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  Atoms	
  

Nuclear Binding Energy
Nuclei are made up of protons and neutron, but the mass of a nucleus is
always less than the sum of the individual masses of the protons and
neutrons which constitute it. The difference is a measure of the nuclear
binding energy which holds the nucleus together. This binding energy can be
calculated from the Einstein relationship:

Nuclear binding energy = Δmc2

For the alpha particle Δm= 0.0304 u which gives a binding energy of 28.3
MeV.

The enormity of the nuclear binding energy can perhaps be better
appreciated by comparing it to the binding energy of an electron in an atom.
The comparison of the alpha particle binding energy with the binding energy
of the electron in a hydrogen atom is shown below. The nuclear binding
energies are on the order of a million times greater than the electron binding
energies of atoms.

Binding energy curve. Nuclear units.
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opposite in sign, to that of the electron. Both the proton and the neu-
tron have masses about 1830 times that of the electron.
One can talk about the rest masses of these nucleons (their masses

when they are not moving) in terms of an equivalent energy. Einstein's
famous equation states that E = mc2• This relationship says that if a
mass is converted into energy, the released energy E is given by the
mass m multiplied by c2, the speed of light squared. The mass of one
neutron is equivalent to an energy of 939.6 million electron volts (939.6
MeV); the proton's mass is equivalent to 938.8 MeV. In comparison,
the electron's mass is equivalent to only 0.511 MeV. An element has
different isotopes if several nuclei exist in which the number of protons
(and hence the number of electrons) are the same, but the number of
neutrons are different. The chemical properties of the various isotopes
of a given element will be the same because they all have the same
number of protons and hence of electrons. But the nuclear properties
of the various isotopes of a given element will be different since they
have different numbers of neutrons. An element Xwith Z, protons and
N neutrons is labeled by the symbol where A = N + Z is the
atomic mass, the number of nucleons in the nucleus.
The element hydrogen can illustrate the concept of isotopes, as

shown in Fig. 2.2. Ordinary hydrogen makes up 99.985% of all
naturally occurring hydrogen. The nucleus of this isotope is made up
of a single proton. It is stable or nonradioactive; its nucleus does not
change over the lifetime of the universe. The heavy hydrogen isotope
iH, called deuterium (2D), makes up 0.014% of natural hydrogen. It
has two nucleons in the nucleus: on'e proton and one neutron. It also
is stable. A third isotope of hydrogen is superheavy hydrogen fH,
called tritium (3T). It contains one proton and two neutrons in the
nucleus.
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Figure 2.2 The isotopes of hydrogen are all characterized by Z = 1 since they each
have one proton in the nucleus; their chemical characteristics are therefore essentially
the same, However, they are characterized by different atomic masses A = Z + N since
they each have a different number N of neutrons in the nucleus; their nuclear properties
are quite different.

•  Dietrich Schroeer. Science, technology, and the nuclear arms race. Wiley, New York, NY, 1984. p.16	
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Table 2.1 Isotopes relevant to the nuclear arms race, together with some of their
more important properties.·
Isotope
2H
3H
6Li
98
,4C
90Sr
'3' I
mcS
233U
235U
236U
239PU
240PU
242PU

Half-life
Stable
12.3 years
Stable
Stable
5730 years
28 years
8.05 days
30 years
165 kyrs
710 Myrs
4500 Myrs
24.4 kyrs
6580 yrs
380 kyrs

Emissions
None
{3: 18.6 keV; y: 550keV
None
None
{3: 156 kev
{3: 546 keV; y: 2.3 MeV
{3: 606 kev; y: 364 keV
{3: 514 keV; y: 662 keV
a: 5.3 MeV
a: 4.4 MeV; y: 185 keV
a: 4.2 MeV
a: 5.16 MeV
a: 5.17 MeV
a: 4.9 MeV

Major Properties
Fuel for the H-bomb
Fuel for the H-bomb
Produce T by 6Li + n_ 3H + 4He
H-bomb tamper
Produced from air by A-bombs
Fission product, bone seeker
.Fission product, thyroid seeker
Fission product
Fissile material
Fissile material, 0.7% of natural U
"Contaminant" of 235U
Fissile material
"Contaminant" of 239PU
"Contaminant" of 239PU

"The symbols kyrs and Myrs stand for 1000 and 1 million yr, respectively.

