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Abstract

One of the greatest threats to Peru as a nation is the increasing amount of illicit activities
in recent years. Among them all, drug trafficking causes the most damage within and
outside of Peru’s borders. Therefore, interdiction of these activities is paramount for the
Peruvian Navy, since this institution is responsible for all the bodies of water where Peru
has jurisdiction. There are multiple ways to perform interdiction, but few of them can be
done without damaging the people or cargo. High Energy Laser (HEL) weapons are an
effective way to deliver energy precisely from a relative long range. This thesis studies the
feasibility of the usage of this kind of weapon, fired from a surface or an unmanned aerial
vehicle platform, against the water crafts that are used to deliver the illicit material from
the Peruvian coast to a ship waiting offshore. Specifically, dwell times will be estimated to

melt through vulnerable spots in the target for different HEL configurations.
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CHAPTER ONE

Introduction to Peruvian Navy
Operations

1.1 Peruvian Navy History

The territory we now call Peru has a naval tradition that goes back many centuries. The
earliest native people used to live from the sea through fishing and trading. They developed
a civilization that eventually became part of the Inca Empire, the largest empire in the
pre-Columbian era; during the fifteenth century, an Inca Empire governor named Tupac

Yupanqui made a voyage to Oceania, a trip of approximately 4300 nautical miles.

After the conquest of the Inca and other native peoples by Spain in the sixteenth century,
the viceroy of Peru became the most powerful enclave of the Spanish empire because it
possessed the largest reserves of precious minerals. In order to protect such riches and
trade, the Spanish created in 1580 the Navy of the South Sea with its headquarters located

in Lima, the location of the viceroy and current capital of Peru.

In the nineteenth century, some of the officers who served in the Navy of the South
Sea rebelled against the Spanish crown and fought for Peruvian independence under the
command of British officers who were in the service of the independence cause. The
Peruvian Navy, as it is today, was officially founded on October 8, 1821, the very same year

as the independence of the country.

From the beginning, the Peruvian Navy has been involved in the conflicts that reaffirmed
the independence of Peru and defined the borders with its neighboring countries. The
most significant conflict was fought against Chile between 1879 and 1883. After signing

the peace treaties of this war, the Peruvian government started the re-assembly of the



armed forces. To assist with this, they hired military personnel from various countries.
The first contingent came from France and operated in Peru during the 1900s and 1910s.
Then, another contingent arrived from the United States of America; during its operation
in the 1920s and 1930s, they helped with the organization of the Peruvian Navy as we
know it today.

During the second half of the twentieth century, Peru engaged in two conflicts against
Ecuador due to territorial disagreements. However, one of the largest recent conflicts
occurred during the 1990s. A terrorist group harboring communist ideas was operating all
over the country. The Peruvian Navy had the mission of pacifying the rivers on the jungle;

this task is still ongoing.

1.2 Peruvian Navy Today

Today, the Peruvian Navy has a domain shown in Figure 1.1. Its official mission is to “exert
the surveillance and protection of the national interests in the maritime, river and lake
areas; and support the nation’s foreign policies through naval power; contribute to the
control of the internal order; help with the economic and social development of the country
and participate in civil defense activities, according with the law; in order to contribute to
the guarantee of the independence, sovereignty and territorial integrity of the Republic

and wellness of the population in general” [1].

1.3 Peruvian Navy Responsibilities
Besides normal defense activities, the Peruvian Navy has to deal with several illicit activities
occurring within its jurisdiction. These activities are illegal logging, mining, fishing, and

drug trafficking.

Illegal logging occurs in the Amazon area; this activity is responsible for thousands of
acres of deforestation, which affects the environment and endangers the native species.

After wood is cut, it is transported using the rivers that flow through the area.

Illegal mining also occurs in the Amazon area; this activity takes place on the riversides and
involves treating the mineral sediments carried by the rivers from the Andes Mountains.

The harsh chemicals used for this treatment are later dumped into the rivers, which



Amazon Basin: More than
670,000 Km? |More than 14,000
Km? of navigable rivers.

Maritime domain: 855,475 Km?

Lake area:
4,996 Km?*| 41 islands

Search and rescue area: 6'290,000 Km?

Antarctic

FIGURE 1.1 Peru: Maritime, Amazonian, Andean, Bi-Oceanic and
with Antarctic presence country. Adapted from [1].

contaminate all the surrounding areas downstream, destroying the Amazon ecosystem on

its way.

Illegal fishing takes place in the Pacific Ocean, where entire fleets of fishing ships, which
come mainly from Asia, catch fish from Peru’s maritime domain and take them to big factory
ships outside the country’s jurisdiction. Besides not having fishing permits, these vessels
violate Peruvian law prohibiting the fishing of certain species during their reproduction

and growing season, affecting the conservation of marine life.

Drug trafficking is probably the most threatening of the illegal activities the Peruvian Navy
must address, not only because of the damage these products cause to consumers around
the world, but because the profits generated allow the producers to hire their own militia
groups to defend themselves. These militias consist mostly of the remnants of terrorist
groups with communist ideologies that used to operate in the 1980s and 1990s. A cocaine
run out of Peru starts in the Andes region, where it is produced and taken by land to one of

the Amazon rivers or to the coast. Once there, it is loaded on small watercrafts, equipped

3



with big outboard motors, and taken to larger vessels. In this way, they avoid customs

inspections, and their speed makes them hard to catch.

The indicator used for cocaine production by the United Nations in the World Drug Report
is the “potential production,” which is calculated as a function of the coca leaf crop area
available by country. The latest report was given in 2016 and it shows this indicator from
1994 to 2014.

Figure 1.2 shows the estimated amount of cocaine produced (orange bars), according to
the potential production indicator reported by the United Nations Office on Drugs and
Crime (UNODC) in the 2016 World Drug Report; the blue bars indicate the amount of
cocaine seized by Peruvian authorities reported to the UNODC on the Annual Drugs
Report Questionnaire database. This graph shows that only a small fraction of the overall
production is seized in Peru each year, and indicates the magnitude of the task required of
the Peruvian Navy for drug interdiction.

