 

For fusion to take efficientl)., the secondary is compressed and heated 

not by high explosive but b \  the enornrous pressllre of soft X-rays from the 
primary explosion-as by the "radiation implosion" allpmach in- 

vented at the Los Alamos Laboratory by the rnathematician Stanislaw Ulam 
and the ph\.sicist b:d\vard Teller in March 1951. Radiation iniplosion allows the 
fission energy produced by the primary to be transferred to the secondary cap- 
sule by the 'X-ra\;s I,rod~iced llE' the hot fissile core of the primary, in just the 
same way that a hot t~ingsten filarllent in a hundred-watt bulb produces a 
bright light-except that within a l~uiltlredtl~ of a microsecond the kilograms 
~ fp lu ton ium transfer most of their thermal energy to this bath of electronlag- 
netic radiation, \vhicli carries ivitll it not only most of the energy of the fission 
explosion but also enormous pressure. 
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Various materials and configurations may be used in the secondary of the 
thermonuclear weapon. The neutrons coining from the thermonuclear charge 
can induce fission in adjacent enriched or natural uranium (the fission proba- 
bility for a q-MeV neutron on uranium-238 being substantial), so that typically 

I 50% of the energy of a "thermonuclear" weapon is produced by fission. The 
thermonuclear fuel of the secondary element is generally made of lithium-6 
and deuterium; this is more convenient than the ultracold liquid that was the 
form of deuterium used in the test in 1952, and it has the additional following 
feature: the neutrons by the reaction D+D-the collision of two 
deuterium nuclei-are captured in the lithium-6 to form tritium, which accel- 
erates the thermonuclear reaction in the secondary element. Since the reac- 
tion rate of tritium with deuterium at temperatures reached in a hydrogen 
bomb is about one hundred times that of deuterium with deuterium and the 
energy release some 4 times greater, the half of the D+D reactions that pro- 
duce tritium (plus a proton-the other half produce helium-3 plus a neutron) 
more than double the energy released per billionth of a second by the deu- 
terium fuel. And the lithium-6 both generates tritium from the other half of 
the D+D reaction and regenerates whatever tritium is used by reacting with D. 

The first thermonuclear bomb tested by the United States at Eniwetok Atoll 
in the Pacific Ocean on November 1,1952, was a lo-megaton explosive called 
Mike. Designed as a means to obtain much more powerful weapons without 
the necessity of investing large amounts of uranium-235 or plutonium, this two- 
stage approach (radiation implosion) to the release of nuclear energy has been 
favored even in the power range accessible to fission weapons, because of sev- 
eral qualities: safety, lightness, and a minimum consumption of fissionable 
material that was expensive and difficult to obtain. A yield of many megatons 
might be obtained in this way with the investment of only 6 kg of plutonium in _ the primary. Even if a lo-megaton yield could somehow be obtained from a fis- 
sion weapon, 600 kg of fissionable material would have to be consumed; there- 
fore, at 30% efficiency, it would have been necessary to invest 600/30% = 2000 

kg of plutonium. O n  the other hand, with the two-stage weapon, the same 2 

tons of plutonium might suffice for 333 such weapons. The two-stage weapon 

, is safer than a comparable fission weapon because the fissionable material is 
present in a far smaller amount, and hence can be maintained much farther 
from criticality until the weapon is detonated. 

The most powerful thermonuclear bomb ever exploded was tested in the 
atmosphere by the Soviet Union in 1961. Its power reached nearly 60 million 
tons of classical explosive, that is to say, the equivalent of 4600 Hiroshima 
bombs. Had it been built as planned with uranium surrounding the thermonu- 
clear fuel i n  the secondary (rather than with a lead surround, to reduce its yield 
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so as to avoid damage to inhabited regions during the test), it would have had a 
of one hundred megatons. 