around the nucleus. But the number of neutrons in the strontium nu-
cleus can range from less than 42 to more than 57, so that A can range
from 80 to 95. and are stable. The radioactive strontium
isotope most relevant to the nuclear arms race is 90Sr decays with
a half-life of 28 years to by emitting an electron with up to 550 keV
in energy; 90Y in turn decays further with a half-life of 64 hours (hr) to

by emitting yet another high-energy electron. It is used in nuclear
medicine; the electrons it emits are used to treat skin cancers. It is most
signifiqnt because it is produced in nuclear fission reactions; it accu-
mulates inside nuclear reactors and is a component of the· fallout re-
sulting from the explosion of nuclear devices. Its long half-life of 28
years (yr) makes it dangerous for a long time after it is formed. Its
chemical similarity to calcium causes it to accumulate in growing
bones; the electrons it emits have a very short range-they specifically
damage the sensitive bone marrow. Table 2.1 presents a list of isotopes
relevant to the nuclear arms race and some of their more important
properties.

Nuclear Radiation
When a radioactive nucleus decays, it emits particles and energy. The
particles can be charged, such as electrons, or neutral such as neu-
trons; the energy can be released as kinetic energy of these particles or
as photons in the form of y rays, x rays, or light. Depending on the
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Table 2.6 Symptoms of radiation sickness from observations made in Japan and
on victims of nuclear accidents.
Based on Glasstone and Dolan, 1977, Table 12.108.

Dose
Symptoms

Nausea and vomiting
Incidence
Onset
Duration

Latent period
(no symptoms)

Final phase
Duration
Symptoms

Survival

150 rem 500 rem 600 rem 1000 rem

Commonly 100% 100% 100%
A few hours A few hours A few hours - t hour

1 day 1-2 days 2 days 1 day

2 weeks 2-3 weeks 2 weeks 1 week

1 month 1 month 1 month 1 week
Some loss of Nausea; vomiting; malaise; diarrhea;
appetite; malaise; hemorrhage under skin, from gums
some depletion of and intestines, and into organs; loss
leucocytes of hair; depletion of blood platelets;

infection
Essentially 100% -50% -10% -0%

When the radiation dose is given over a long time period, the effects
are considerably smaller. When one asks more specifically how radia-
tion damage in human tissue is correlated to dosage, then one must
consider which body organs are exposed, the type of radiation, and
the rate at which the dosage is delivered. The sensitivity to radiation of
human organs varies greatly. In general, radiation is most dangerous
to actively dividing tissue as in a fetus or in the stomach lining; radia-
tion damage to the latter leads to the diarrhea and loss of appetite ob-
served in A-bomb victims. When the radiation dose is given over a long
time period, the effects may be reduced by as much as a factor of 10.
For dosages below the lethal level, there still remain potential long-

term harmful effects, such as the increased chances of having cancer.
Such effects are difficult to demonstrate for very low dosages; hence,
their magnitude is generally estimated by extrapolating from the effects
observed at high radiation doses. Three general models have been
used to estimate the magnitude such low-level effects.
The threshold model in Fig. 2.18 assumes that the damage caused

by very small radiation doses is essentially repaired by the body; thus,
the radiation must exceed a certain threshold before any permanent
damage is caused. This threshold is sometimes assumed to be compa-
rable to the radiation dosage received from natural background radia-
tion deriving from cosmic rays, radioactive isotopes leaking from
bricks, and radioactive atoms such as 14C that are incorporated into the
body, assuming that the human body, through constant exposure
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'T, .... • i= rl" ,',' .' 11.. . ,...n.mm IS ...ounu In minute quanllLkS li1 au walef, wnere It IS con-
stantly being created by cosmic radiation. Tritium is radioactive, or
unstable. During its radioactive decay process, a nucleus of 3H emits
an electron, converting to 3He, as the n-n-p nucleus goes to n-p-p. The
emitted electron has a maximum energy of 18.6 keY (18,600 eV). The
decay process is characterized by a half-life of T1/2 = 12.3 years. This
means that the number of tritium nuclei decreases in the exponential
manner shown in Fig. 2.3, being reduced by a factor of two every 12.3
years. If at some time there are some number No of 3H atoms, then
after each successive 12.3 years, only half as many will be left; the
remainder will have become atoms of 3He. If in January 1985 A.D. there
are 100,000 3H atoms, then by May 1997 A.D. 50,000 3H atoms remain
and 50,000 3He atoms will have been produced. In September 2009 A. D.
there will be 25,000 3H atoms and 75,000 3He atoms, in December 2021
A.D. 12,500 3H atoms and 87,500 3He atoms, and so on. The chemical
properties of H, D, and T are essentially identica.l, so that they can
form H20 (normal water), D20 (heavy water), and T20 (superheavy
water). But their nuclear properties are not the same; Hand Dare
stable, whereas T is radioactive. Each radioactive isotope is character-
ized by a specific half-life, with the decay process following the curve
of Fig. 2.3. Tritium has a half-life of 12.3 years. In fact, the only tritium
to be found in nature is that which has been created recently (in the
last decades) artificially in nuclear reactors and accelerators or in natu-
ral nuclear reactions induced by the cosmic rays that constantly bom-
bard the earth. .
The element strontium forms a more complex series of isotopes. All

