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List of Symbols

I have tried to keep common symbols consistent throughout the
text. Unfortunately, there aren’t enough letters to go around, and
some symbols are so common in the literature that custom has
been retained even though it results in multiple usage. Context is
usually adequate to sort out any ambiquity , and terms which are
limited to specific sections are identified in the table below.

Many symbols are used with subscripts to identify specific val-
ues, such as Ti for initial temeprature. These are identified as they
are used, and will typically have have consistent meaning only in
a specific treatment or argument.

The “units “ mentioned in the tabel below are typical ones used
in the text. They’ll let you know the dimensions associated with a
specific quantity, but are by no means exclusive. Energy, for exam-
ple, may be expressed in Joules or electron volts (see Appendix A).

Symbol Meaning Units Comments

A Activation energy eV Chapter 3

A Area cm?

a Acceleration cm/sec? =dv/dt

a Particle radius cm, pm

a Speed of Sound cm/sec =3 X 10* cm/sec
(Chap 3,5)

B Brightness W /sr Chapter 3,4

B Brightness Amp/m? sr Chapter 5

B Magnetic Field Gauss Chapter 5

b Impact parameter cm Chapter 5

C Heat Capacity J/gm °K

C Stiffness Nt/m2]J/m? Relates stress to strain
(Chapters 2,3)

Cd Drag Coefficient Dimensionless ~ Chapter 2

Cn Refractive Index m-1/3 Chapter 3

structure factor

c Speed of light m/sec =3 X 10° m/sec

D,d Diameter cm

D Thermal Diffusivity cm?/sec =k/Cp

D Relative Depth dimensionless  See Figure 5-31
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dQ/dx

d2Q/dx?

dQ/dt

I*

Isp

Gradient of Q

2nd Derivative of Q
Rate of changeof Q

Energy
Electric Field

base of natural
logarithms

electron charge
Strain

Stain at Failure
Fluence

Force

focal length

fractional ionization
Gravitational Constant
Acceleration of Gravity

gain (stimualted
scattering)

altitude

atmospheric scale ht
Target Thickness

Planck’s Constant

Current
Impulse
Specific Impulse

Specific Impulse

Tonization Potential

Q/cm?

Q/cm?
Q/sec

Joules, eV
Volts/m

Columb
demensionless

dimensionless
J/cm?

Newtons

km
dimensionless
Nt m?/kg?
m/sec?

cm/W

km

km
cm

Joule sec

Amperes
Nt sec
dyn sec/]

sec

eV

Xiv

The slope of a curve of

any quantity Q
vs distance

The slope of a curve of
dQ/dx vs distance

The slope of a curve of
any quantity Q vs time

Chapter 5

~ 272
=1.6 X 10 Coul
Chapters 2, 3

Strain corresponding
to P*

Energy density on a
surface

= 6.67 X 10" Nt m?/kg?
= 9.8 m/sec?
Chapter 3

= height above earths
surface

= 7km
Chapter 2

Relates photon energy to
frequncy of light
= 6.63 X 10*] sec

Chapter 5
= [Fdt

Efficiency of
momentum

transfer with lasers
(Chap 3)

Rocket impulse/weight
of fuel used (Chap 2)
Chapters 3, 4, 5



L1
Lm
Lv
M,m
N, n
Nt

=

=o 0 0o

=~

Re*

Tc

To

Current Density
Kinetic Energy

Attenuation coeffficent

Thermal Conductivity

Boltzmann’s Constant

length

Heat of Fusion

Heat of Vaporization
mass

number density

Thermal Distortion
factor

index of refraction
Pressure

Stress

Modulus of Rupture

Momentum

intensity

Impact parameter ratio

electric charge
radius

reflectivity

earth radius
effective earth radius
ionization rate
cyclotron radius
coherence length

Intensity of Radiation

Amp/m?

Joules

km!

W/cm °K
J/°K

cam

J/gm

grams, kg
cm™

dimensionless

dimensionless
Nt/cm?, J/cm?
Nt/cm?, J/cm?

Nt/cm?]/cm?

gm cm/sec
W/cm?

dimensionless

Coulombs
cm

dimensionless

sec!
cm

cm
W/cm?

XV

Chapter 5

Some authors use

T. Kinetic energy is
used most in Chapters
2 and 5

Used in Chapters 3
and 4
inu=-kdT/dx

converts temperature to
energy = 1.38 x 10%] /°K

Chapter 3

Chapters 3, 4

Chapters 2, 3
(stress is the equivalent
of pressure in a Solid)

Stress at which a solid
fails Chapters 2, 3

=mv
Reradiation from a
plasma Chapter 3
Chapter 5

Chapter 5

used for radial
distances

fraction of light
reflected

Chapters 3, 4
=~ 6370 km
Chapter 4

Chapter 5
Chapter 3



tp
ta

V,v
V.

Z,z
Z:

time

pulse width

magnetic diffusion
time

Wave Period
Perpendicular Energy
Temperature

Melting Point
Vaporization Point

Perpendicular T

Energy Flow Rate

LSD or LSC velocity
Velocity
perpendicular V

Work
beam radius
range

Rayleigh Range

seconds

seconds

seconds
seconds
Joules
°K, °C

W/cm?

cm/sec
cm/sec

cm/sec

Joules

cm
km
km

Xvi

Chapter 5
Chapter 3
=vym<v.2/2, Chapter 5

Measures random motion
perpendicular to beam
direction

From Thermal
Conduction:
u=-kdT/dx

Chapter 3

velocity perpendicular
to beam motion
(Chapter 5)



Greek Symbols

Symbol  Meaning Units Comments

a (alpha) km Constant in equation of
central motion (Chapter 2)

a Absortivity dimensionless fraction of incident
radiation absorbed
(Chapters 3,4)

B (beta) velocity ratio dimensionless = v/c, Chapter 5

v (Gamma) specific heat ratio dimensionless Chapter 3

Y Relativistic factor dimensionless =1/(1-v?/c») 12,
Chapter 5

A (Delta) “change in” various AT = change in T, etc.

d (delta) skin depth cm Chapters 3, 4

€ (epsilon)  orbital eccentricity dimensionless Chapter 2

€ electron energy eV, Joules Chapters 3,4

€0 permittivity of farad/m =8.85 X 1012fd/m

free space

6 (theta) beam divergence radians

0 angle radians

\ (lambda) Wavelength cm, pm Chapters 3, 4

v (nu) Frequency sec’!

Vo Collision Frequency sec™ Chapters 3,4

p (rho) mass density gm/cm? Chapter 5

p charge density Coul/cm?® Chapter 5

2 (sigma)  Conductivity mho/m o is a more common
notation

o (sigma) Stefan-Boltzmann W /cm? °K* Relates radiation from a

Constant Black Body to its

Temperature
=5.67 X 102 W/cm? °K*

o cross section cm?