Since the 1950s~ rather than fundamentally new principles for nuclear 
weapons, there has been a continuous refinement of procedures. Major 
improvements have involved the miniaturization of nuclear warheads, the 
addition of safety systems as noted for fission weapons, the introduction of a 
less hazardous chemical explosive, the reduction of the weight of the housing 
of the weapon and of the casing that prevents the soft X-rays from escaping so 
that they can efficiently compress the secondary, and the development of 
weapons with selectable explosive power. A weapon of selectable yield could 
evidently be derived from a normal two-stage weapon provided with an 
optional feature to sever the secondary from the primary or prevent the boost 
gas from entering the pit of the primary; such an approach would give a choice 
of three explosive yields-the full yield of the two-stage weapon, the yield of 
the boosted primary, or the yield of the unboosted primary explosive. So-called 

' "dial-a-yield" weapons in the U.S. inventory may make use of these techniques. 
With these improvements in weapons systems, the military had available an 

arsenal covering all imaginable, and even unimaginable, needs. The lightest 
bombs can be launched by a hand-carried device. Many of the U.S. strategic 
weapons-those mounted on long-range ballistic missiles or carried by the 
nuclear-capable B-52 bombers- have destructive power of a half megaton or 
so, close to forty times that of the Hiroshima bomb. All U.S. nuclear weapons 
have been developed at Los Alamos, or at the Lawrence Livermore National 
Laboratory created in 1952 at the urging of Edward Teller, who was dissatisfied 
with the progress Los Alamos was making on the hydrogen bomb. 

NEUTRON B O M B S  

For a very small nuclear explosion of loo tons, the effect of the blast and direct 
A 

heat-which destroy all buildings in proximity-can be negligible if the bomb 
explodes at an altitude of some 300 meters, but the radiation, the neutrons in 
particular, can be fatal at this distance from the explosion. That gave military 

_ thinkers the idea of ordering bombs in which the production of neutrons is 
' increased by using the heat of the fission to trigger fusion reactions between 

the two types of heavy hydrogen, deuterium and tritium, each reaction releas- 
e ing, as has been discussed, a particularly energetic neutron of 14 MeV, with 

great ability to penetrate steel, concrete, and (most important here) air. That's 
the principle of the neutron bomb. It would, the claim was, kill soldiers in their 

' tanks and civilians in buildings without destroying libraries and churches. In 
reality, it seems that a neutron bomb should more properly have been called a 

: "reduced-blast weaponn and one that therefore was less effective than its prede- 
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cessors; the ordinary 20-to-50-kt nuclear weapon would have killed more sol- 
diers by radiation and many more by blast. The  neutron bomb does not 
instantly disarm a tank-even radiation of twenty times the lethal dose will 
take at least thirty minutes, perhaps more, to disable the members of a tank 
crew, although they are sure to die in a week or two. 

Advocates of the neutron bomb argued that it would make U.S. use of 
nuclear weapons against advancing Warsaw Pact armies more credible-cities 
could have been evacuated, then enemy troops killed by radiation, and the 
buildings housing them would survive the neutron bomb rather than be 
destroyed by blast as they would be by an ordinary high-yield bomb. 

The  neutron bomb troubled relations among NATO partners during the 
1960s, because it became possible to imagine a "clean" nuclear war on the ter- 
ritory of the European allies, as an alternative to the use of nuclear weapons 
only inside the borders of the Soviet Union or its allies. This weapon was 
favored by some American strategists, who saw in it the best way to pin down 
the Soviet tank regiments stationed in East Germany if they were to head west. 

i 

. i 
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1 west Germans obviously were afraid that this first use of nuclear weapons on 
the ground would be followed by a salvo of dirty tactical Soviet nuclear 
weapons against NATO targets in Germany. ?'hey were no doubt right, 
although fortunately this hypothesis was never tested. 

When the French army procured short-range nuclear weapon launchers, 
president de Gaulle insisted that they must never be used in France but only 
on Soviet troops operating on  German territory and threatening France. Regi- 
ments of French Pluton missiles and then of Had& rockets were installed for 
this mission. That enraged France's German allies, who succeeded in obtain- 
ing the commitment that these missiles would not become operational. It was 
on]y in 1996 that it was decided to disband the H a d b  rocket regiments al- 

together. 
In the opinion of the authors of this book, the neutron bomb does not 

deterrence of attack by an adversary possessing nuclear weapons. If 
you have made the effort to acquire these "clean" weapons and the adversary 
has only "dirty" weapons, which do not distinguish between a library and its 
librarian, you would be quite reluctant to order the firing of nuclear weapons 
on allied territory unless, of course, you had made the chivalrous effort to offer 
to your enemy, free of charge, a stock of neutron bombs to replace his dirty 
weapons. The  situation is different if the goal is not deterrence but rather the 
routine use of nuclear weapons. Could one thus imagine the bombing of indi- 
vidual leaders such as Saddam I-Iussein or Slobodan Milosevic, while leaving 
intact the ancient structures dear to the heart of civilized humanity? All such a 
despot need do to protect himself against this weapon is to build a swimming 
pool 3 meters deep over his head; he will then be perfectly protected from the 

, neutrons. An underground room at a depth of 3 meters or more would also do 
the job. 