strontium (Sr) isotopes have Z = 38; that is, all have 38 protons in the
nucleus, and hence all neutral Sr atoms have 38 electrons in orbit
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Figure 2.3 Plot of the exponential decay of an initial quantity No of some parent isotope
A with a half-life T'Il'

•  Schroeer	
  1984,	
  p.17	
  



I.B.1.Fission	
  and	
  Fusion	
  

•  h"p://hyperphysics.phy-­‐astr.gsu.edu/hbase/nucene/nucbin.html	
  
Energy comparison Further discussion Fission fragments

Index

Nuclear
fission

concepts

Nuclear
fusion

concepts

 
HyperPhysics***** Nuclear R Nave

Go
Back



I.B.2.Chemical	
  v.	
  Nuclear 

•  h"p://hyperphysics.phy-­‐astr.gsu.edu/hbase/nucene/eneein.html#c2	
  

Amount	
  of	
  substance	
  required	
  to	
  produce	
  
enough	
  energy	
  for	
  one	
  US	
  ciGzen	
  in	
  a	
  year	
  
(5x10^11	
  J)	
  
•  Fusion:	
  0.0000016	
  tons	
  
•  Fission:	
  0.0000063	
  tons	
  
•  Gasoline:	
  2800	
  gallons	
  (8.6	
  tons)	
  
•  Natural	
  Gas:	
  500,000	
  cubic	
  feet	
  (11.1	
  tons)	
  
•  Coal:	
  20	
  tons	
  



I.B.3.Chain	
  ReacEons	
  

22 Nuclear Arms

then the number of neutrons produced in an ideal case is hardly larger
than the number that are absorbed: since 'YJ = 1.02 is only slightly
larger than I, an explosive chain reaction cannot be sustained. To
maintain a chain reaction in natural uranium, the neutrons must be
thermalized (reduced in velocity to that of room temperature thermal
vibrations); then 'YJ is much larger than 1. Both 235U and 239PU have 'YJ
greater than 1 for bombardment with high-energy neutrons. Hence
they can sustain explosive chain reactions. Since 239pU has an 'YJ larger
than that of 235U, it is easier to generate a chain reaction in a mass
of 239PU.
Fission provides the means for releasing nuclear energy in a con-

trolled way. Using the neutron amplification of the fission reaction, a
sustained fission "burning" in a chain reaction becomes possible. Fig-
ure 2.4 sketches the process of a chain reaction. In each step of the
chain, the number of nuclei fissioning increases by a factor called the

,!

Neutron
generation First Second Third Fourth Fifth

o 235U

o Fission fragment

• Neutron leading
to further fissions

Neutron lost and not
.. leading to further fission

Figure 2.4 Sketch of a chain reaction in 235U assuming an average of 2.5 neutrons
released per fission event and a loss on the average of 1 out of 5 neutrons through
absorption or escape from the fissioning mass.
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Table 2.3 lists critical masses of some fissionable isotopes for various
combinations of enrichment and tampers. .
The problem facing Oppenheimer's bomb design group at Los Ala-

mos was to create a critical mass out of stable, smaller than critical
(subcritical) masses by bringing them together quickly enough to avoid
a prematurely ignited or a slow chain reaction. Premature ignition
could be induced by the neutrons constantly released in spontaneous
fission decays within the fissile material. If the chain reaction proceeds
too slowly, the energy produced in the early portion of a premature
weak chain reaction might physically blast the critical mass apart, pro-
ducing a very small bomb explosion, an explosion in which only a
small fraction of the fissionable material would actually fission. 238U

has a very low rate of spontaneous fission. Hence its bomb design
configuration easily could avoid a premature, slow chain reaction.
The bomb design for 235U could thus be a simple gun type, shown in