Cocaine Potential Production and Seizures in Peru from 1994 to 2014
800

700

600

300
200
100
0 - - - - - -— - - - - | - - - - - -

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Year

@
2
8

Quantity (Ton.)
IS
8

W Seizures reported by Peruvian authorities H Potential Production

FIGURE 1.2 Comparison between estimated cocaine production
(orange bars) and seizures (blue bars) in Peru between 1994 and
2014. Adapted from [2].

1.4 Motivation for Directed Energy Employment for
Interdiction

Interdiction is defined by the Oxford dictionary as “the action of intercepting and preventing

the movement of a prohibited commodity or person.” Thus, in order to have a successful

4



lawful interdiction, it is necessary to capture the commodities that are trafficked and the
people handling them. Since Peru is a signatory country of the American Convention on
Human Rights "Pact of San Jose, Costa Rica", it is paramount to seize the illegal cargo,
and people carrying it without damage. This is why directed energy weapons might be
helpful for interdiction since they may be able to disable the crafts used to transport the

commodities with great precision, from a safe distance without harm to persons and cargo.
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CHAPTER TWO

Directed Energy Overview

If we take a brief look at the evolution of warfare, we can see that technological advances
in weaponry (from the arrow to the ballistic missile) have evolved towards better range,
accuracy and precision. Most conventional weapons use a projectile to deliver an impact

or explosive to the target.

For a long time, people have wondered about the possibility of delivering focused, nearly
instantaneous energy to a target. Examples of this concept can be traced to ancient
times, when Archimedes is said to have used mirrors to focus sunlight to burn ships that
were attacking Syracuse. In more recent times, science-fiction literature and movies have

introduced directed energy weapons in their stories.

2.1 Introduction to Directed Energy

There are several types of directed energy weapons, but in this study we will discuss only
high-energy lasers. The term “laser” is an acronym that stands for “light amplification by
stimulated emission of radiation”. Einstein introduced the theory in the early 1900’s, and
the technology was developed during the second half of the twentieth century. The first
prototype was a microwave laser (maser), made in 1954 by Charles Townes, with funding
by the U.S. Office of Naval Research. In the following years, various agencies developed

their own technology and made multiple different kinds of lasers.

Most lasers have the following three common components:

1. Pumping source: Provides the energy to excite the gain medium and start the lasing

process. It can be another light source or an electrical or chemical reaction.

2. Gain medium: Amplifies the laser light. It can be a solid, gas, plasma, or liquid.

7



3. Optical cavity: Stores the laser light, allowing it to grow over many passes through
the gain medium. It typically consists of a highly reflecting mirror at one end, and a
partially reflecting mirror at the other end, which allows some of the coherent laser

light to be transmitted to the application.

According to their average output power, lasers are designated by four different classes, as
listed in Table 2.1.

TABLE 2.1 Laser classifications according to their output power

[3].

Class Denomination Comments
1 Low power (< 0.5 mW) Not for weapons use. Example: Bar code reader.
2 Moderate power (< 1 mW) Not for weapon use. Example: Laser pointers.

3 Medium power (< 500 mW) Not for weapon use. Example: Laboratory lasers.

4 High power (> 500 mW) Used for industry, medicine, and for weapons.

High-energy lasers have several advantages and limitations. Table 2.2 presents a compari-

son between those.

The applications of high-energy lasers for naval purposes depend on the output power.
Lasers with an output power on the order of tens of kilowatts can be effective against slow
moving targets, small aircraft, drones, or watercraft, and can be used to blind or disable
sensors (“soft kill”), disable motors or detonate explosives. On the other hand, lasers with
an output power on the order of hundreds of kilowatts to megawatts can be used for “hard

kills” of high-speed missiles and larger aircraft.

2.2 High Energy Lasers Classification

The first technology to reach an output power on the order of hundreds of kW in the 1960s
was a gas dynamic laser. This laser uses a combustion chamber to generate gas at high
temperature and pressure. This gas is then passed through a nozzle to excite the gain

medium where it generates a laser beam with a wavelength of approximately 10.6 pm. Its
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TABLE 2.2 Advantages and limitations of laser weapons [3].

Advantages

Limitations

A laser can deliver payloads up to the
order of MJ of energy with great
precision at long distances, with

minimum collateral damage.

Since the laser beam travels in a straight
line, range is limited by the line of sight
of the weapon.

Energy is delivered at the speed of light,
thus reducing maneuver opportunities by
the target.

Damage is cumulative, so the laser beam
needs to dwell on the target for some
time (up to ~10 sec) to destroy or disable
it.

By adjusting the output power, it can be
adapted to deliver the desired type or
level of damage.

Its performance can be affected by
weather and atmospheric conditions.

It can fire as many times as the energy
storage of the platform allows.

It is sensitive to countermeasures such as
a reflecting or rotating target.

The cost per shot is approximately $1
(cost to produce the input energy)

The production and implementation can
be expensive and large.

It does not involve the use of any
explosive, so it is safer to handle and
operate.

There can be collateral damage to
friendly aircraft or satellites operating in
the same area.

advantages are that it generates a good quality beam, with a relatively high power, and
the technology is already mature. However, its magazine is limited by the gas supply, and
the wavelength obtained is not good for propagation in the maritime environment, which

makes it a poor option for naval purposes [3].

A chemical laser first reached the MW output power level in the 1970s. This technology
mixes chemicals in supersonic nozzles and uses the products of the chemical reactions to
excite the gain medium. One type is a deuterium-fluoride (DF) laser, which produces a
beam with a wavelength of approximately 4 pm. Another type is a chemical oxygen-iodine
(COIL), which produces a laser beam with a wavelength of approximately 1.3 pm. This
technology is also mature and generates a laser beam of good quality at high power, and its

shorter wavelengths are better than the gas laser for atmospheric propagation. However,

9



its magazine is also limited by the supply of chemical reactants, and the exhaust chemicals

are highly toxic, so it is also a poor option for naval purposes [3].