Today it is widely appreciated that there exist nonnuclear antitank weapons 
of such precision that they can transform tanks into rolling death traps, taking 
the place of such nuclear weapons. The  saga of the neutron bomb and the per- 
sistence of thousands of nuclear weapons, beyond the time when guided con- 
ventional weapons could do the job better, testify to a bureaucratic momentum 

: and a reluctance to give up most of the nuclear weapons even when the threat 
j they pose to civilization far exceeds their benefit to national security. 

EFFECTS OF  NUCLEAR WEAPONS 

' h e  effects of a nuclear weapon depend on its yield, the altitude at which it 
explodes, and meteorological conditions. A nuclear explosion within the 
atmosphere produces blast and high-speed winds and debris that are similar to 

from a similar energy release from conventional explosives. Of course, a 
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megaton of high explosive would be almost lo6 cubic meters-a cube of one 
hundred meters on a side-stacked on two football fields side by side, to a 
height equal to the length of a football field. In addition, there is an enormous 
amount of heat radiated by the explosion, capable of burning people, vegeta- 
tion, and structures at distances of to  kilometers, in the case of a megaton 
explosion on a clear day (or night). These major effects of a nuclear weapon 
were predicted before the first test in an analysis performed by British fluid- 
dynamicist Geoffrey I. Taylor, who during the Second World War was asked to 
predict the effect of liberating in the atmosphere an amount of pure energy 
similar to that from one thousand tons of explosive, but without any significant 
mass. 

As the bomb explodes, most of its energy is in the emerging thermal radia- 
tion (soft X-rays) and the thermal and kinetic energy of the fissile core. This is 
transferred to the surrounding atmosphere, in which the radiation initially 
moves rapidly to create the "fireball." The fireball grows and cools, and the vis- 
ible portion of the thermal radiation from the larger but still enormously bright 
fireball surface chars exposed surfaces at distances of kilometers-or tens of 
kilometers, in the case of multimegaton explosions. Soon the expansion of the 
fireball slows, as the cooler thermal radiation from the fireball eats into the air 
more slowly; fireball expansion is overtaken by a "shock wave" as the principal 
route for energy to leave the explosion. As long as the pressure within the shock 
wave is much greater than normal atmospheric pressure, the strong air shock 
moves much faster than the speed of sound in normal air, which is one thou- 
sand feet per second or joo m/s. 

As a colleague who witnessed two aboveground atomic bomb explosions in 
the Nevada desert in 1957 reports, the sequence of events one observes is first 
the almost unbearable light, then a clicking, somewhat painful sensation in 
one's ears as the shock wave passes, and finally the rolling thunder of the explo- 
sion; meanwhile the fireball turns an ominous black as it picks up soil from the 
ground. After the explosion the desert surface had been changed into an eerie 
glass. 

In a nuclear explosion, the neutrons and gamma rays from fission and 
fusion are also an important cause of death. Within a microsecond of a nuclear 
explosion in the atmosphere, the gamma rays and neutrons from the fission 
reaction emerge from the exploding fissile core. They expose any people 
within hundreds of meters to a lethal dose of radiation. Most individuals at that 
range will be killed by the heat and blast from the bomb. In the bombing of 
Hiroshima and Nagasaki about 15% of the deaths are believed to have occurred 
from radiation. Only for the smallest yields does the radiation account for a 
large fraction of the deaths from a nuclear explosion; it would be the case for a 

low-yield neutron bomb, intentionally detonated at an altitude to reduce 
destruction by blast. In the case of the explosion of a megaton thermonuclear 
weapon in contact with the ground (a "ground burst"), radioactivity can be 
spread over large areas by the fallout of particles of soil and can continue to 
have an effect for decades after the explosion, but for densely populated areas 
near the impact point, the delayed effects are minor compared to the effect of 
the immediate radiation. 