Fig. 2.8. In this design two pieces of 235U, both of slightly subcritical
mass, are placed inside a gun barrel. An high-energy chemical explo-
sive then drives these two masses together. As these two pieces be-
came joined, those neutrons that previously might have escaped from
each piece through the flat wall can lead to further fission reactions.
The joined mass then goes beyond criticality, and an explosive chain
reaction can take place. To start the chain reaction properly at the right
moment, a source of neutrons is opened at the moment of conjunction
in the center of the critical mass. The first uranium nuclear device was

Table 2.3 The critical mass for fission bombs utilizing 23VPU or 235U of various
enrichment levels.
The bomb material may be made of metal or oxide. and various surrounding neutron
reflectors (tampers) may be used. Adapted from A. de Volpi. 1979. p. 70 and pp.
203-211.

Tamper

Bomb Material None 10 cm of Uranium
239PU, a phase

(0% 240PU) 10 kg 4.5 kg
(20% 240PU) 5.4 kg
(50% 240PU) 8.7 kg

239PU, 0 phase 16 kg 7.0 kg
239PU02 26 kg
235U (0% 238U) 47 kg 16 kg
235U (50% 238U) 68 kg
235U (80% 238U) 160 kg
235U02 (0% 238U) 100 kg
233U 5.5 kg

10 cm of Beryllium

4 kg

14 kg
25 kg
65 kg
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hot water in this loop is transferred in a steam generator to 
water in the secondary loop to make steam. After this steam 
turns the turbines, it is condensed back into liquid water and 
pumped by a feed pump to the steam generator, completing 
the cycle.    

 In contrast, a boiling-water reactor (BWR) uses one loop to 
transfer the reactor core’s energy to the turbines.  Figure  1.3
depicts the major parts of a BWR power plant. Above the core, 
but still inside the reactor vessel, the water is allowed to boil. 
As with the PWR, the steam from the BWR is condensed to 
liquid after it impinges on the turbines. In the United States, 
about two-thirds of the 104 commercial reactors are PWRs 
and the other one-third are BWRs. Worldwide, about 60 per-
cent of reactors are PWRs, and a little more than 20 percent 
are BWRs.    

Containment Structure

Pressurizer

Turbine

Condenser

Pump

Reactor
Vessel

Electricity
Generator

Steam
Generator

figure 1.2:     Schematic of a power plant including a pressurized-
water reactor.   
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Table 2.3: Fissile materials production methods

Plutoniuma

Reactor Start Net Total Weapons End
Type (#) Date tons (2004) (4 kg Pu) Date

USA LWGR(9) 1944 99.5 24875 1987
HWR(5) 1953 1988

Russia LWGR(13) 1948 145 36250 1994
UK GCR(8) 1951 7.6 1900 1995
France GCR(3) 1956 5 1250 1994

HWR(2) 1967 ?
Indiab HWR(2) 1960 0.38 95 N/A
Israel HWR(1) 1963 0.58 145 N/A
China LWGR(2) 1966 4.8 1200 1991
Pakistan HWR(1) 1998 0.04 10 N/A

Highly Enriched Uranium
Separation Start Net Total Weapons
Method Date tons (2004) (15 kg WGU)

USA GD 1944 480 24000 1964
EMIS 1945 1947

Russia GD 1945 710 35500 1988
EMIS 1945 ?
Cent 1946 1987

UK GD 1954 16 800 1962
China GD 1964 20 1000 1987
France GD 1967 25 1250 1996
Pakistan Cent 1986 1.1 55 N/A
S.Africac Aero 1979 0.5 25 1989

aISIS Online 2004.
bIndia may have a much lower total if it is not using plutonium from its Cirus reactor.
cSouth Africa produced 55-kg gun-type weapons, so the figure of 25 is inflated.

facilities such as a large reprocessing plant or a reactor cooling tower. Many centrifuge parts, however,
are under export controls, and so much of the information that is discovered about HEU programs comes
from the interception of the materials needed for fabrication of centrifuges. The dissolution of A.Q. Khan’s
nuclear network has also produced a great deal of information. Similar to plutonium programs, a few basic
technical details are required to understand and estimate a state’s progress toward a uranium capability.