Another technology that has become very popular is the solid state laser (SSL). It uses
a rod, slab, or fiber substrate embedded with a dopant such as Nd or Yb as the gain
medium. It is pumped by an external source of light, such as a flash lamp or diodes, and it
typically produces a laser beam with a wavelength of approximately 1 pm, which is good
for atmospheric propagation. This kind of laser has the advantage of being compact and
light weight; also, it does not use any harmful chemicals or gases, and it can reach a high
output power with a relatively good efficiency. Another advantage is that it is powered
by the ship’s electrical system, so the magazine is only limited by available ship power
and energy storage. One disadvantage is that the fixed substrate in the gain medium has
low thermal conductivity, which limits the output power to the order of tens to possibly
hundreds of KW. Achieving higher output power generally requires combining multiple

SSL beams, which tends to reduce the output beam quality [3].

A less conventional technology is the free electron laser (FEL). It uses a particle accelerator
to accelerate free electrons to relativistic speeds. The electron beam then passes through
an undulator (a series of alternating magnets) to create and amplify coherent light. One of
the advantages it offers are tunability, which means that the operator can chose the most
suitable wavelength for the current tactical situation. Another advantage is that since
there is no fixed gain medium, it can scale to higher power levels, potentially reaching the
order of MW. It also offers an excellent beam quality for long distance propagation, and its
size and complexity do not scale with output power. Nevertheless, this technology is not
yet as mature as other laser types, it requires a larger and heavier set up, and shielding

from radiation produced by the relativistic electrons is needed [3].

2.3 Laser Weapon Performance Metrics

A laser weapon operates by focusing a beam of light onto a target for a finite period of
time. The damage to a target depends on the power of the laser, the amount of time it
spends on the same aim spot, and the target’s composition. The performance of a laser
can be quantified by several values; for this study, we will use three of them: irradiance,

power in the bucket, and dwell time.

10



2.3.1 Irradiance
Irradiance is the power (P) a laser delivers to its target divided by the beam area (A), and
has units of power per area [4]:

I= (2.1)

S

2.3.2 Power in the Bucket

Another parameter we will use in this study is the power-in-the-bucket. The “bucket” is
defined as the area on the target we wish to damage. This “power-in-the-bucket” is how
much laser power fills within this designated target area [5]. Figure 2.1 shows
graphically an example of how the “bucket” is defined; in this case the target is a 3 mm

thick aluminum sheet with a bucket diameter of 10 cm.

FIGURE 2.1 Aluminum sheet, 3 mm thick, with a 10 cm diameter
bucket. Source: [5].

2.3.3 Dwell Time
The dwell time is the time an HEL is needs to remain in the target to affect the appropriate
damage. In this study we will specifically look for the dwell times required to melt through

materials of different thicknesses.

11
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CHAPTER THREE

Target Damage Physics

The energy provided by a high energy laser (HEL) weapon that is absorbed by a target
causes a change in the target’s temperature, which can eventually lead to its melting.
However, not all the energy delivered by the laser weapon produces that effect; some
of the energy will be conducted or radiated away by the target materials, depending on
their physical characteristics. In this study, we want to estimate how long it takes to melt

through a material to a certain depth.

3.1 Laser Heating of Materials and Conductive Losses
When a material is heated by an HEL, it conducts the energy away from the laser spot to
the cooler regions of the material based upon its physical properties. These conductive
losses must be taken into account when calculating the power to be deposited into a target
to cause damage. This conduction mechanism is described by the following heat-flow
equation [6]:
dT(7,t k NG
"0 . oV p(Tp)

where T(7, t) is the temperature function, k is the thermal conductivity of the material, p

(3.1)

is the density of the material, ¢, is the specific heat of the material, S(7) is the source term
(power input per unit volume provided by the laser weapon), and V*T is the Laplacian
of the temperature. This equation does not consider the melting of the material and it
assumes that material properties (k, p, and c,) are constant (independent of position and

time).

The source term is a function of the irradiance delivered to the target and takes into account
its optical absorption coefficient and its reflectance. Since the laser beam is absorbed within

the first few nanometers for a metallic target, we will assume the source term to be non-zero

13



only at the surface (x = 0) according to [6]:

al(1-R) x=0
S(x) = (3.2)

0 x>0,

where « is the optical absorption coefficient of the material, I is the peak irradiance
delivered by the HEL, and R is the fraction of the optical power that is reflected by the
target. Here it is assumed assumed that the shape of the laser spot at the target has a

uniform (“flat - top”) profile.

In order to have a sense of how the conductive mechanism diffuses heat away, we can
evaluate the heat diffusion equation for a one-dimensional case (where the x-direction is
into the target) and assuming a semi-infinite slab of material. The analytic solution for the

heat flow equation in 1-D is given by [6]:

T(x,t) =Ty + 21(1 )‘/_tlerfc [ ] (3.3)

2VDt
where t is the time, D = k/(pc,) is the thermal diffusivity of the material, and T is the
ambient temperature. The integrated complementary error function is given by [6]:

(o)

ierfc(x) = / erfc(&)dé,

X

with

erfc(x) =1—-erf(x) =1- — / * dx,

This 1-D approach is a good approximation for the material at the center of the laser
spot so long as the laser spot is much larger than the diffusion length. As an example,
using the material parameters for aluminum (k = 226 W/(m - K), p = 2700kg/m’, ¢, =
864.7]/(kg - K) [7] and, @ ~ 0.1nm™! [8]), a peak irradiance I = 100 MW/m?, and an

ambient temperature of Ty = 300 K, we obtain the results shown in Figure 3.1. We can
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see the temperature profile at different dwell times follows an approximately exponential
profile. These results are not physically realistic, because the profile does not change when

it crosses the melting temperature.
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FIGURE 3.1 Temperature versus depth at different dwell times

for aluminum at a peak irradiance of 100 MW /m?. The horizontal
black line indicates the melting temperature of aluminum.