Imagine that one of the thousands of megaton-class nuclear warheads 
at a typical height of 6500 feet (1.98 km) over Times Square in New 

York City (see Fig. 3.3). By 1.8 seconds after detonation, the shock wave has 
raced roughly 0.9 km ahead of the fireball. Until the shock strikes the ground, 
only the nuclear radiation and the devastating thermal radiation have been 
the cause of damage. Now buildings are crushed and swept away, objects and 
people turned into projectiles as the pressure and the winds behind the shock 
front take their toll. At 11 seconds the shock will have reached 5.5 km from the 
epicenter-the point on the surface just below the detonation-with overpres- 
sure (in comparison with the normal atmospheric pressure of 14.7 pounds per 
square inch, or psi) of 6 psi-864 pounds of force on each square foot of the sur- 
face. The wind speed corresponding to that shock pressure is 312 k m h .  At 37 
seconds the front of the shock wave will have reached 16 km; the overpressure 
will have dropped to 1 psi and the wind behind the front to a mere 61 kmh.  
Glass windows will be stripped from the buildings down to about 0.5 psi, but 

, half the buildings will be left standing at overpressures of 4 to 5 psi. 

4 Now the intense heat from the bomb will have dissipated, although fires 
and even a firestorm may have been ignited. The prompt nuclear radiation 

I from the explosion is followed by the gamma rays from fission products in the 
expanding cloud of debris. The hot fireball entrains debris from the ground as 
it rises, cooling so that the radioactive materials largely condense on debris par- 

1 ticks. The fine particles begin to fall to the ground, but unless there is rain 
they do so over a period of hours and days in regions to which the by-then- 
invisible radioactive cloud is carried by high-altitude winds. By 110 seconds the 
cloud is at an altitude of seven miles; it attains its maximum height of 24 km at 

4 about lo minutes. 
The photographs taken of Hiroshima after the explosion of a bomb only 

one-seventieth as powerful as our megaton example show the damage to the 
(Fig. 3.4). As was explained above, the instantaneous destruction is due to 

the blast effect and the fires set by the intense heat radiated in the form of light 
by the fireball at the heart of the explosion. 

Let us add to this rather dry picture some excerpts from A Path Where No 
hfan Thought by Carl Sagan and Richard Turco:' 

. 





M E G A W A T T S  A N D  M E G A T O N S  

The Japanese city of Hiroshima was wiped out on August 6, 1945, by an 
approximately 13-kil0ton-~ield nuclear weapon. Some zoo,ooo men, 
women, and children were killed, many from lingering deaths. Col. Paul 
W. Tibbet, Jr., was the pilot of the Enola Gay, the B-zg that, for the first time 
in human history, dropped an atomic bomb on a city. He had named the 
airplane for his mother. Here is his description of what he saw: 

"What had been Hiroshima was going up in a mountain of smoke. . . . 
First I could see a mushroom of boiling dust-apparently with some debris 
in it-up to zo,ooo feet. The boiling continued three or four minutes as I 
watched. Then a white cloud plumed upward from the center to some 
40,000 feet. An angry dust cloud spread all around the city. There were fires 
on the fringes of the city, apparently burning as buildings crumbled and the 
gas mains broke."' 

An eyewitness description of the early effects of the Nagasaki explosion two 
days later comes from a young Japanese physician, T. Akizuki: 

The sky was dark as pitch, covered with dense clouds of smoke; under that 
blackness, over the earth, hung a yellow-brown fog. Gradually the veiled 
ground became visible and the view beyond rooted me to the spot with hor- 
ror. All the buildings I could see were on fire. . . . Trees on the nearby hills 
were smoking, as were the leaves of sweet potatoes in the fields. To say that 
everything burned is not enough. The sky was dark, the ground was scarlet, 
and in between hung clouds of yellowish smoke. Three kinds of color- 
black, yellow, and scarlet-loomed ominously over the people, who ran 
about like so many ants seeking to escape. . . . That ocean of fire, that sky of 
smoke! It seemed like the end of the ~ o r l d . ~  

One  study of the effects of the two bombs noted that: "Radioactive black 
rain fell on both Hiroshima and Nagasaki; in Hiroshima the rain was accom- 