After uranium mining, refining, and conversion, the UF4 is combined with fluorine to convert it to UF6,
which is a gas at relatively low temperatures (57oC). It can then be enriched using any one of a variety
of methods. While early uranium enrichment programs used gas diffusion (GD) and/or electromagnetic
separation (EMIS), most modern programs use centrifuge technology due to its lower cost and power re-
quirements; see Table 2.3 for production figures and technologies used by the major weapons states. All
enrichment methods use the small mass difference between 235U and 238U. Gas diffusion works by pass-
ing UF6 through small holes; molecules with 235U pass through these holes at a slightly higher rate than
those containing 238U. Centrifuges spin the gas; the heavier 238U molecules tend to gather near the walls of
the spinning centrifuge, and are discarded. Electromagnetic separation accelerates the molecules in an arc,
with the lighter 235U molecules tending to move towards larger radii. Other techniques more rarely used
in production of fissile materials (and never proven commercially viable) include aerodynamic enrichment
(used by South Africa for its weapons program), laser enrichment, and chemical separation. In addition to

CHAPTER 2. THEORY AND METHOD 27

country is developing a nuclear program. At this point the natural UF4 can either be converted into uranium
metal (U) to be used as fuel in a graphite-moderated reactor to produce plutonium or converted into uranium
hexafluoride (UF6) and enriched. These two routes to a nuclear weapon are pictured in Figure 2.4, with the
plutonium route on the left and the highly enriched uranium route on the right.42 The amounts of uranium in
each box assume the attempted production of a “first” plutonium or uranium implosion weapon in one year;
however, the higher uranium requirements of the plutonium route are offset by the fact that the fuel could
be left in for a longer period of time in order to produce additional plutonium.

Figure 2.4: Fissile materials production flowchart
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Key:
U3O8 = Uranium concentrate (yellowcake)

UO2 = Uranium dioxide

U = Uranium metal
UF4 = Uranium tetrafluoride

UF6 = Uranium hexafluoride

GCR = Gas-cooled (CO2) graphite-moderated reactor

Pu = Plutonium
SWU = Separative Work Unit
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42This diagram omits intermediate stages for clarity, while preserving the essential elements for detection and evaluation of a
program. See Benedict et al. 1981, Ch.5 for an exhaustive account; see Paternoster 1992 for a list of potential observables.
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Gun-barrel casing
Neutron
trigger

l.-- 235UMetal------'

High-energy
chemical explosive

Tamper

Figure 2.8 Gun-barrel design for a nuclear fission device using 235U as the fissile
material. The chemical explosive drives two subcritical masses together, creating a su-
percritical mass that can undergo a rapidly growing chain reaction.

exploded on August 6, 1945 over Hiroshima, Japan. It contained on the
order of 50 kg of uranium enriched to about 70% in 235U. The density
of uranium metal is 18.7 gm/cm3; hence, this mass was equivalent to a
melon-sized sphere with a diameter of 17 em.
The design of an atomic bomb containing 239pU had to be more com-

plex than a gun barrel. As 239PU is produced in a nuclear reactor
through neutron absorption by 238U, there is a certain probability that
it may in turn absorb another neutron to become 240PU (and further
241PU, etc.). Hence, some 240PU will be present in plutonium bomb
material. (The extent of such 240PU production will be discussed in
Chapter 14 in connection with nuclear proliferation problems.) 240PU is
radioactive, and in a significant fraction of its decays, it spontaneously
fissions, releasing neutrons. 1£ two subcritical masses containing a mix-
ture of 239pU and 240PU are brought together by a chemical explosion,
they may preignite. As the masses approach closely, the decay-
produced neutrons may initiate a premature chain reaction leading to
the fizzle just described.
Because of this preignition problem, the plutonium bomb design was

based on the implosion technique first conceived by Seth H. Nedder-
meyer, and shown in Fig. 2.9. In this technique a slightly subcritical
mass of 239PU is surrounded by shaped, conventional high-energy
chemical explosives. When these are exploded, their shapes focus the
explosive force inward toward the central sphere of 239PU. The force
squeezes the plutonium sphere until its volume is reduced to less than
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Explosion
trigger signal,

High.energy}
chemical
explosives
in two layers

Explosion
initiator

Focused
shock wave

feet --------30'
Figure 2.9 Design sketch of the first 239PU implosion nuclear bomb (not drawn to scale).