7 (tau) orbital period hours Chapter 2

¢ (phi) elevation angle radians

o (omega) Radian Frequency sec! = 2wy

XVii
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Preface

This book is on the effects of directed energy weapons. That is,
how they propagate to and interact with targets. Propagation and
target interaction are the key elements in an analysis of a
weapon’s utility to accomplish a given mission. For example, the
effectiveness of a nuclear missile is determined by the yield of its
warhead and the accuracy of its guidance, and the effectiveness of
a rifle is determined by the type of round fired, the range to the
target, and the skill of the soldier who fires it. Directed energy
weapons are no different. But while there are books and manuals
that deal with the issues affecting the utility of nuclear missiles
and rifles, there is no comparable source of information for di-
rected energy weapons. I have tried to fill that void with this book.

Weapons are devices which deliver sufficient energy to targets to
damage them. Weapon design involves a dialog between weapon
designers, and military planners. Designers create means of pro-
jecting energy, and planners have targets that they would like to
destroy. Effective design requires a knowledge of the targets and
the circumstances of their engagement, and effective planning re-
quires a knowledge of the weapons and their characteristics. But in
new and emerging areas of weaponry, designers and planners
often don’t speak the same language. As a result, designers can op-
erate in ignorance of operational realities, and planners can assume
that anything involving new technology will meet all their needs.
This book should also serve as an introduction to the language of
directed energy weapons for military planners and other non-tech-
nical persons who need to understand what the engineers and sci-
entists involved in their development are talking about.

Chapter 1 outlines basic philosophies and ideas that are used
throughout the book. The other chapters are each devoted to a spe-
cific type of directed energy weapon, and are reasonably self-con-
tained. Therefore, a reader interested primarily in one weapon type
will find it sufficient to read Chapter 1 together with the chapter of
interest. In some cases, duplication is avoided by developing topics
in great detail in one chapter, and presenting them again in a sum-
mary form in other chapters. The reader is referred to the detailed
discussion for any elaboration that may be required.
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I have assumed no technical background other than that associ-
ated with an introductory college-level physics course. Some
knowledge of algebra and trigonometry is assumed. A knowledge
of calculus would be helpful but is not required. Equations are
provided so that those with sufficient interest and motivation can
extend the results in the text. Numerous graphs and examples will
enable casual readers to skim over any material which seems too
mathematical.

Weaponry is not a precise science. Propagation paths and target
details are never known precisely. You wouldn’t want to go hunt-
ing for bear with a rifle whose bullet was precisely designed to just
penetrate the skin of an average bear, only to come up against a
bear that had just put on weight for the winter! You’d probably
prefer a rifle designed to work against the biggest conceivable
bears. The same is true of directed energy weapons. Too much pre-
cision in effects calculations is unwarranted, and a certain amount
of conservatism is required in defining operational parameters.
Therefore, I have kept arguments physical and intuitive at the ex-
pense of mathematical rigor. All formulas and expressions should
be considered correct to “zero order”—good enough to produce
answers within an order of magnitude of the “correct” result. No
attempt has been made to incorporate the latest and most accurate
experimental data, as these are under continual revision. Rather,
the material presented here is designed to enable you to place theo-
ries and results in the proper context. Extensive notes and refer-
ences are provided for those who’d care to go into any topic in
greater depth.
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EFFECTS OF DIRECTED ENERGY WEAPONS



1: BASIC PRINCIPLES

Overall Theme

This book deals with the effects of directed energy weapons,
treating such diverse types of weaponry as lasers, particle beams,
microwaves, and even bullets. In order to understand these
weapons and their effects, it is necessary first to develop a common
framework for their analysis. It is a thesis of this book that all
weapons may be understood as devices which deposit energy in
targets, and that the energy which must be deposited to achieve a
given level of damage is relatively insensitive to the type of
weapon employed. Nuclear weapons may be characterized in
terms of megatons, bullets in terms of muzzle velocity, and particle
beams in terms of amperes of current, but when this jargon is re-
duced to common units for energy absorbed by a target, similar
levels of damage are achieved at similar levels of energy deposited.

Of course, energy cannot be deposited in a target unless it’s first
delivered there. Therefore, an important element in understanding
weapons is a knowledge of how they deliver (or “propagate”)
their energy. Some loss of energy is invariably associated with this
propagation, whether it’s the atmospheric drag on a bullet or the
absorption of microwaves by raindrops. A weapon must therefore
produce more energy than needed to damage a target, since some
of its energy will be lost in propagation. As a result, weapon
design depends upon two factors. First, the anticipated target,
which determines the energy required for damage. And second,
the anticipated scenario (range, engagement time, etc.) which
determines how much energy must be produced to insure that an
adequate amount is delivered in the time available. This chapter is
devoted to developing this theme, introducing concepts and tools
which will be used throughout the remainder of the book.

A Word About Units

Since our goal is to reduce the jargon associated with different
types of weaponry to common units, the choice for these common
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units is obviously of interest. For the most part, we’ll use metric
units, where length is in meters, mass in kilograms, and time in
seconds. In these units, energy is expressed as Joules.! A Joule is
approximately the energy required to lift a quart of milk a dis-
tance of three feet, or 1/50000 (2 x 10-°) of the energy it takes to
brew a cup of coffee.? Scientists and engineers frequently prefer to
express quantities in units which depart from the standard, since
units that result in numerical values of order 1-10 are easier to talk
about. For example, it’s easier to say (and remember) that the
ionization potential of hydrogen is 13.6 electron volts than to say
that it’s 2.2 x 1078 Joules. Since published literature on directed
energy weapons is full of such specialized units and terminology;,
we’ll follow convention and depart from standard units when
others are more appropriate to the subject at hand. However, we’ll
always try to bring things back to a common denominator when
summaries and comparisons are made. Appendix A is a summary
of units which are common in the field of directed energy
weapons, along with the relationships among them.

Developing Damage Criteria

If we are to determine how much energy a weapon must pro-
duce to damage a target, we need to know two things—how much
energy it takes to damage a target, and what fraction if the energy
generated will be lost in propagating to it. These will be developed
in detail for different weapon types in subsequent chapters. For the
moment, we’ll consider some of the fundamental issues which af-
fect damage and propagation independent of weapon type.

The Energy Required for Damage

In order to be quantitative about the amount of energy neces-
sary for damage, we must first define what we mean by damage.
For a military system, this could be anything from an upset in
a target’s computer, preventing it from operating, to total vapor-
ization. These two extremes are usually referred to as “soft” and
“hard” damage, respectively. Clearly, soft damage is much more
sensitive to specific details of the system under attack than
hard damage. Without knowing the details of a computer, its
circuits, and the hardness of its chips, we won’t know if it’s been
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upset until we see it in operation, whereas vaporizing it pro-
duces immediate feedback on the effectiveness of an attack. On
the other hand, vaporizing a target will require more energy
than degrading its performance. We'll concentrate in this book
on hard or catastrophic damage for two reasons: it avoids target-
specific details which are often classified, and it provides a
useful first cut at separating weapon parameters which will
almost certainly result in damage from those for which the like-
lihood of damage is questionable, or for which more detailed
analysis is required.