. panied by a sudden chill, many survivors shivering in mid~ummer ."~  

T H E  ULT IMATE V I C T I M :  LIFE ON EARTH 

Ill 1 Shocking as they are, the above descriptions and the photos of Hiroshima in 
Fig. 3.4 fall far short of providing a full appreciation of the effects of a nuclear 
weapons exchange using even 10% of the current U.S. or Russian weapons 
stock-even if a thousand explosions are put side by side, and with each cover- 
ing an area sixteen times larger than the area destroyed in Hiroshima or 
Nagasaki, as would be the case with a bomb of one-megaton yield. In addition 

Nuclear Weapons 

to the local damage in Hiroshima, replicated 16,000 times, a new effect on a 
planetary scale would have to be considered. 

Not until the 1980s was it suspected that the effects of many simultaneous 
nuclear explosions could influence the climate by obscuring the sun, bringing 
temperatures down perhaps far below the level of the last ice age. Scientists 
concluded that one thousand simultaneous one-megaton explosions would be 
enough to ~ r o d u c e  an ecological catastrophe without precedent in historic 
times: nuclear winter. And yet, at that time, as is the case now, many times that 
explosive power was available. It is useful to discuss this phenomenon, which, 
whatever the numerical conclusions drawn, forces us to consider a dramatic 

of the stockpile of nuclear weapons- too large for any reasonable 
military strategy that can be imagined-as a first priority for mankind. 

In 1982, in the journal Ambio, specializing in human environmental issues 
and published by the Swedish Royal Academy of Science, two chemists, Paul J. 
Crutzen, 1995 Nobel laureate in chemistry, and John W. Birks, published an 
article entitled "Twilight at Noon: The  Atmosphere After a Nuclear War." 
They drew attention to a previously neglected aspect of a nuclear war and the 
fires that it would cause: the emission of great quantities of dust and soot capa- 
ble of absorbing a large fraction of the sun's rays for several months, which 
could change the physical parameters of the atmosphere for a long time, with 
grave consequences for the earth's ecosystems. "Under these conditions," they 
wrote, "it is likely that the agricultural production of the Northern Hemisphere 

I would be almost entirely eliminated, so that those who might have survived the 
immediate effects of the war would have nothing to eat." 

Scientists then proceeded to make detailed calculations on various nuclear 
war scendrlos, taking into account fires in forests, oil and gas installations, and 
urban areas. These were published and compared. 

The results. cold and darkness would descend on the earth. Detailed stud- 
ies catalog the associated effects: the formation of heavy clouds of toxic gas at 
ground level, caused by the destruction of cities; the spreading of radioactive 
fallout; the thinning of the protective ozone layer whlch prevents the sun's 
ultraviolet radiation from reaching the g r ~ u n d . ~  

According to the book by the late Carl Sagan and Richard Turco, the con- 
clusions of the studies make it possible to envisage, if not the total extinction of 
the human species, at least something approaching the Apocalypse. 

In 1983, Sagan and Turco organized a meeting in Washington of important 
advisors and high-level members of the preceding government-the adminis- 
tration of President Jimmy Carter. "This was at a time," they write in their 
book, "in the Reagan years when 'fighting' and 'winning' a nuclear war was 

- - 
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considered feasible, and merely describing the dangers of nuclear war- 
nuclear winter aside-was judged, if not unpatriotic, then at least eroding the 
will of the American people to oppose Soviet tyranny and therefore naive and 
foolish." Using slides and a handout, they presented their scientific findings to 
this informed but nontechnical audience. They argued that nuclear winter was 
so serious that it had implications for nuclear strategy, policy, and doctrine and 
for attitudes that seemed to be shared by almost all American and Soviet offi- 
cials toward the Cold War. 

The  authors go on: 

As you might imagine-because our findings were so unexpected and 
because their implications ran so much at cross-purposes to what then 
passed for prevailing wisdom-there was a fairly spirited discussion. The 
remark that we found most memorable, as well as most useful, was uttered 
by one senior practitioner of dark arts: "Look," he said, "if you believe that 
the mere threat of the end of the world is enough to change thinking in 
Washington and Moscow, you haven't spent much time in those cities." 

