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ABSTRACT

It is well known that the South Pacific coasts have significant illegal activities
such as drug trafficking and forbidden fishing. The government of Peru is concerned
about these issues, delegating the responsibility of suppressing the problems to the
Peruvian Navy. The Peruvian Navy conducts Maritime Interdiction Operations, and in
recent years, specialized patrol boats have been used for easier and more direct
interdictions, but they have limited velocity and engagement range. UAV-HEL
(Unmanned Aerial Vehicle based High Energy Laser) weapons would overcome those
limitations potentially enabling long-range engagements without damaging people or
cargo. This research establishes requirements for size, weight and power for a
UAV-based HEL to engage and effect damage on a target. Modeling tools are used to
estimate irradiance on the target in various Peruvian coastal conditions and engagement
geometries to estimate the required dwell time to damage or disable the target. Based on

the results, the viability of a UAV-HEL for this application is addressed.
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l. INTRODUCTION

A HISTORY OF ILLEGAL MARITIME ACTIVITIES IN PERU

Peru has been dealing with at least two major illegal maritime activities over the

last 20 years: illegal fishing and trafficking of drugs.

The total Peruvian maritime domain, which extends out to 200 nautical miles from
its coastline and covers 855,400 square kilometers, is one of the most productive seas
around the world. Fishing is the principal economic activity in the sea with nearly five
million tons of fish harvested per year, which is between 0.7-1.6% of the Peruvian GNP
(Gross National Product) [1]. However, it is also very attractive to make money by fishing
without reporting or control. That explains why half of the artisanal fishing ships in Peru
have no license to operate. It is not only Peruvian ships that are interested in illegal fishing:
there are many foreign ships, most of them from East Asia [2], that operate close to Peru’s
exclusive economic zone border. This problem is increasing; in 2014, the illegal fishing
activity was 25% more than the reports showed and artisanal fishing ships fished 35% more
than reported as well. In that context it is estimated that Peru loses S/. 1,200 million ($400
million) every year just from this activity [2].

Additionally, Peru (along with Bolivia and Colombia) is part of the “white
triangle,” so named for the large amount of illegal drugs (especially cocaine) from those
countries that supply Europe and America [3]. Peru, being a coastal country, exports 44%
of the illegal drug production by maritime means [4], and the drug traffickers are always
innovating different ways for exporting drugs with no detection by using small fast boats
that go outside the national maritime domain where they make a cargo transfer to larger
boats to transport it overseas. The small fast boats could embark not necessarily from a
port but from any point along the coast.

B. RESPONSIBILITY OF THE PERUVIAN NAVY

The Peruvian government is obligated to fight these illegal activities because they
negatively affect the economy and security of the country. The constitutional way to

1



intervene is by the armed forces, since the military has a mission to “guarantee the
sovereignty and to keep the territorial integrity of the State” [5]. The Organic Law of the
Peruvian Navy mentions the defense of the seas, rivers, and lakes [6], making the Peruvian
Navy the most suitable force for that duty. Additionally, the Peruvian Congress created the
Peruvian Coast Guard (Cuerpo de Capitanias y Guardacoastas) as a branch of the Peruvian

Navy [7] with the following functions:

o Police fishing activities in seas, rivers, and lakes.

o Control and surveillance of the traffic in jurisdictional areas.
o Port security and surveillance.

. Control and protection of natural resources.

C. CURRENT METHODS FOR THE PERUVIAN COAST GUARD TO
COMBAT THE ILLEGAL ACTIVITIES

The Peruvian Coast Guard is obligated to fight illegal activities at sea; in order to
accomplish that duty, the Peruvian Navy conducts Maritime Interdiction Operations
(MIQ), as defined below:

Maritime interdiction operation (MIO) is an operation conducted to enforce

prohibition on the maritime movement of specified persons or materials

within a defined geographic area. MIO are normally restricted to the

interception and, if necessary, boarding of vessels to verify, redirect or

impound their cargoes in support of the enforcement of economic or

military sanctions [8].

The Peruvian Coast Guard published the Maritime Interdiction Operations Manual
(MAOPIMA) that establishes the tactical guidance for M10O. This Manual is based on the
NATO STANDARD ATP-71 ALLIED MARITIME INTERDICTION OPERATIONS

and it shows the steps for a tactical interdiction:

J Detection and surveillance.
o Interrogation, approach, and stopping.
o Boarding and searching.