As a simple example of the kind of energies necessary to achieve
damage, let’s first consider what it takes to vaporize an ice cube.?
If we have taken this ice cube from a freezer, its temperature is
below the temperature at which it will melt. We must first supply
enough energy to raise its temperature to the melting point.
Clearly the amount of energy required to do so will be propor-
tional to both the necessary temperature rise and the amount of
ice in the cube. The mathematical expression for this relationship
is E = mC(T,,~T)), where E is the energy required (Joules), m the
mass of the ice cube (grams), T; its initial temperature (degrees
Celsius or Kelvin), T,, the melting temperature, and C a constant
of proportionality known as the heat capacity (J/gm °C). For
water, C is approximately 4.2 Joules per gram per degree, so that if
the ice cube has a mass of 50 grams and is initially at a tempera-
ture of —10 °C, 2100 Joules of energy will be required to raise it to
the melting point at 0°C.

Having raised the ice cube to the melting point, we must melt it.
The amount of energy required to convert one gram of solid to
one gram of liquid at the melting point is known as the heat of fu-
sion, symbolized by L. For water, this is about 334 Joules per
gram, so that 16,700 additional Joules of energy would be required
to melt our ice cube once we had invested the 2100 Joules neces-
sary to raise it to the melting point.

At this point, our ice cube is a puddle of water at 0°C. Some
might consider this damage enough. If, however, we insist on va-
porizing it, we must raise it to the boiling point by supplying an
additional amount of energy E = mC (T,-T,,) = 21,000 Joules,
where T, is the vaporization temperature (100°C), and we must
convert the molten water at T, to vapor at the same tempera-
ture by supplying the heat of vaporization, L,. The heat of
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vaporization is about 2440 Joules per gram for water, so that an
investment of 122,000 additional Joules is required to finally do
away with our 50 gram puddle of water. The total energy re-
quired from beginning to end to vaporize the 50 gram ice cube is
thus 2,100 + 16,700 + 21,000 + 122,000 = 161,800 Joules. It is in-
teresting to note that the heat of vaporization accounts for about
75% of the energy required. This should not be surprising—a lot
of energy is needed to separate the bonds which hold the mole-
cules of a solid or liquid together and disperse them as vapor.
Figure 1-1 is a plot of how the temperature of the ice cube varies
as energy is deposited, along with its physical state at various
points along the way. If the energy is deposited at a constant rate
or power (Watts = Joules/second), the bottom scale is also pro-
portional to time.* Clearly, the vast majority of time and energy
are taken up in vaporizing the molten cube.

Having considered the simple example of melting and vapor-
izing an ice cube, let’s turn our attention to materials of more
interest from a military standpoint. Table 1-1 summarizes the
heat capacities, heats of fusion, and vaporization for some com-
mon materials.> An examination of Table 1-1 reveals some inter-
esting facts. First, it’s clear that there isn’t a great deal of varia-
tion from one material to another. Within a column, the entries
are (roughly) within a factor of two or three of one another. This
is fortunate, and means that we’ll be able to make order of mag-
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Figure 1-1. T emperature and State of a 50 gram Ice Cube vs Energy Deposited
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nitude damage estimates without our results being sensitive to
the type and construction of target under attack. Second, as in
the ice example, the energy required by the heat of vaporization
represents the greatest portion of the energy budget in vaporiz-
ing a target. Third, it appears from this table that about 10,000
Joules will be sufficient energy to vaporize a gram of almost any-
thing. Given that most solid materials have a density on the
order of 1-10 grams per cubic centimeter, this is equivalent to
saying that 10,000 Joules is sufficient energy to vaporize about a
cubic centimeter of anything.

It’s interesting to note that 10,000 Joules is close to the energy
delivered by a wide range of weapons. A few examples will
serve to illustrate this point. A typical rifle round has a mass
of about 10 grams, and is fired with a muzzle velocity of about
1000 m/sec.® This corresponds to a kinetic energy (mv?/2) of
5,000 Joules. In its March 1979 issue, Scientific American has an
article on ancient Roman siege catapults, and reports that a typi-
cal catapult could throw a stone weighing 20 kilograms over a
range of 200 meters.” A calculation of the kinetic energy required
for so massive a stone to travel so far results in an estimate of
40,000 Joules. Finally, a more recent issue of Scientific American
(January, 1985) has a report on medieval crossbows, and reports
that a typical bow could launch an 85 gram bolt over a range of
275 meters.® The energy required to do this is approximately
13,000 Joules.

MATERIAL DENSITY MELTING ~ VAPORIZATION HEAT HEAT OF HEAT OF
(gm/cm3) POINT, Ty POINT, Ty CAPACITY FUSION VAPORIZATION

(°c) (oc) (J/lgmocC) (Jlgm) (3/gm)

ALUMINUM 2.7 660 2500 0.9 400 11000

COPPER 8.96 1100 2600 0.38 210 4700

MAGNESIUM 1.74 650 1100 1.0 370 5300

IRON 7.9 1500 3000 0.46 250 6300

TITANIUM 45 1700 3700 0.52 320 8800

Table 1-1. Thermal Properties of Common Metals
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Is Energy Alone Sufficient for Damage?

Table 1-1 and the examples above might suggest that something
on the order of 10,000 Joules could be a good “all purpose damage
criterion,” useful as a measure of the amount of energy a weapon
must deliver to damage a target. But there are two observations
which suggest that there is more to weaponry than the mere gen-
eration of energy. First, consider the detonation of a nuclear
weapon. A bomb releases lots of energy: one kiloton of yield
corresponds to about 4 X 102 (4,000,000,000,000) Joules.” This far
exceeds a 10,000 Joule damage criterion, yet at a distance of less
than a mile from a one kiloton detonation a concrete structure
would be undamaged.!® Over the same range an artillery shell
with only 10,000 Joules of energy could easily destroy such a
structure. Second, consider the sun. In a 24 hour period, it deposits
about 5,000 Joules of energy over every square centimeter of the
earth’s surface', yet we see no evidence of cars melting in parking
lots, people being fried (except voluntarily, on beaches!), or houses
bursting into flame. Clearly, something more than energy is re-
quired for damage. The energy must also be delivered over a
small region and in a short time to the target. In other words, en-
ergy is not the only factor important in establishing damage crite-
ria. Also important are the density of energy on the target (Joules
per square centimeter, often called “fluence”), and the rate of en-
ergy delivery, or power (Joules/second, or Watts).!? Let’s consider
the physical basis for these results.

Energy Density Effects. Figure 1-2 contrasts a kiloton nuclear
detonation and an artillery shell, both of which are used to attack
a structure at a range of one mile. The vast majority of the energy
released by the bomb does not intersect the target and is
“wasted” from the standpoint of damaging it. By contrast, the
artillery shell is a “directed energy” weapon, delivering all its
energy right to the target in question. To be more quantitative, if
we spread the energy in the bomb over the surface of a sphere at
a range of one mile, we find that the energy density is only about
13 Joules per square centimeter, far less than the energy density
of about 10,000 Joules per square centimeter which the artillery
round applies at the point of penetration.
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Once the effect of area is understood, it is easy to show that nu-
clear weapon effects are consistent with the energy delivery asso-
ciated with bullets, siege catapults, and crossbows. Reinforced
concrete buildings suffered severe damage at ranges of about 0.1
mile from the point of detonation of the weapons employed
against Hiroshima and Nagasaki.’® Since these weapons had
yields of about 20 kT, they released about 8 X 10'3 joules of energy.
At arange z of 0.1 mile (= 1.6 X 10* cm), the energy density would
have been about 8 X 10" J/41z2, or 2.5 X 10%/cm? Therefore,
when the spreading of the blast energy is accounted for, a result
consistent with other weapon types emerges.