3.2 Laser Induced Melting
The previous section did not include melting, but established that the temperature profile
is approximately exponential and that the surface reaches melting temperature rapidly.

The goal of this section is to develop a model of melt depth versus dwell time.

The process of laser induced melting does not happen instantaneously; the absorbed energy
first heats the surface and the heat is conducted away into the material. During the time
the laser is on, this results in the existence of two defined regions within the material
with their own physical properties and temperature profiles. The region closest to the
surface reaches its melting point faster and becomes liquid while the region deeper into
the material remains solid; a diagram of this geometry is shown in Figure 3.2, where the
x-axis is the depth within the material, with surface is at the origin, and the interface

between the liquid and solid regions is given by X(t).
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FIGURE 3.2 One-dimensional geometry of laser induced melting.
Adapted from [8].

3.2.1 Assumptions
The interaction between laser radiation and the target materials is a complicated process
that has been extensively studied and modeled. One of the approaches to describe these

interactions is by making a one-dimensional mathematical model assuming [8]:

1. A semi-infinite slab of material whose physical properties do not change with the

increase in the temperature, for a given phase (solid or liquid).
2. Different phases can have different properties.

3. The melted material stays in the same place.

3.2.2 Real Life Effects

Even though the assumptions presented in the previous section make it easier to obtain
analytical results for the heat flow equation, the effects in real life could be quite different.

There are several ways that reality departs from our assumptions:

1. The target materials have a finite depth; thus, heat cannot be conducted to infinity.

Also, air is very likely to be at the other end of the material; which acts as a better
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insulator compared with metallic materials. These effects may lead to shorter dwell

times because the heat gets better confined within the material.

2. The heat flows in three dimensions, spreading in all directions into the material.
This may leads to longer dwell times. This effect becomes especially important when
the laser spot size is much smaller than the material depth, which mainly occurs at

shorter ranges.

3. The melted material is likely to be cleared away (by gravity or wind), making new
regions of the material exposed to direct heating. This may lead to shorter dwell

times.

For the longer ranges, where the spot size is longer than the melt depth, we can ignore the
3-D effects. Thus, the dwell times for longer ranges will probably be overestimated using
this approach. For shorter ranges, the 3-D effects may lead to underestimates of the dwell
times using this approach, but dwell times for the shorter ranges are already relatively
small. Any modest increase in the dwell times at shorter ranges will have minimal impact

on operational performance.

3.2.3 Boundary Conditions
In order to solve the heat flow equation for each of the regions formed during the melting

process, we need to consider the following boundary conditions [7]:

1. The temperature at the liquid-solid interface X(t) is equal to the melting temperature
T, of the material, T; = T; = T, at x = X(2).

2. The temperature of the solid region Tj is equal to the ambient temperature Ty when:

(a) The dwell time t is equal to zero, Ty = T at t = 0.

(b) The distance x into the material goes to infinity, T; = Ty as x — oo.
3. The liquid-solid interface at time zero is X(t = 0) = 0.

4. Energy is conserved across the boundary,

k

OT(x.t) _ | 0T dX()
Tax ST ax PP Tar o
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where L is the latent heat of fusion of the material.

3.2.4 Analytic Results

Using a one-dimensional approach to solve the heat-flow equation, we can obtain analytical
solutions for the temperature as a function of position and time for the liquid (subscript [)
and solid (subscript s) regions formed during the melting process that satisfy the boundary

conditions.

Liquid region
The temperature profile in the liquid region (0 < x < X(t)) is assumed to be [7]:

Al L AX(

[x* = X*(1)] . (3.5)
2Dk [1 + )%It)m] dt

TG, 1) = T — %[x ~X(1)] +
I
dt

where A is the absorptivity of the material and D is the thermal diffusivity of the material.

Solid region
The temperature profile in the solid region (X(¢) < x < o) is assumed to be [7]:

1 dX(2)

Ts(x,t) = T,, — (T, — Top) {1 — exp [_ET X — X(t))]} . (3.6)

Liquid-solid interface
The liquid-solid interface X(t) position represents the melt depth as a function of time.

Using the above temperature profiles, the solution to 3.4 is [7]:

/3 1/3
b a3\ i a\"’l" D
X(t) = _@+(_0+“°) ; _@-(_M@) -2 (3

2 4 27 2

with
ms=p [cp(Tm —TO)+L] ,

_ 3Dfm{ (192(AD)*t

-~ 256(A0? | Dym?

ap

31) , and
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Using the same conditions shown in Figure 3.1 we can plot the results for the heat flow
equation taking into account the melt effects. These results are shown in Figure 3.3. Here
we observe how the melting affects the temperature profile by producing a kink at the
melting temperature; this kink represents the melt front at different dwell times. Also,
the temperature at the surface for the different dwell times is noticeably higher than in
the previous situation because, in the liquid state, the thermal conductivity decreases

significantly compared to the solid state [7].
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FIGURE 3.3 Temperature versus depth at different dwell times for

aluminum at a peak irradiance of 100 MW /m?, including melting

effects. The horizontal black line indicates the melting temperature
of aluminum.

3.3 Damage modeling
In order to get a feel for how the melt depth evolves, we can use the equations from section
3.2 to plot different results using the material parameters for aluminum. In Figure 3.4 we

see the melt depth for a peak irradiance of 100 MW /m? up to a dwell time of 10 seconds.
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FIGURE 3.4 Melt depths evolution of aluminum at a peak irradi-
ance of 100 MW /m?

Figure 3.5 shows the different melt depths reached on aluminum at a dwell time of 10

seconds for peak irradiances going from 10 MW /m? to 1 GW/m?.
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107 108 10°
Irradiance (W/m2)

FIGURE 3.5 Melt depth of aluminum versus peak irradiance at 10
seconds dwell time

This damage formulation will be of great utility for this study because it will help estimate
the dwell times needed to cause the desired damage to a target using the irradiances

delivered by the laser weapons to be simulated.
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CHAPTER FOUR
Atmospheric Effects

A laser beam has to travel the distance between the weapon and the target through the
atmosphere and is subject to different losses of energy along this path. It is critical to take
these losses into account because they will determine the output power required for a laser

weapon to deliver the irradiance needed to make the target non-operational.