Since then, we've spent considerable time in Washington and Moscow 
and many other places where nuclear war is planned and weighed. The 
remark was particularly helpful because it reminded us of how abstracted 
many officials and strategists are from the horrors they plan for, and how 
resistant to fundamental change the principal political and military estab- 
lishments and the weapons laboratories had become. If nuclear winter were 
to inform, much less change, national policies, it would take time. L 

A  C O M P A R I S O N  O F  NUCLEAR A N D  N O N N U C L E A R  C A T A S T R O P H E S  

Table 3.1 lists some of the catastrophes that have stricken humanity. It is appar- 
ent that the use of the nuclear arsenal would be a major increase in magnitude. 
The  table also allows us to compare the relative importance of catastrophes 

, that have nothing to do with nuclear energy, civilian or military. 
The  figure given for the eruption of the Tambora volcano includes immedi- 

ate deaths (io,ooo), those caused locally by epidemics and famine (807000), and 
an estimate of those brought on by the climatic consequences the world over. 
The  Black Plague may have had far more victims, worldwide, than the figure 
shown indicates, because only deaths in Europe were counted. With respect to 
Chernobyl, the figure for the first year is iooo. Estimates of the number of 
deaths due to radiation, over tens of years, vary between 3000 and 60,000 (and 
between zero and 900,000 for experts firmly implanted in extreme positions, as 
detailed in Chapter 7 of this book); the authors' best estimate is about jo,ooo. 
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TABLE 3.1.  E X A M P L E S  O F  M A J O R  C A T A S T R O P H E S  
/ 

(Adapted from Sagan and Turco, A Path Where N o  M a n  Thought) - 
CAUSE LOCATION DATE NUMBER OF VICTIMS 
/ 

Black Plague, Europe l347-5l 25 1nil110n 
pandemic 

Earthquake Shaanxi, China 1556 830,000 
volcanic eruption Mount Tarnbora, 1815 160,ooo 

Indonesia 

Famine Northern China 187c79 lo million? 
' First World War Mainly in Europe 1914-18 20 million 

Accidental chemical Halifax Harbor, Canada 1917 1654 
' explosion 

Flood Huang He Basin, China 1931 3.7 million 
Second World War Entire world '939-45 40 million 
Nuclear weapon Hiroshima, Japan 1945 200,000 

explosion 

' Cyclone Bangladesh 1970 ~00,000 

AlDS Entire world 198- > 3 million per 
year seropositive 

Chemical discharge Bhopal, India 1984 5000 

Nuclear power plant Chernobyl, Soviet 1986 30,000? 
accident Union 

Nuclear war Entire world ? 1 billion perhaps 

L 

NUCLEAR E X P L O S I O N S  FOR T E S T I N G  W E A P O N S  

The gun-type nuclear weapon was used in combat in August 1945 without hav- 
ing been the subject of a test explosion, but the implosion weapon did have a 
full-scale test at Alamogordo, New Mexico, on July 16, 1945, in order to give 
assurance that the concept actually worked, and to measure the yield, for 
which predictions in June 1945 (by V. F. Weisskopfs group at LOS Alamos) 
ranged from 4000 to ij,ooo tons of high explosive.6 The  height of the burst 
over the intended target in Japan was to be chosen on the basis of this yield 
measurement. 

After 1945, further evolution of weapon design was performed with the aid 
of development tests (initially in the atmosphere, and beginning in the 1950s 
most frequently underground), which were used to validate and to refine the 
Principles involved. Tests could be used also to reduce the conservatism of a 
Specific design by cutting the amount of fissionable material or the amount of 
boost gas, and noting in a series of nuclear explosions the threshold below 
which the yield suffered as a result. 
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Once a nuclear weapon design was deemed final and the model was put 
into production, it was eventually subjected to a production verification test 
in order to prove that the weapons manufactured by the large production 
complex of the Atomic Energy Commission (now the Department of Energy) 
worked. 

Weapons drawn at random from the armory after some years are not nor- 
mally subject to stockpile verification test explosions, because the number of 
such tests required to demonstrate the reliability demanded of nuclear 
weapons would be enormous. Instead the U.S. stockpile is monitored by 
inspecting and disassembling 11 weapons of each type each year, to observe 
changes such as corrosion, and to remedy them. At the urging of Congress, 
however, several stockpile verification tests were conducted in the 1980s. 