NUCLEAR DETONATION
ENERGY SPREAD OUT ARTILLERY FIRE

ENERGY DIRECTED

4X1012  jouLES

104 50uLES

(@/ s e

| €<—1Mm —>>| | €<—1m —>]

Figure 1-2. Energy Deposition from Bombs and Directed Energy Weapons

Energy Delivery Rate Effects. Next, consider the observation
that if energy is delivered over too long a period, it is not effec-
tive in damaging targets. This is because if energy isn’t delivered
in a short time, the target can shed energy as rapidly as it’s
deposited, and so won't heat up to the point of sustaining dam-
age. Cars in a parking lot heat up in the sun until they become
so hot that thay radiate energy away as rapidly as it’s being
deposited. After that, their temperature remains constant. People
on the beach perspire and cool by evaporation. Only if energy
is delivered more rapidly than the target can handle it will
damage ensue. There are three main mechanisms by which
energy can be carried away from a target: conduction, convec-
tion, and radiation.
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Conduction or, more properly, thermal conduction, is the process
by which energy flows from hot regions to cold as a result of hot,
agitated molecules bumping into and exciting, or heating, their
neighbors. In this way the hot molecules lose energy and the cold
molecules gain energy until a uniform temperature is reached
throughout. This process is well known through everyday experi-
ence. The handle of a spoon in a coffee cup becomes hot as energy
flows from the hot portion of the spoon, in the cup, to the
cold portion, along the handle. Physicists speak of this as a flow
of energy “downhill” along a “temperature gradient,” as illus-
trated in Figure 1-3.

The term temperature gradient is just a fancy expression for the
slope of the curve of temperature vs distance illustrated in Figure
1-3. The steeper this slope, the faster energy will flow. Physically,
what’s happening is that the energy and temperature are trying
to smooth out and come to equilibrium. Energy flows until the
temperature is the same everywhere, the temperature curve is
flat, and the temperature gradient goes to zero. The mathematical
expression which captures this relationship is:

u = -k (dT/dx)

where u is the rate of flow of energy across a surface (Joules per
square centimeter per second, or (Watts/cm?), dT/dx the slope of
the temperature curve (degrees per centimeter), and k a constant
of proportionality known as the thermal conductivity. The minus
sign in this expression reflects the fact that if the slope is negative
(temperature decreasing in the positive direction) the energy flow
will be in the positive direction, and vice versa. The thermal con-
ductivity, k, can vary greatly from one material to another. Cop-
per, which conducts energy well, has a k of about 4.2 J/ sec cm
deg, while air, a thermal insulator, has a k of about 0.00042 J/sec
cm deg—three orders of magnitude less.

As a result of the energy flow u that results from thermal con-
ductivity, the temperature T in different regions of the target
will change. In some regions, T will increase, and in others, T will
decrease. Figure 1-4 illustrates how a knowledge of u throughout
a target can be used to calculate the rate of change of tempera-
ture within it.

Shown in the figure is a thin region within a target having a
cross section A and a thickness dx. There is some flow of energy
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Figure 1-3. Energy Flow Along a Temperature Gradient

(Joules per square centimeter per second) into the region, denote
Ui, and some flow out of the region, denoted U,,. If these two
quantities are not equal, then the amount of energy within this
region will increase or decrease, and the temperature within it
will rise or fall. In the example of Figure 14, the flow out is less
than the flow in, with the result that the temperature within the
region illustrated will increase. What is the rate at which the
temperature will change? It is a straightforward exercise to use
the heat capacity (C) of the target material to relate the change of
energy within the region shown in Figure 1-4 to a change in tem-
perature, and to use the thermal conduction equation U = -k
dT/dx to relate the difference in energy flow into and out of the
region (U;,—U,,), to a change in the temperature gradient,
dT/dx, across the region. This results in what is known as the
thermal diffusion equation:

dT/dt = (k/Cp)(d2T/dx?).

In this expression, k is the thermal conductivity, C the heat
capacity, and p the density of the target material (gm/cm?). Phys-
ically, this equation makes a lot of sense. It tells us that the tem-
perature will change in a region if the temperature gradient
changes across that region, so that energy does not merely flow
through it, but increases or decreases within it. The quantity
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Figure 1-4. Energy Flow and Resulting Change in Temperature

d?T/dx? is the slope of a curve of dT/dx as a function of x, just as
dT/dx is the slope of a curve of T as a function of x. The quantity
(k/Cp) is known as the thermal diffusivity, and is frequently
denoted D. Interestingly enough, D does not vary much from
one material to another, and is typically on the order of 1-10
square centimeters per second. This is because materials of low
density (p), such as air, also tend to have a low thermal conduc-
tivity (k), and vice versa, so that the ratio is similar over a variety
of materials.

Mathematically, the thermal diffusion equation is a second
order differential equation, and cannot be solved without the aid
of a computer except in a few special cases. Those special cases
have been studied extensively, however, because of the impor-
tance of this equation in engineering problems where under-
standing heat flow and the resulting changes in temperature is
necessary.* One such case which is of interest from the standpoint
of understanding weapon effects is illustrated in Figure 1-5.

Figure 1-5 shows how the temperature on the interior of a
solid varies with time if the surface is maintained at a constant
temperature, T. As you can see on the left hand side of the figure,

10
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and as you might expect, the heated region propagates into the
target, which ultimately would all be heated to the temperature T.
On the right hand side, the distance into the target to which the
heat has propagated has been plotted as a function of time. This
distance obeys a rather simple law: x =~ VDt, where the symbol
~ means “approximately equal to.” A similar relationship applies
in almost every problem of heat flow: temperature moves to fill in
up to its equilibrium value at a rate which varies as the square
root of time. This result is frequently of use in developing criteria
for target damage from different weapon concepts, and will be
used extensively in subsequent chapters.

Physically, thermal conduction arises because temperature is
related to the random motion of molecules. It is a microscopic
process. As molecules become hotter, they “wiggle” more, bump
into their neighbors, and agitate them as well. In this way, the
hotter molecules cool down by giving up energy, the cooler mole-
cules warm up by gaining energy, and the whole assembly moves
towards a constant, equilibrium temperature. By contrast, convec-
tion is a process in which heat is carried away through the macro-
scopic motion of molecules. A common example is the wind from
a fan. The macroscopic flow of air induced by a fan can carry hot
air away from an attic, for example, and lower its temperature
much more efficiently than thermal conduction. In the study of

Temperature

3 sec

x (cm)

Figure 1-5. Temperature vs. Time and Distance
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weapon effects, convection is an important source of energy loss
in a number of situations. Many targets, such as airplanes, are
moving rapidly through the air. There is a motion-induced wind
across the surface of these targets which can be an important
factor in establishing their damage threshold from weapons such
as lasers which deposit energy primarily on a target’s surface (see
Chapter 3). In other cases, since hot air is lighter than cold air and
tends to rise, the process of heating a region can itself set air into
motion, affecting the threshold and extent of damage.