The atmosphere is composed of different gas molecules of various types and concentrations.
The main components of the Earth’s atmosphere are shown in Figure 4.1 . These com-

ponents have their own physical characteristics that can cause effects such as extinction,

turbulence, and thermal blooming.

= Nitrogen Oxygen = Argon = Carbon Dioxide

20.946%

s 0:971%

FIGURE 4.1 Percentage composition of the Earth’s atmosphere.
Other components present in minimal quantities. Water vapor is
highly variable. Adapted from [9].
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4.1 Extinction

Extinction is the loss of power of the laser beam during its transit to the target. It is caused
by the presence of molecules and aerosols in the atmosphere. They cause two different
effects: absorption and scattering. Beer’s law describes extinction effects on the output

power of a laser [10]:

P(z) = Pye™ %, (4.1)

where P, is the output power at the beam director, z is the range to the target, P(z) is the

power delivered at distance z, and € is the extinction coeflicient.

The extinction coefficient € is the sum of the contributions from the absorption () and
scattering (f) coeflicients of the molecules (subscript m) and aerosols (subscript a) present

in the atmosphere [10]:
€=0Qam+ag+ Pm+ Pa- (4.2)
It is important to take in account coefficients from both molecules and aerosols because,

as shown in Figure 4.2, there is a dramatic difference between the extinction coefficients

calculated with and without aerosols.
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FIGURE 4.2 Extinction coefficient versus wavelength calculated
with and without aerosols. Source: [11].

Molecular atmospheric absorption happens when the energy delivered from the laser
beam excites the molecules in the air. This form of excitation for molecules goes into

rotational and vibrational transitions that ultimately produce heat. The coefficient «,, can
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be calculated from quantum theory or measured experimentally. Figure 4.3 shows the

values for a;, for a tropical atmosphere at sea level, over a range of wavelengths.
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FIGURE 4.3 Molecular atmospheric absorption versus wave-
length. Source: [3].

The aerosol absorption and scattering coefficients (o, and f;) can be determined using
Mie scattering theory. This theory assumes that the scattering particle is spherical, has a
single refractive index, and the incident field is a plane wave. All of these assumptions

allow calculations of the scattered field at a certain angle and distance from the particle.

Molecular atmospheric scattering happens when the laser beam hits molecules in the
atmosphere and, instead of being absorbed, it is deflected in different directions. The
molecular scattering coefficient (f,,) can be determined using the Rayleigh scattering
approximation. This approximation is used since the molecules have a radius much smaller
than the wavelength of the laser beam. For Rayleigh scattering, shorter wavelengths scatter
more. For example, the sky appears to be blue during the daytime because the components
of the atmosphere scatter light in the blue part of the spectrum (between 450 and 495 nm)
more efficiently than red light.

Figure 4.4 shows the total percentage of radiation absorbed by the atmosphere according
to its wavelength for its different components. There, we appreciate the “transparency
windows,” which are wavelengths at which most radiation will pass with less absorption

and scattering, such as 1 ym, 1.6 ym , 2.1 ym, 4 ym, etc.
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FIGURE 4.4 Total percentage of radiation absorbed by the dif-
ferent components of the atmosphere at different wavelengths.
Source: [3].

4.2 Optical Turbulence

Turbulence is related to random heating and motion of molecules in the atmosphere,
resulting in random fluctuations of the air density due to temperature and humidity
variations. This leads to random variations in the refractive index of the atmosphere along
the beam path. Consequently, the rays of the laser are perturbed, causing the time-averaged
laser spot to become larger. These effects are especially prominent in the surface layer.
Turbulence effects can be quantified by the refractive structure constant (C2) and by the

Fried parameter (r).

The refractive structure constant (C2) has units of m~7* and was parametrized theoretically
by the Soviet mathematician Andrey Komogorov in the 1940s. This parameter describes
the severity of turbulence; a larger C2 value means stronger turbulence. The CZ value
varies as a function of altitude, and it tends to decrease with altitude near the surface, as
shown in Figure 4.5. Typical values for the refractive structure constant are approximately

1077 m2/3 for weak turbulence and 107> m~%/3 for strong turbulence [10].

The Fried parameter (ry) has units of length (m) and is defined as the diameter over
which the beam maintains transverse coherence throughout the propagation length. As

turbulence grows stronger, the laser beam is not able to keep its coherence across its
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FIGURE 4.5 Hufnagel Valley Turbulence Model. Source: [3].

original diameter; thus, the Fried parameter gets smaller for stronger turbulence. When ry
becomes less than the beam director diameter, the laser beam will be strongly affected by
the turbulence and spread out. If the C2 number is constant, the Fried parameter becomes

[10]:
/16/5

R3/5(Cﬁ)3/5 ’

where A is the wavelength of the laser beam and R is the range to the target.

ro~0.33 (4.3)

4.3 Thermal Blooming

Thermal blooming happens because of atmospheric absorption. The air molecules increase
their temperature as they absorb energy, which changes the air density and hence the
index of refraction of the air. These changes make the region act as a lens that de-focuses
the laser beam, causing it to spread. Wind also affects the laser beam since it cools down
the air column where the beam is traveling, making the beam steer into the wind. Thermal
blooming is un-avoidable at high output powers but can be somewhat mitigated by selecting

techniques such as emitting in a wavelength that reduces absorption.
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4.4 Databases and Models

All the atmospheric effects mentioned before have been widely studied over the years and
now there are several databases and models to calculate them. We present some of these

on the following list.