Initially nuclear weapon tests were explosions in the atmosphere-on the 
ground, on a barge or tower, tethered from a balloon, or dropped from an air- 
craft. This provided a convenient way to measure directly the yield and other 
characteristics of the nuclear weapon, and it also provided interested foreign 
intelligence services substantial details about the nuclear weapon design. 
Atmospheric nuclear explosions spread the fission products, the radioactive 
materials formed by neutron activation, and the residual plutonium and 
transuranic elements in the atmosphere. We will show that these radioactive 
materials from the 528 nuclear tests in the atmosphere probably caused some 
~oo,ooo  deaths among the population the world over. 

A totally different purpose of testing was to understand weapon effects- 
blast, thermal radiation, the production of electromagnetic pulses from 
weapons, and the like. Such nuclear explosions are called weapon effects tests. 
Nuclear arms to be used for defense against ballistic missiles in the vacuum of 
space needed to be tested for their output of neutrons (and the proportion that 
came from the D-'I' reaction, with their 14 MeV of energy, in comparison with 
the lower-energy fission neutrons); it was also important to understand the 
yield of X-rays, which make up some 90% of the energy output of a large ther- 
monuclear weapon detonated in space. Some reentry vehicles and their 
nuclear warheads are more susceptible to hard X-rays, which would be pro- 
duced by a defensive weapon of very small mass and substantial ~ i e l d ,  while 
other reentry vehicles are more vulnerable to soft X-rays, which can blow offa 
thin layer of material at a greater distance than can hard X-rays. The effective 
destructive range against satellites of a nuclear weapon exploded in space was 
also of interest. 

Allied to the nuclear weapon effects test were vulnerability tests, performed 
in order to ascertain the robustness of U.S. nuclear weapons against defensive 
nuclear weapons. 

;. Nuclear Weapons 

One type of nuclear explosion test, the so-called "one-point7' safety test, is 
when it produces zero explosive yield, or a yield a million times 

than the full-scale explosion of that same weapon. The  purpose of one- 
point tests is to ensure that accidental detonation of the explosive of an implo- 
sion weapon (for instance, by a rifle bullet or a fire) would give no significant 

; nuclear ~ i e l d .  The actual permitted one-point ~ i e l d  for U.S. weapons is 2 kg of 
TNT equivalent, which was initially set so that any hazard from radiation 

I would be contained within the area destroyed by the weapon's high explosive 
' 

itself. Existing U.S. weapons have one-point yields much less than this limit. If 
preliminary experiments predict a weapon to be one-point safe, the ultimate 

involves the use of a single detonator in the presence of an intense 
neutron source, in order to show that the yield remains less than that of 2 kg of 
powerful explosive. For this final test, the device resembles a real weapon, 
although it is triggered quite differently (with one detonator rather than all). 
The other safety devices of the system can be just as well tested without any 
explosion. 

Between 1958 and 1961, the United States conducted about fifty tests with a 
yield less than 2 kg of explosives, to determine if implosion weapons were one- 
point safe. 

One-point safety tests were initially carried out in shallow wells at Los 
Alamos. They could not be done simply by using the stockpile weapon; instead 
of a kilogram of explosive yield, an untested weapon might have given a kilo- 
ton, for which shallow bu~ia l  would have been totally inadequate. Accordingly, 
a one-point test is a series of tests, beginning with an amount of fissile material 
that is so small that there is virtually no possibility of nuclear yield. A strong 
neutron source is used to ensure a measurable output if the material becomes 
critical. In successive shots, the amount of fissile material is increased until 

i one either obtains a measurable yield threatening to exceed the 2-kg limit or 
: reaches the amount of material present in the weapon to be stockpiled. All 

U.S. nuclear weapons have been tested and verified to be one-point safe. This 
is not a property that can degrade with age. 