Mathematically, the change of temperature due to convection
can be handled as illustrated in Figure 1-6. Shown in this figure
is a region of space in which the temperature is varying with
distance with a temperature gradient, dT/dx. Wind of velocity
V comes along and time dt blows this temperature profile
downstream to the point indicated by the dotted line. As a result,
the temperature at some point X drops in time dt from T to
T-V (dT/dx) dt. Thus, the rate of change of T in time at point X is
dT/dt = -V dT/dx. This expression for the effect of wind on the
temperature at a point clearly makes sense—if the wind velocity V
is stronger, the temperature drops more rapidly, and if the temper-
ature is the same everywhere, so that the temperature gradient
dT/dx is zero, then the wind serves only to replace hot air with
more hot air, and the temperature does not drop.

For a target to lose energy by thermal conduction or convection,
it must be immersed in the atmosphere, water, or some other

Wind, Speed V

, TO-TE e
/ Vdt

®-"CTYTOT IO

N

dT/dt = -vdT/dx
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Figure 1-6. Effect of Wind on Temperature at a Point

12



Basic Principles

medium to supply the necessary molecules to carry the energy
away. Yet even targets in the vacuum of outer space can lose en-
ergy through radiation. As the molecules and atoms in a target heat
up, some of the energy that their temperature represents resides in
internal degrees of freedom. That is, the molecules are not only
moving randomly in space, but are also vibrating, rotating, and in
other ways incorporating energy into their internal structure. It is
a well established fact that molecules can give up internal energy
of this sort by emitting electromagnetic radiation. Electromagnetic
radiation is discussed in detail in the introduction to Chapter 3,
since it is crucial to an understanding of lasers and their interac-
tion with matter, but we're all familiar with certain types of radia-
tion, such as light, radio waves, and microwaves.

As a target becomes hot, the molecules within it begin to give
up some of their energy as radiation. In some cases, this radiation
is visible as light, such as the radiation from the hot filament in a
light bulb, or from a red hot piece of iron in a forge. In other cases,
the radiation may be of a type which we can’t see with our eyes,
such as the infrared radiation emitted by warm objects and
detectable only with special equipment. But all of this radiation is
a source of energy loss, limiting the rise in a target’s temperature
as energy is deposited within it.

The mathematical details of how much radiation a given target
will emit at a given temperature can be quite complex,'> but one
special case which can be treated in detail is the radiation from a
“black body.” A black body is a mathematically ideal surface
which would absorb all the radiation incident upon it, and there-
fore would in equilibrium radiate away more energy than any
other object. The total intensity of radiation, S (Watts/cm?) emerg-
ing from the surface of a black body at temperature T is S = o T%,
where o = 5.67 X 102 Watts/cm? K¢, and is known as the Stefan-
Boltzmann constant. ¢

Figure 1-7 is a plot of the radiation from a black body as a func-
tion of temperature. The important point to note is the strong
dependence on temperature. Since radiation is proportional to the
fourth power of T, it does not become important until fairly high
temperatures are reached. Moreover since any real object will radi-
ate to a lesser extent than the ideal black body, Figure 1-7 is an
upper bound to the potential for energy loss through radiation
from a target.

13
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Implications

In looking at what it takes to damage targets, we’ve seen that
damaging targets depends not only on delivering energy, but also
on concentrating the energy in both space and time. In space, we
need to deliver something like 10,000 Joules per square centime-
ter of target surface, either at a single point, as with a bullet, or
over the whole surface, as with a nuclear weapon. In time, this
energy must be delivered more rapidly than the target can get rid
of it through such energy loss mechanisms as thermal conduc-
tion, convection, and radiation. Our task in subsequent chapters
will be to look at how each weapon type deposits energy in a tar-
get, and then to consider energy deposition and loss rates to de-
termine criteria for damaging the target. The fluence
(Joules/cm?) or intensity (Watts/cm?) necessary to damage a tar-
get will typically vary with the time or pulse width that the
weapon engages the target, and will have the form shown in
Figure 1-8. For extremely short times, energy is deposited into the
target so rapidly that there is no way for radiation, conduction, or
other energy loss mechanisms to carry it away. For short pulse
widths (less than t; in the figure), the fluence necessary to dam-
age the target is a constant, and the intensity necessary to damage

14
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Figure 1-8. Damage Thresholds vs Pulse Width

it decreases linearly with pulse width. At longer interaction
times, such as between t; and t, in the figure, some of the energy
deposited is carried away before it can contribute to damage, and
so the fluence to achieve damage begins to rise with pulse width.
Finally, beyond some long pulse width such as t, in the figure,
energy is deposited too slowly to do any damage unless some
minimum intensity is exceeded, and the energy threshold is pro-
portional to pulse width.

Scaling

An important task which will face us as we develop damage
threshold curves like those shown in Figure 1-8 will be to deter-
mine how the curves shift or “scale” as important parameters of
the problem are varied. For example, thermal conduction may be
an important factor in establishing the intensity level at which a
target will damage. Knowing how the damage threshold de-
pends on (or scales with) this parameter, we can immediately de-
termine the threshold for targets of different materials if we
know the threshold for one. This is particularly useful when the
mathematics of deriving damage thresholds is so complex that
simplifying assumptions must be made. As a result of these as-
sumptions, we may not have confidence in the magnitude of the
damage threshold derived, yet feel that the scaling is well estab-
lished through our analysis. In this case, experimental data can
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be taken in the laboratory and used as a starting point for scaling
to situations where the powers, ranges, or target parameters are
quite different from those in the lab. Of course, doing this with
confidence requires a good understanding of how things scale
and where transitions occur from one type of scaling to another.

“All-Purpose” Damage Criteria

It is beyond the scope of this book to develop damage criteria
for each type of directed energy weapon against all targets of po-
tential interest. There are too many such targets, and the details of
their design and construction are in most cases not well enough
known to permit detailed analysis. Therefore, it would be useful
to have some generic criteria that could be applied to a first ap-
proximation in developing the weapon parameters which are
likely to achieve damage.

We have made a start along these lines by restricting our atten-
tion to such “hard” damage mechanisms as target melting or va-
porization. As we saw in Table 1-], the energy required to vapor-
ize a cubic centimeter of most materials is about 10* Joules, and
indeed, most weapons damage targets when they are capable of
delivering a fluence of about 10* J/cm? to them on time scales
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Figure 1-9. Depth Vaporized by 104 Joules vs Area Engaged and Fluence
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too short for the energy to be rejected. The reason for this is
suggested by Figure 1-9, which shows the depth to which 104
Joules can vaporize a target as a function of the area over which
this energy is spread. As you can see from the figure, 10* Joules
is only capable of vaporizing a significant depth of target when
the area over which it is spread is such that the fluence is on
the order of 10*J/cm?2. At significantly lower fluences, the depth
vaporized would not be sufficient even to penetrate the skin of
most targets.