« HITRAN. This acronym stands for High Resolution Transmission. It is a database
of transmission spectra for approximately 50 molecular species. It is maintained
by the Harvard-Smithsonian Center for Astrophysics and is used as data source for

multiple atmospheric propagation codes. [3]

« MODTRAN. This acronym stands for Moderate Resolution Transmission. It is a
radiative transfer code that calculates the transference of electromagnetic radia-
tion through the atmosphere using HITRAN database and taking into account pre-

calculated absorption and scattering coefficients for different atmospheric conditions.

[3]

« LEEDR. This acronym stands for Laser Environmental Effects Definition & Reference.
It is developed by the AFIT Center for Directed Energy. This model creates profiles
of temperature, pressure, water vapor, particulate content, turbulence, and other
parameters versus altitude for a determined location and time by predicting the

atmospheric conditions based on historical data. [3]

« COAMPS. This acronym stands for Coupled Ocean Atmosphere Mesoscale Predic-
tion System. It is a high resolution weather forecasting model developed by the
Naval Research Laboratory at Monterey and it is used by the US Navy to forecast

atmospheric conditions such as temperature, wind profiles, aerosols, etc. [3]

« NAVSIaM. This acronym stands for Navy Atmospheric Vertical Surface Layer Model.
The model was developed by Paul Frederickson from the NPS Meteorology Depart-
ment. It computes the vertical refractive structure constant (C2) profiles over the
ocean up to 100 m above the surface using the wind speed, air and sea temperatures,
humidity and pressure of a region, and assuming they are steady and horizontally

homogeneous. 3]
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CHAPTER FIVE

Description of Simulations

The simulations in this study are performed using the ANCHOR laser performance code
developed by the NPS Physics Directed Energy Group. This code uses the databases and
models mentioned in the previous section to predict the time averaged irradiance on target
for a given laser output. It also takes into account the effects caused by the diffraction,
jitter, turbulence, thermal blooming, etc, on the laser beam, and relative motion between

platform and target.

5.1 ANCHOR equations

In order to perform the calculations mentioned before, this code uses the following master

P - [ e(z)dz
{ay = (6—2) Sts, (5.1)

TWiot

equation [10]:

where <I) is the time averaged irradiance, P is the laser output power, €(z) is the extinction

coefficient, Srp is the thermal blooming Strehl ratio, and w?, is the spot size at the target.

The thermal blooming Strehl (S7p) ratio is the relationship between the time averaged

irradiance with and without thermal blooming [10]:

DB
<I >noTB .

St = (5.2)

The spot size at the target (w?,) is the sum of the contributions from diffraction (wfl), jitter

(WJZ), and turbulence (w?) effects [10]:

2 _ . 2.2 .2
Wior = Wy + Wi + Wy (5.3)
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The spot size at the target from the diffraction contribution (wy) is calculated using [10]:

wg = M? (”—D) (5.4)

where M? (>1) is the beam quality factor of the laser, R is the range to the target, D is the

diameter of the laser beam at the beam director, and A is the wavelength of the laser beam.

Jitter of the laser spot position on the target can be caused by multiple reasons such as the
platform motion, tracking error, or turbulence induced beam wander. The spot size at the

target from the jitter contribution (w;) is calculated using [10]:
wj = OrmsR, (5.5)

where 0, is the angular variance due to jitter (typically on the order of prad) and R is the

range to the target.

The spot size at target from the turbulence contribution (w;) is calculated with [10]:

_ R

wy = (5.6)

ry’
where R is the range to the target, A is the wavelength of the laser beam and ry is the Fried

parameter (calculated using equation 4.3 if r; is constant).

5.2 Simulated Situation

In this study, we will simulate two situations. In both of them, the target is a small fiberglass
boat transporting a large amount of high purity cocaine. This boat is trying to deliver its
cargo to a larger ship, which is waiting several miles away from the coast. The boat is
going at 35 knots, being propelled by one or more outboard motors. The goal is to disable
the craft without damaging its crew and cargo within the time it takes to reach the larger

vessel.

5.2.1 Surface Platform Engagement
In the first situation, the outlaw watercraft is being prosecuted by a coast guard ship, like

the one shown in Figure 5.1, which has a maximum speed of 30 knots; thus, it is impossible
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to capture the watercraft without first disabling it. The coast guard ship is equipped with
either a 10 kW, 30 kW, or 100 kW output HEL weapon and is firing at variable ranges from
the target. The simulated characteristics of the HEL weapon are typical values, such as
a beam quality M? = 1.5, an angular variance due to jitter of 6,,,5 = 5 urad [10], a beam

director diameter of 30 cm, and a lasing wavelength A = 1.064 pm.

FIGURE 5.1 Peruvian Coastguard Ship “Rio Pativilca” Source: [1].

5.2.2 Unmanned Aerial Vehicle (UAV) Engagement

In the second situation, the outlaw watercraft is being prosecuted by a coast guard un-
manned aerial vehicle (UAV), a concept of such vehicle is shown in Figure 5.2, flying at
an altitude of 500 meters. The UAV is traveling at a speed of 130 km/h and is equipped
with either a 10 kW, 30 kW, or 50 kW output HEL weapon, and will engage the target at
variable ranges. The simulated characteristics of the HEL weapon are the same as listed
for the first situation with the exception of the beam director diameter, which will be set

at 20 cm due to presumed space and weight limitations of the platform.

5.2.3 Target materials
Figure 5.3 shows a good example of a target watercraft. In it we can see the set up of
the outboard motors and their fuel lines, which will ultimately be the targets of our HEL

weapon. The best and easiest course of action to interdict the outlaw watercraft is to cut
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FIGURE 5.2 Unmanned Aerial Vehicle (UAV) reference concept.
Source: [12].

the fuel supply by melting its rubber fuel lines. However, such lines must be in the line of

sight with the laser weapon, as shown in Figure 5.3.

However, since this may not always be possible, we must consider the possibility of
disabling its outboard motor by aiming the HEL weapon at its dome. Most outboard
motors are made of aluminum or stainless steel and are covered by a dome made of
a fiberglass polyester resin composite. Table 5.2 shows the parameters for each of the

materials.