half. The plutonium atoms then are much closer together and the sur-
face area is much reduced: fewer neutrons can escape the fissile mass
before causing another fission; the subcritical mass is suddenly made
supercritical. At the moment of maximum compression some neutrons
are released in the center of the fissionable sphere; consequently, vir-
tually complete fissioning of the whole mass may take place before the
fission energy blows the plutonium sphere apart.
On July 16, 1945, at Alamogordo, New Mexico, such a 239pU implo-

sion bomb became the first nuclear device ever exploded. Figure 2.10
shows the smallness of the fissionable core for this device. Because of
the preignition problem, the bomb designers were not confident of
their predictions about the size of the explosive power of the device; in
the betting pool set up before this Trinity test, Oppenheimer put his
money on 500 tons. The explosion in fact conformed to the detailed
prediction made by the theoreticians that the bomb would have an
energy yield equivalent to about 20,000 tons of TNT. The 239PU bomb
exploded three weeks later over Nagasaki (see Fig. 2.11) had essentially
the same explosive yield of 22 kt.
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Layered mix of 235U, 239pu and 0 +T

Layered mix of 235U, 0, T, and Li

Chemical high explosive

t----:1 Be tamper

rttfiII 238U tamper

Figure 3.1 Design schematic of a hydrogen bomb fusing deuterium and tritium. At one
end of the device is an implosion fission bomb with a core made up of an ingenious
sequence of 239PU, 235U, beryllium, natural uranium, D and T fusion boosters, and high
explosives. Once the chemical implosion has taken place, the fission chain reaction is
triggered by a burst of neutrons from a high-voltage generator. X rays from the fission
reaction are focused by styrofoam onto the fusion component at the other end of the
device. The pressure wave from the styrofoam compresses and heats the fusion cylinder,
which includes some further fissionable material. Neutrons from the initial fission reaction
produce tritium from the 6Li to fuel the fusion reaction. High-energy neutrons resulting
from the fusion reaction then further fission the uranium. tamper that makes up the
cylindrical enclosure of the H-bomb. (After Morland, 1981.)

consume many neutrons: within a nuclear weapons program, the
neutron production of tritium becomes a competitor for the production
of 239pU by the neutron bombardment of 238U.
These two problems with D+T fusion devices were solved when an

H-bomb was designed to be made out of lithium-deuteride, 6LFH. LiH
is a solid material that does not have to be frozen. The neutrons from
the fission trigger in the H-bomb produce the tritium within the bomb
itself during the explosion. Both the fission explosion and the subse-
quent fusion reactions produce neutrons; these neutrons can be used
to convert further 6Li nuclei into additional tritium. This all occurs at
the same time that the fission trigger provides the requisite high
temperatures and pressures.
The fission bomb trigger has a tendency to blow apart the fusion

material liD. The fusion reaction must, therefore, proceed rapidly
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vors received thermal burns indicates that many inhabitants must have
been shielded from the thermal flash.
A major fraction of all the fatalities at Hiroshima seems to have been

produced by the collapse of buildings. Therefore, in line with the usual
practice, throughout the remainder of this text the radius of destruc-
tion of a nuclear weapon in a city will be taken as being equal to the
distance at which an overpressure of 5 psi is induced. Inside the area
defined by that radius some would survive. On the other hand, outside
that lethal area some fatalities would occur. The number of survivors
inside the lethal distance would be approximately equal to the number
of fatalities outside the lethal distance. For calculational purposes in
estimating the total fatalities from a nuclear bomb explosion, to a first
approximation one can act as if everyone inside the 5-psi area is killed
and all outside survive. In an actual nuclear bomb attack, survivors
and fatalities will be mixed over a large area.
Figure 2.19 summarizes the relationship between yield and lethal

radius for 500 rem, 5 psi, and third-degree burns. At very low yields,
the effects of prompt radiation predominate; at very large yields, the
thermal effects have the largest potential damage radii. The nuclear
fallout presents problems for ground blasts and for very-large-scale
nuclear warfare. Everyone of these damage radii actually depends on
the circumstances surrounding the nuclear bomb explosion. In
Hiroshima and Nagasaki, if the season had not been summer, if every-
one had worn more and heavier clothes, then the thermal heat flash
might have had less impact. Table 2.9 shows that the lethal radius for
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Figure 2.19 Damage radii for various effects from nuclear weapons, based on Tables
2.4 and 2.5.
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