The fact that so many weapons place energies on the order of
10*J/cm? on target, together with Figure 1-9, suggest that we can
take 10* J/cm? as an all-purpose damage criterion, and assert that
making a hole in a target to a depth of about 1 centimeter is suffi-
cient to damage almost anything. Is there a rational basis for such
a conclusion, and what are the limitations to keep in mind while
applying it?

First of all, it is important to recognize that in saying that a
weapon must be able to vaporize to a depth on one centimeter
into a target, we are being very conservative. Most targets are less
than a centimeter thick, if we count only the thickness of solid
matter that must be penetrated to prevent the target from func-
tioning. The outer surface of an automobile, for example, is sheet
metal whose thickness is far less than a centimeter. If a weapon
were to penetrate that surface near the gas tank, it would then
propagate through several centimeters of air with little opposi-
tion before encountering the surface of the tank, which is itself
less than a centimeter in thickness. Thus, an automobile might be
damaged through rupture of its gasoline tank at fluences much
less than 10* J/cm? On the other hand, if the weapon were to
penetrate the hood and encounter the engine block, it could en-
counter considerably more mass, and the fluence necessary for
damage would be correspondingly greater.

Additionally, the mechanism of target damage need not be va-
porization of a hole clear through it. A bullet, for example, pene-
trates by pushing material aside, rupturing the bonds that hold
the target together along a few lines, rather than throughout the
volume that it passes. Intuitively, it should take less energy to
move material aside than to vaporize it entirely. A laser might va-
porize a thin layer of the target’s surface with such rapidity that
the vapor, in blowing off, exerts a reaction force on the target that
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deforms or buckles it. In short, we need to consider the specific
mechanisms by which each weapon type interacts with matter,
and take these into account in establishing the fluence or intensity
requirements for damage. Thus, the interaction with matter of the
weapons considered in this book is a significant topic in subse-
quent chapters.

We have seen that there are two ways in which an all-purpose
damage criterion might need to be modified to reflect the energy
requirements in a realistic scenario—the effective thickness of the
target, in terms of the mass which must be penetrated, may be
greater or less than a nominal one centimeter, and the mechanism
by which penetration occurs may be different from pure vapor-
ization. The second issue is a matter of physics, and will be
treated in detail for each weapon type. The first issue is a function
of the target to be attacked, and can be dealt with here only in the
most general of terms.

One way of capturing the relative thickness of material a
weapon would encounter in attacking a target is to look at the
“average thickness” of the target. This number is obtained by
finding the thickness of a plate having the same mass and surface
area as the target. In effect, the target’s innards are plastered
against its walls to give a feel for how much mass would be en-
countered on a random path through it. Figure 1-10 shows the
average thickness of some typical targets, based on rough avail-
able data on mass and surface area.”

From Figure 1-10, you can see that in satellites and aircraft,
where weight is at a premium, there is relatively little mass for a
weapon to encounter. Tanks, on the other hand, have thick layers
of protective armor, and an ICBM is literally filled with solid pro-
pellant. This creates the intuitive picture that the threshold for
damaging a satellite will be less than that for damaging an ICBM
or tank. Published estimates of the energy needed to damage tar-
gets suggest that fluences on the order of 10* J/cm? are required
to damage thick targets, whose thickness is on the order of a cen-
timeter or greater. Therefore, a possible zero-order approach to
establishing damage criteria would be to use that value for thick
targets, and degrade it for thinner targets in proportion to the ef-
fective thickness. This would suggest, for example, that the flu-
ence necessary to damage a satellite would be on the order of 100
J/cm?, a value which is also consistent with published estimates.!
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Will the tank and ICBM be equally difficult to damage? Proba-
bly not, since damaging the tank requires penetrating its thick
armor, while damaging the ICBM does not require penetrating
all its solid fuel. You only need to penetrate its relatively thin
skin, and gases will vent through the hole, altering the rocket
thrust so that a successful flight is not possible. Thus, even
measures of average hardness such as the effective thickness
shown in Figure 1-10 need to be tempered with some feeling for
the construction of the target and the mechanisms by which it
may be damaged.

In subsequent chapters, we will generally use 10* J/cm? as a
nominal damage threshold for hard targets engaged by weapons
on short time scales. This will be done primarily as a means of
establishing the general parameters within which weapon propa-
gation and interaction should be studied. This threshold should
not, of course, be taken as a definitive number, since the thick-
ness of target penetration and the mechanism of interaction
could be different from those which this criterion implies. Wher-
ever possible, results will be provided in such a way that you
can supply whatever damage criterion you feel appropriate, ad-
justing weapon performance parameters appropriately. And
when the mechanisms of target interaction are considered, their
implications from the standpoint of damage criteria will be
discussed in detail.
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Energy Spread and Loss in Propagation

At the beginning of this chapter, we indicated that there are two
essential elements necessary to understand the interaction of
weapons with targets: the energy which must be deposited within
the target if it is to be damaged, and the losses which will be sus-
tained as energy propagates from the weapon to the target. Know-
ing these two things, it’s possible to design an effective weapon
which will produce sufficient energy in a short enough time
that damage criteria can be met even after propagation losses are
accounted for. In general, there are two types of energy loss in
propagation: the spreading of energy such that some of it does not
interact with the target, and the wasting of energy in interactions
with a physical medium, such as the atmosphere, through which it
passes on the way to the target. The first type of loss will occur
whether the weapon and target are located on earth or in the
vacuum of space, while the second will occur primarily when
either the weapon or the target lies within the atmosphere.” Let’s
consider each type of loss in turn.

Energy Spread

In discussing damage criteria, two contrasting weapon types
were discussed: directed energy weapons, in which all the
energy transmitted is brought to bear on the target, and bombs,
in which the energy is spread out indiscriminately over an ever
expanding sphere. All real weapons fall between these extremes,
since even lasers and other weapons which have been character-
ized as being “directed energy” have some inherent spread asso-
ciated with their propagation.? This may be due to physical
reasons which cannot be overcome, such as the diffraction of
light as it emerges from a laser, or due to practical or engineering
limitations, such as the spread of bullets on a target which occurs
even when a skilled marksman aims consistently at a single
point. The concepts of divergence and jitter are used to describe
these effects, and are illustrated in Figure 1-11. In the upper half
of the figure, laser light emerges from a device and, after propa-
gating a distance z to its target, has spread to a beam size R. This
spreading, which is known as “beam divergence,” may be char-
acterized in terms of the angle, 8, which the beam envelope
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makes. The beam size R and the range z are related through the
simple geometrical relationship R=z6.

In the lower half of the figure, a beam of particles or bullets is
being fired, and due to a lack of shot-to-shot reproducibility the
shot group occupies a size R at range z. The angular spread 0, re-
sulting from this jitter in the aiming and firing mechanism is re-
lated to the range, z, and diameter of the shot pattern, R, through
the same geometrical relationship.