FIGURE 5.3 Reference image of the simulated target. Adapted
from [13].
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TABLE 5.1 Simulated HEL weapons parameters summary.

Parameter Platform
Surface UAV
Altitude 10 m 500 m
Output Power 10 kW, 30 kW, or 100 kW 10 kW, 30 kW, or 50 kW
Beam quality (M?) 1.5 1.5
Variance due to jitter (8,,s) 5 urad 5 urad
Beam director diameter 30 cm 20 cm
Laser wavelength (1) 1.064 ym 1.064 ym
Speed 30 knots 70 knots

If the fuel lines are accessible, the HEL weapon must only melt through 5 mm of rubber
for each line. If not, in order to disable the motor, the HEL weapon must melt through 2
mm of the fiberglass polyester resin composite cover and through about 3 cm of metal

(aluminum or stainless steel) on the motor parts, per motor.

In order to estimate the 3 cm melt distance into the engine parts, we looked at the blueprints
of a YAMAHA® V8 offshore model F350 outboard motor (the largest available from this
company) [14]. There we identified the sensible parts to be the cylinder head, the fuel
ducts and the shaft. Figure 5.4 shows a diagram of this motor with arrows pointing these

areas. Each of these areas has a thickness of approximately 3 cm.

5.2.4 Atmospheric conditions

The atmosphere parameters for this simulation will be taken from the MODTRAN model,
with the built-in parameters for a tropical environment, a visibility of 23 km, and the
maritime aerosol profile. The ambient temperature for this environment is 300 K at sea

level.
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FIGURE 5.4 YAMAHA® V38 Offshore model F350. Adapted from
[14]. The red arrows indicate the sensible areas to target the HEL
weapon.

32



TABLE 5.2 Target material parameters. Adapted from [15, 7, 16,
17, 18].

Parameter

Material

Aluminum

Stainless
Steel

Fiberglass
composite

Rubber

Density (p)
[kg/m’]

2700

7900

900

1100

Melt
Temperature

(Tm)[K]

933

1700

600

405

Latent Heat of
fusion (L) [J/kg]

3.97 x10°

3 %x10°

1000

71400

Thermal
conductivity in
solid state (k;)
[W/m-K]

226

17

0.3

0.045

Thermal
conductivity in
liquid state (k;)
[W/m-K]

92

30.4

0.3

0.045

Thermal
diffusivity in
solid state (Ds)
[m?/s]

96.8 x107°

4x107°

1.33 %1077

0.89 x1077

Thermal
diffusivity in
liquid state (D)
[m?/s]

38 x107°

4.9%107°

1.33x1077

0.89 1077

Operation
Temperature (Tp)
(K]

360

360

300

300

Absorptivity (A)

0.202

0.442

0.5

0.9

Thickness [cm]

0.2

0.5
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CHAPTER SIX

Simulations Results

By running the ANCHOR code with the parameters mentioned in the last chapter, we
obtained plots describing the interactions between the laser and the target materials for
each situation. The results presented in this chapter assume the engagement of just one
target (e.g. a single outboard motor). The watercraft used for these illegal activities typically
have more than one motor; the time needed to fully disable the watercraft can be easily

extrapolated by multiplying these dwell time results by the number of motors.

6.1 Surface Platform

The surface platform has the advantage of a larger capacity for energy storage and output
power. Hence, we consider up to a 100 kW laser for this case. However, it operates at sea
level, which makes it more exposed to extinction and turbulence effects than an aerial
platform. Also, the surface platform is slower compared to the target, which will limit its

potential engagement time and cross range.

6.1.1 Irradiance

As seen in Figure 6.1, the irradiance delivered drops off rapidly with distance due to atmo-
spheric attenuation, diffraction and other effects. However, even the smallest simulated
output power (10 kW) delivers irradiance on the order of megawatts per square meter at a
distance of 3 km. The irradiance on target scales approximately linearly with laser output
power. Since thermal blooming effects are not significant for output powers below 100 kW,

they do not affect these simulations.

6.1.2 Power in the bucket

For an assumed bucket radius of 5 cm, the power deposited in this area scales as expected,

as shown in Figure 6.2. At close distances, the power-in-the-bucket is approximately equal
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FIGURE 6.1 ANCHOR results for irradiance versus cross range
to the target, for various laser output powers fired from a surface
platform.

to the output power, since the laser spot remains completely inside the bucket and there
is little atmospheric attenuation for cross ranges of less than a few hundred meters. At
further distances, the power in the bucket drops approximately linearly for all the output
powers as atmospheric effects become more significant. Also, as in the case of irradiance,

the power in the bucket scales approximately linearly with output power.

6.1.3 Melt depth
In section 3.2 we discussed the interactions between the laser and the material during the
melting process. The results shown in Figure 6.3 show the melt depth reached after a 1

second dwell time at different cross ranges for each laser output power.

In the case of the metals (aluminum and stainless steel) we see that, due to the short dwell
time simulated, they do not even reach the melting point at longer cross ranges. The
insulator materials (fiberglass and rubber) reach smaller melt depths than the metals at
closer ranges because of their higher heat capacities; however, since they have smaller
thermal conductivities and lower melting points than the metals, the melting thresholds

are still crossed at longer ranges.
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FIGURE 6.2 ANCHOR results for power in the bucket versus cross
range to the target, for various laser output powers fired from a
surface platform.

6.1.4 Dwell time

In Figures 6.4, 6.5, and 6.6, we plotted the required dwell time to melt through a given
material thickness versus cross range, up to 3 km, for each one of the output powers
considered for the surface platform. The dwell times include the time it takes the material
to reach the melting point and the additional time required to melt through the materials.
The thicknesses and physical properties for each material are given in table 5.2. Using
these plots, we can estimate how long it would take to disable each target at a given cross

range.

The surface platform simulated in this study is slower compared to the target. Thus, we are
interested in engagements at the longest ranges possible since close approach is physically

difficult due to the target being faster than the platform.