The weapon's maintenance involves "enhanced surveillance," and will 
; eventually require remanufacture of parts that have reached an age at which 
; degradation is possible. As noted, each year eleven weapons of each type in the 
! enduring stockpile are withdrawn and thoroughly inspected. One  of these for 
I each type, after disassembly, is turned over to the originating nuclear weapons 
' laboratory (Los Alamos or Livermore), where it is cut open and compared with 

the design specifications and expectations. We emphasize that every part of a 
nuclear weapon except the primary and the secondary can be thoroughly 
tested without a nuclear explosion. This applies to the various switches, valves, 
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and electronics, and even to the high explosive that implodes the primary. Of 
course, even when nuclear testing was allowed (it is not allowed anymore, as 
we shall discuss in Chapter ii), one could never test the explosive of a particu- 
lar weapon that was going to be used in war, since the weapon is destroyed in 
the test. A stockpile stewardship program for U.S. nuclear weapons includes a 
panoply of tools to visualize, model, compute, and inspect, with the goal of 
ensuring safe and reliable weapons of existing type without the necessity of 
nuclear explosive tests. 

The U.S. stockpile contains some pits-that is, fissile-material shells-that 
are 30 years old, and they show no ravages of age; it is believed that pits will sur- 
vive in good shape for 60 to 90 years. Nonetheless, if one assumes conserva- 
tively that a pit should be remanufactured after 30 years, then a stockpile of 
3000 nuclear weapons would ultimately require a remanufacturing capacity 
averaging about one hundred pits per year. 

A key question in ensuring reliability of remanufactured weapons is 
whether the nuclear weapon laboratories can restrain their desire to use the lat- 
est techniques, and instead manufacture weapons to the same specifications 
and preferably by the same processes as were used originally. The stockpile sur- 
veillance program can then provide high confidence that the weapons remain 
safe and reliable; if instead the new tools are used to design and build nuclear 
weapons that have never been tested, it is likely that uncertainties will eventu- 
ally arise that can only be resolved with confidence by nuclear explosion test- 
ing. As will be discussed in regard to arms control and international security, 
this would imperil the Comprehensive Test Ban Treaty signed in 1996 by the 
five nuclear weapon states and almost all others-leading to increased prolifer- 
ation of nuclear weapons. 

Precisely 1030 tests were conducted by the United States: 215 in the atmos- 
phere and 815 underground. There are still about twenty contaminated 
islands, as well as one that was entirely vaporized. Eleven bombs have been 
lost in accidents, and some have never been found. The  Soviet Union con- 
ducted 715 tests, France 204, Britain 45, China 43, India 6, and Pakistan 6. 
India exploded a nuclear weapon underground in 1974, and then in May 1998 
announced the completion of more underground explosions. Pakistan fol- 
lowed within two weeks with a declared total of six underground tests. Putting 
an end to nuclear testing was a long-sought goal in the control of nuclear 
weapons and was the purpose of the Comprehensive Test Ban Treaty of 1996- 
an important topic in Chapter 11. 

Natural Radiation and Living Things 

IN  1903 the Nobel Prize in physics was shared by Henri Becquerel and 
Pierre and Marie Curie for their work on what Madame Curie had named 
"radioactivity." This was such a new and unexpected phenomenon that it is 
not surprising that no one at first realized how dangerous it was. Indeed, until 
relatively recently radioactivity was even thought to have a "tonic" effect. As 
late as 1970, many European bottled mineral waters were still stating on their 
labels the amount of radioactivity, not as a warning, but to attract buyers. 

The discovery of radioactivity played a decisive role in the evolution of sci- 
ence, first because it paved the way toward the discovery of the structure of the 
atom. Radioactive sources that are naturally occurring alpha-particle emitters 
were the first "particle accelerators" to allow us to transmute atoms. Ernest 
Rutherford used alpha particles to divine and prove the existence of the 
atomic nucleus, ioo,ooo times smaller in diameter than the atom itself (and 
1015 times smaller in volume); and in 1934 I r h e  and FrCdCric Joliot-Curie 
used alpha-particle sources to create radioactivity that had not existed in 
nature. Fermi then used the neutrons that Chadwick in 1932 had detected 
from alpha particle bombardment to produce an abundance of artificial 
radioactive elements. The information gained in this way revolutionized 
physicists' concepts of the laws governing interactions between the various 
Components of matter. 

With radioactivity, and particularly after the discovery of artificial radioac- 
tivity, scientific research has benefited from a tool that permits the detection 
and measurement of matter in infinitesimal quantities, a tool millions of bil- 
lions times more sensitive than the classical methods of chemist~y. Indeed, it is 
possible to detect the disintegration of a single atom. 

This extraordinary sensitivity of the methods for measuring radioactivity 
has ironically been turned against them in some of the present debates about 