Under realistic circumstances, both divergence and jitter can
contribute to the energy spread from a weapon. For example, a
laser beam will have some divergence related to the wavelength
of the light, and some jitter resulting from the accuracy of its
pointing and tracking mechanism. In either case, this spread in
energy means that the weapon in question may have to put out
much more energy than the nominal 10,000 Joules in order to
insure that 10,000 Joules are actually brought to bear on a small
area of the target. As we have seen, a bomb is an extreme exam-
ple of this phenomenon. The bottom line is that there is no
perfect directed energy weapon, and an adequate description of
any weapon must include some measure of its departure from

| RANGE, z

Figure 1-11. Divergence and Jitter
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perfection. Considerable time and effort will be devoted in sub-
sequent chapters to the mechanisms which cause energy from
each weapon type to spread on its way to the target, and how
this divergence is affected by parameters which are under the
control of the weapon designer, such as energy, pulse width, and
initial beam radius.

Energy Losses

Not all the energy emitted by a weapon will make it to the target.
Some will inevitably be lost through energy losses to the atmos-
phere. Table 1-2 provides a summary of some of the loss mecha-
nisms which can affect the weapon types considered in this book.

As you can see from Table 1-2, there are numerous mechanisms
by which energy can be lost from weapons propagating in the at-
mosphere. Indeed, these mechanisms can feed on themselves to
increase energy losses. For example, the heating of the air through
which a laser beam passes can modify the atmospheric density
within the beam channel in such a way as to increase the diver-
gence of the beam. Such “nonlinear” effects are often a feature of
the propagation of energy that is sufficiently intense to damage
targets. As a result, the subject of propagation in the atmosphere
occupies a larger volume of text than any other subject in this
book. That’s not to say that this is the most important topic in the
book. Indeed, the difficulties associated with atmospheric propa-
gation have caused interest in many weapon types to shift to ap-
plications that can be accomplished in the vacuum of space.

Chapter Summary

The study of weapon effects is in essence a study of energy—
how it propagates to, interacts with, and is redistributed within a
target. The goal of this study is to determine under what condi-
tions sufficient energy will accumulate within a target to damage
it. In order to achieve damage, energy must be concentrated both
in space and time. The following fundamental ideas will find ap-
plication throughout the remainder of this book.

1. The necessary concentration of energy in space (fluence) for
a hard target kill is on the order of 10,000 Joules per square cen-
timeter. This fluence will serve as an upper bound for our
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Weapon Type Energy Loss Mechanisms

Kinetic Energy Atmospheric Drag
(bullets, rockets)
Absorption by molecules

Scattering by molecules

Absorption by aerosols (small particles)
Scattering by aerosols

Lasers

Microwaves Absorption by molecules
Scattering by molecules
Absorption by water droplets
Scattering by water droplets

Particle Beams

Energy losses to electrons
Scattering from nucleii
Scattering from electrons
Radiation

Table 1-2. Energy Losses in Propagation

analyses, since many targets of interest may be damaged at
lower fluences (see Figure 1-10).

2. For 10,000 Joules per square centimeter to achieve damage, it
must be concentrated in time so that it cannot flow and be
redistributed within the target. Energy deposition is manifested
in a temperature rise which is proportional to the mass and heat
capacity of the region over which the energy is absorbed. The
redistribution and loss of energy occurs through three primary
mechanisms: thermal conduction, convection, and radiation.
When the time scale for weapon-target interaction is such that
these mechanisms can come into play, the fluence necessary for
damage will begin to rise. Eventually, a point will be reached
where the damage threshold is more properly characterized as
an intensity dependent threshold (Watts/cm?) than a fluence
dependent threshold (J/cm?) The main task of each subsequent
chapter will be to determine what these thresholds are and
where in interaction time the transition between them occurs
(see Figure 1-8).

3. Directed energy weapons are those for which the energy is
directed at the target. However, no weapon fully meets this
ideal. All are characterized by some level of beam divergence,
which spreads the energy out as it propagates, and jitter, in
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which multiple shots do not follow exactly the same path.
Divergence and jitter are characterized in terms of an angle, 6
which relates beam spread, R, to range to target, Z, through the
mathematical relationship R = Z6.

4. In the atmosphere, various energy loss mechanisms (absorp-
tion, scatter, etc), will cause some fraction of the energy directed
at a target to be lost in propagation to it. This must be ac-
counted for in developing weapon design criteria. A weapon
must be capable of giving up the energy that will be lost in
propagating over the anticipated range to target and still place
sufficient fluence or intensity on the target to damage it.

Where We’re Going

Each chapter to follow is devoted to a specific type of directed
energy weapon, and is organized into the following main sections.

* An introduction, in which the fundamentals of each weapon
type are developed.

¢ A discussion of propagation in a vacuum. Here the factors
responsible for the divergence associated with each weapon
type are discussed in detail, and used to develop criteria
for placing a damaging level of fluence on target in the absence
of atmospheric effects.

* A section on propagation in the atmosphere, where energy
loss mechanisms and their implications from the standpoint of a
weapon’s design and its ability to deliver damaging fluence
within the atmosphere are discussed.

* A section on interaction with targets. The specific mechanisms
by which each weapon type deposits energy in targets are
discussed, and the resulting advantages and disadvantages of
that weapon type are highlighted. The implications of weapon
specific target interaction mechanisms from the standpoint of
damage criteria will be addressed.

* Notes and references. These are presented as a guide to more
detailed literature for those interested in examining any topic in
greater depth.
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Each chapter is self-contained, and may be read without reference
to any other. In some cases, however, topics which are developed in
great detail in one chapter are presented in a more cursory form in
others, with reference to the chapter containing a more detailed
treatment for those who find this less than satisfying.
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Notes and References

1. The “Joule” as a unit of energy derives its name from James P.
Joule (1818-1889), whose experiments on heat and work estab-
lished the equivalence between them, and led to the law of conser-
vation of energy.

2. The estimate of the energy it takes to brew a cup of coffee as-
sumes that it is a 6 oz cup, and that the water must be raised about
80C in temperature.

3. Heating, melting, and vaporization are discussed in any text on
thermodynamics, such as Chapter 11 of Mark W. Zemansky, Heat
and Thermodynamics (New York: McGraw-Hill, 1957). In general, all
thermodynamic quantities such as heat capacity, heat of fusion, and
heat of vaporization are functions of temperature and pressure.

4. The “Watt” as a unit of power derives its name from James
Watt (1736-1819), the inventor of the steam engine.

5. The data in Table 1-1 were taken from “Physical Constants of
Inorganic Compounds” in Robert C. Weast (ed.), Handbook of
Chemistry and Physics, 45th ed. (Cleveland, OH: Chemical Rubber
Co., 1964), and from Tables 22.06 and 22.07 in Herbert L. Ander-
son (ed.), Physics Vade Mecum (New York: American Institute of
Physics, 1981). Similar data for other materials are available in al-
most any physics or engineering handbook.

6. See C. J. Marchant-Smith and P. R. Halsam, Small Arms and
Cannons (Oxford: Brassey’s Publishers, 1982).

7. Werner Soedel and Vernard Foley, “Ancient Catapults,” Scien-
tific American 240, 150 (March, 1979).

8. Vernard Foley, George Palmer, and Werner Soedel, “The Cross-
bow,” Scientific American 252, 104 (January, 1985)

9. More precisely, the nuclear equivalent of one kiloton of TNT is

by definition 10'calories, or 4.184 X 102Joules. See Table D, sec-
tion 1.02, Physics Vade Mecum (note 5).