If the target’s fuel lines are accessible, it would take less than 5 seconds for each of the
output powers simulated to cut through one fuel line at the largest cross range (3 km), as
shown in Figure 6.4. Therefore, all the considered output powers would be viable in this

case.
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FIGURE 6.3 ANCHOR results for melt depth versus cross range
at a dwell time of 1 second from a surface platform.
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FIGURE 6.4 ANCHOR results for required dwell time to melt

through a 5 mm thick rubber target versus cross range from a
surface platform.

If the fuel lines are not accessible and we have to aim the weapon at the motor dome, the
laser weapon would have to first melt through the fiberglass casing of the motor. In Figure
6.5 we see how, in this first part of the target, it takes less than 3.5 seconds for each of the

output powers to melt through the casing at the largest cross range (3 km).

After the fiberglass casing, the laser needs to melt through the metallic motor parts. The
plots for these two metallic target materials are shown in Figure 6.6. For an aluminum
target, we see that the lowest simulated output power (10 kW) would need more than 100
seconds to melt through the thickness needed to disable the target at the longest cross
range; it can be effective at closer ranges but, as said before, these ranges are unlikely
due the platform speed limitations. However, the 100 kW device can disable one target
in less than 20 seconds for a 3 km cross-range. For a multi-motor watercraft, the limited
engagement window means that only the 100 kW device would likely be viable at the

longest ranges.

The stainless steel target requires even more time to melt through at 3 km ranges. This

further emphasizes the need for a 100 kW-class device.
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6.2 Unmanned Aerial Vehicle (UAV) Platform

The UAV platform has the advantage of higher altitude, which makes it less exposed to
turbulence effects. Nevertheless, it presents limitations in the size, weight, and power of
the weapon it may carry due to take-off weight and endurance considerations [19], thus
we only consider output powers up to 50 kW. Also, the UAV platform is faster compared to
the target, which lets it get closer to the target and fly circular patterns around it. This
diminishes the atmospheric losses of the laser beam by engaging at closer ranges and/or

allows the laser to engage for longer dwell times .

6.2.1 Irradiance

As in the case of the surface engagement, the irradiance delivered drops off rapidly with
distance due to diffraction and other effects, as shown in Figure 6.7. Even the smallest
simulated output power (10 kW) delivers irradiance on the order of megawatts per square
meter at a distance of 3 km. However, as stated before, this platform can engage the target
at closer ranges. The smallest output power considered (10 kW) results in an irradiance on
the order of tens of megawatts per square meter at a distance of 1 km. As seen in Figure
6.7, the irradiance on target scales approximately linearly with output power. Like before,

thermal blooming effects are expected to be negligible.

6.2.2 Power in the Bucket

For an assumed bucket radius of 5 cm, the results plotted in Figure 6.8 follow the same
trends as seen for the surface platform. However, unlike the results obtained with the
surface platform, the results at closer ranges have a flatter slope because the actual distance
covered by the laser beam is not the cross range, but the hypotenuse of the triangle formed
by the cross range and the altitude of the platform. That hypotenuse does not change

rapidly at cross ranges close to the target.

6.2.3 Melt depth

Like in the surface engagement section, the results shown in Figure 6.9 give us an idea
of how the interactions between the laser beam and the materials affect the simulations
performed in this study. These plots show the melt depth reached after a 1 second dwell
time at different cross ranges for each laser output power. The observed trends here are

the same as what was seen for the surface platform for all the materials.
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6.2.4 Dwell time

In Figures 6.10, 6.11, and 6.12, we plotted the required dwell time to melt through a given
material thickness versus cross range, up to 3 km, for each one of the output powers
considered for the UAV platform. The dwell times include the time it takes the material to
reach the melting point and the additional time required to melt through the materials.
The thicknesses and physical properties for each material are given in table 5.2. Using
these plots, we can estimate how long it would take to disable each target at a given cross

range.

The UAV platform simulated in this study is faster compared to the target. Thus, we can

look at engagements at closer ranges and tolerate longer dwell times.

If the target’s fuel lines are accessible, it would take less than 5 seconds for each of the
output powers simulated to cut through one fuel line at the largest cross range (3 km) as
shown in Figure 6.10; even better, at 1 km cross range, it would take less than 2 seconds.

Therefore, all the considered output powers would be viable in this case.

If, instead, we have to aim the weapon at the motor dome, we can see from Figures 6.11 and

6.12 that it takes a total of 20 seconds to melt through the fiberglass casing and aluminum
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engine block at 1 km for the 10 kW device. For the stainless steel engine block it would
take approximately 40 seconds to obtain the same effect. Thus, taking advantage of the
platform speed to reduce the cross range and increase the engagement window makes any
of the considered output powers viable. However, as for the surface platform, the relatively
longer dwell times may offer a design challenge for the power and heat management of

the weapon.
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FIGURE 6.11 ANCHOR results for required dwell time to melt
through a 2 mm thick fiberglass target versus cross range from a
UAV platform.
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FIGURE 6.12 ANCHOR results for required dwell time to melt
through a 3 cm thick metallic target versus cross range from a
UAV platform.
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CHAPTER SEVEN

Conclusions

In the relevant interdiction scenarios for the Peruvian Navy, we found that it is feasible to
use lasers with the output powers simulated in this study; however, the required power
would depend on the platform where the weapon is installed. If installed on a surface
platform, the output power of the weapon should be at least 100 kW because of the speed
limitations of this platform. This ensures an effective interdiction at the longer cross ranges

and shorter engagement windows this platform would likely encounter.

On the other hand, in a UAV platform, we can install weapons with an output power as
low as 10 kW because it can achieve closer cross ranges due to its speed and has longer
engagement windows. Also, weapons with these smaller output powers might be more
feasible to install in this kind of platform because the inherit size and weight limitations of

the platform.

For both platforms (and especially for the UAV), power and heat management issues may
present further limitations on the dwell times. These power and size considerations have
not been pursued in any great detail for this study, so research into this area represents a

natural extension to this project.
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