10. Chapter V, Samuel Glasstone and Philip J. Dolan, The Effects of
Nuclear Weapons, 3rd ed. (Washington, DC: US Government Print-
ing Office, 1977). This book is an excellent reference on all things
having to do with nuclear weapon effects.
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11. The intensity of radiation from the sun, or solar constant, is
0.134 W/cm?. The actual intensity received at any point on the earth
will vary with the time of year and latitude, because in reaching any
given point solar radiation must propagate through different thick-
nesses of atmosphere and will strike at different angles.

12. The units relating to the strength and density of energy striking a
surface are perhaps less standard than any others, since different con-
ventions have evolved in different branches of physics. We will use
“fluence” for J/cm?, and “intensity” for W/cm?. Be aware that others
may use these terms differently, and it’s good practice to check the
units associated with such terms to be sure of their meaning.

13. See Figures 5.20, 5.22, and 5.23 of Glasstone and Dolan (note 10).

14. The standard reference is H. Carslaw and J. C. Jaeger, Conduc-
tion of Heat in Solids, 2nd ed. (Oxford: Clarendon Press, 1959). A
less theoretical approach, with an emphasis on graphical solutions
to problems arising in chemical engineering, can be found in
Aksel L. Lydersen, Fluid Flow and Heat Transfer (New York: Wiley-
Interscience, 1979).

15. A good treatment of thermal radiation can be found in Section
IT of Ya. B. Zel’dovich and Yu. P. Raizer, Physics of Shock Waves and
High-Temperature Hydrodynamic Phenomena, vol I (New York: Acad-
emic Press, 1966).

16. See Equation 2.16 in Zel’dovich and Raizer (note 15).

17. The effective thicknesses shown in Figure 1-10 are averages of
calculations for specific weapons made with data available from a
variety of sources. There is, of course, considerable uncertainty in-
volved in estimating a target’s surface area from its published di-
mensions, especially for something like a satellite or tank. Satellite
data are from Reginald Turnill, ed. Jane’s Spaceflight Directory 3rd
ed. (London: Jane’s Publishing, 1987). Aircraft data are from
William Green and Gordon Swanborough, Observers Directory of
Military Aircraft, (New York: Arco Publishing, 1982), and from
Norman Polmar, The Ships and Aircraft of the U.S. Fleet, 12th ed.
(Annapolis, MD Naval Institute Press, 1981). ICBM data are from
Bernard Blake (ed) Janes Weapon Systems, 1987-88 (New York:
Jane’s Publishing, 1987). Tank data are from United States Army
Weapon Systems, 1987, Department of the Army, 1987.
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18. Estimates of damage thresholds for ICBMs and satellites can be
found in the “Report to the APS of the Study Group on Science
and Technology of Directed Energy Weapons,” Reviews of Modern
Physics 59, Part II (July, 1987). See Section 3.1.2 and Chapter 6.

19. Some type of energy loss through interaction with a physical
medium could occur even in space. For example, a weapon may
need to propagate through the exhaust plume of a rocket, or the
target may even eject or be covered by some type of absorbing,
protective material as a countermeasure against attack.

20. Interestingly enough, there have recently been suggestions that
the radiation from a nuclear weapon could be focused, making it
more of a directed energy weapon. See Theodore B. Taylor, “Third
Generation Nuclear Weapons,” Scientific American 256, p. 30
(April, 1987).
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2: KINETIC ENERGY WEAPONS

The word kinetic comes from the Greek verb to move, and kinetic
energy weapons are those for which it is the energy of a moving
projectile, such as a bullet or rocket, which damages the target.
Kinetic energy weapons are the oldest form of directed energy
weapon, spears and catapult stones being early examples of
weapons in this category. In some classification schemes, the term
directed energy weapon is reserved for modern, high technology de-
vices such as lasers or particle beams, and kinetic energy weapons
are kept in a class by themselves. Nevertheless, they properly fit
the definition which we have adopted for directed energy
weapon—their energy is aimed or directed at a target, and inter-
cepts a small fraction of the target’s surface area. Including them
in this book is appropriate from the standpoint of completeness,
and serves as a useful point of departure for the more esoteric dis-
cussions in later chapters. The general approach taken in this
chapter is also the same as that we will use throughout. We’ll first
discuss some of the fundamental concepts needed to understand
kinetic energy weapons, then their propagation or travel towards
a target, and finally their interaction with a target and the mecha-
nisms by which the target is damaged.

Fundamentals of Kinetic Energy Weapons

Kinetic energy is the energy which an object has by virtue of its
motion.! Mathematically, the kinetic energy of an object having a
mass M and velocity v is K = Mv?/2. This definition makes sense
on physical grounds. We’d expect that at the same velocity (say 55
mph) a more massive object (such as a semi truck) would have
more energy, and be more likely to damage an object it encoun-
tered, than a less massive object (such as a motorcycle). Similarly,
if two objects have the same mass, we’d expect the one moving at
the greater velocity to have more energy.

An important principle of physics is that energy is a conserved
quantity. That is, the energy of an object can’t increase unless it
gains this energy from some outside source. An object is given
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kinetic energy when outside forces act on it, doing work and
accelerating it. An object loses kinetic energy when it, in turn,
exerts forces and does work on a second object.The energy lost can
appear as kinetic energy in the second object, such as when one
billiard ball strikes another. It can also appear as random energy
(heat), or disrupt the second object’s structure, such as when a
bullet pierces a target.

Mathematically, the kinetic energy gained or lost when an object
is accelerated can be found from Newton’s law: F = Ma, where F
is the force acting on the object, M is its mass, and a is the accelera-
tion (rate of change of velocity, dv/dt) which the object experi-
ences. From Newton’s law, you can see that a greater force will
accelerate an object more rapidly, and that more massive objects
are more resistant to acceleration than lighter ones. In metric
(MKS) units, mass is expressed in kilograms, acceleration in
m/sec?, and force in Newtons.?

It is important to recognize that force, velocity, and acceleration
are all what is known as vector quantities—those which require
both a magnitude and a direction to be completely specified.? For
example, a bullet which is moving at 1,000 m/sec toward us is
quite different from one which is moving at 1,000 m/sec away
from us. Therefore, to specify the velocity of an object we need to
provide both its speed and the direction in which it is moving.
Similarly, the force applied to a object might be in the same direc-
tion as its velocity, in which case the object will be accelerated, or
it might be in a direction opposite to its velocity, in which case it
will be decelerated. The force on an object might even be in a
direction which is unrelated to its velocity. For example, gravity
exerts a force on all objects which accelerates them towards the
center of the earth, regardless of their direction of motion.

The forces which act on an object are independent of one an-
other, and the object’s motion is simply the sum of the motions
which each force acting alone would have produced. For example,
a bullet fired from a gun feels both the force of gravity, which
makes it move downward, and a drag force from the resistance of
the air through which it propagates, which slows its velocity in the
forward direction. The study of how the projectile from a kinetic
energy weapon propagates is simply an analysis of the forces
which act on it and their resultant effect on the projectile’s motion.
Figure 2-1 illustrates how forces affect the motion of an object.
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b. The force