To detect a target, we have to sense them by some device. Table 1 shows the

different sensors that we can use in order to do so:

Table 1.  Sensor Level of Identification. Source: [8].
Fossible Level of Identification Range (nm)
Sensor
DAY NIGHT DAY NIGHT

Visual Type: Type: 10-15 <h
Superstructure Superstructure 5-10 <2
Hull colors Hull colors <h 1-2
Mamehomeport | Name/homeport | 0.5-2 <05
Suspicious outfit <05 MNIA

Electro-Optical MIA Type: MN/A 5-10

(LLTV) Superstructure 5-10

Hull colors 1-2
Mame/homeport <1
Infrared MNIA Type: MNIA 5-10
iIRDSJ‘FLIR Superstructure 5-10
R goggles) Hull colors 1-2
Mame/homeport <1

ESM Radar type Radar type RHR RHR

ESM Radar type Radar type RHR RHR

Fingerprinting Name Name

Imaging radar Type: Type: 64-128 64-128

gind Sﬁgerstmcture Sﬂg?arstructure 32-64 32-64

Acoustic Moise sources Moise sources 1-10 1-10

(NB)

AlS MMSI, AlS MMSI, AIS WHF range WHF range
reported reported
information (IMO | information (IMO
no., ship name, |no., ship name,
position, etc.) position, etc.)

Radiation Presence and/or | Presence andlor | IAW equipment AW equipment
type of type of capabilities capabilities
radioactivity radioactivity

Chemical/Biological | Presence andlor | Presence andfor | IAW equipment AW equipment

Agent type of agent type of agent capabilities capabilities

As the table shows, there are many methods to detect a target. The Peruvian Coast
Guard at the moment has only visual, radar, infrared, and Automatic Identification System
(AIS) sensing.



D. INTERDICTION LIMITATIONS

The detection during MIO lacks efficiency in some conditions due to intrinsic

limitations:

o Limited speed of the naval units to approach the targets.

o The Peruvian Navy lacks jurisdiction at distances more than 200 miles
from the coast. Targets near this 200-mile limit often pass over this line as
soon as they detect a naval unit.

o Inability to disable potential targets without harming the cargo or crew.

E. POTENTIAL ADVANTAGES OF A UAV-BASED LASER

The speed of potential targets, the inability to easily disable them, and the difficulty
in discreetly surveilling them hinders the ability of the Navy to interdict. A UAV-based

laser could help in all three areas.

Aerial vehicles are much faster than watercraft, so a potential target cannot outrun
a UAV. Furthermore, they can observe targets while flying at high altitudes and from many
miles away, so it is less likely such a system will tip off a potential target that they are

being surveilled.

There are few ways to stop a boat from air with no damage to the crew and cargo.
The ideal option would be to disable the motor in order to allow a naval unit to interdict.

This level of precise targeting is possible with a laser weapon.

These advantages make UAV-based lasers worthy of consideration for these kinds

of activities.



II. DIRECTED ENERGY OVERVIEW

The idea of a speed of light lethal weapon has been around for a long time. An early
suggestion of it is a legend from the Siege of Syracuse (213-212 BC) [9] where the engineer
and inventor Archimedes supposedly used bronze mirrors to reflect sunlight to the Roman
ship sails in order to burn them. While the technical viability of Archimedes’ feat is

debated, it is evidence that engineers imagined light as a weapon since ancient times.

This idea was advanced on 22 March 1960 when Townes and Schawlow, under
Bell Labs, were granted a US patent for a laser (Light Amplification by Stimulated
Emission of Radiation). Since then many researchers have applied this technology for
different applications, including military programs such as Navy Laser Weapon System
(Laws), High-Energy Laser with Integrated Optical dazzler and Surveillance (HELIOS),
and Solid-State Laser Technology Maturation (SSL-TM).

A ADVANTAGES / DISADVANTAGES OF DIRECTED ENERGY
WEAPONS

Directed energy weapons are getting more interest in the military due to the

advantages [10] they have over conventional kinetic weapons; for instance:

e Lethal amounts of energy are delivered with accurate precision, reducing

collateral damage.

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

e The output power is adjustable to control the level of damage.
e No explosives are required, so they are safer to handle and operate.

e Magazine depth depends only on available power (for non-chemical lasers

only).

e A greatly reduced cost per shot (~$1) compared to kinetic weapons (~$1M

per missile).



However, there are some disadvantages as well:
e Line of sight to the target is required.
e Finite dwell time is required to accumulate damage.

e If the laser beam misses the primary target, it continues to propagate,

possibly placing aircraft and satellites at risk.
e The weather may limit utility. Specifically,

- Molecules and aerosols absorb and scatter laser light. Also, lasers will

not perform as well in fog, haze, rain, etc.

- Atmospheric turbulence can cause the beam to break apart and/or

wander.

- At high output powers (greater than about 100 kW), thermal blooming

can defocus the beam.

B. LASER WEAPONS OVERVIEW
A laser consists of three main components [11]:

1. A gain medium where the amplification of light takes place; this could be a

gas, liquid, solid, or plasma.

2. A power source where energy is supplied to the medium; this source can be,

for instance, a flash lamp, an electrical current, or another laser.

3. A feedback mechanism to form an oscillator using an optical cavity, which
is a system of two or more mirrors that reflects the light onto itself to provide

a feedback mechanism.

In the lasing process, the gain medium is “pumped” to excite the atoms to an upper
energy state. Usually, the pumping is obtained from high-intensity light or discharges of
electricity to the gain medium to generate an excess of excited-state atoms. When the
medium is pumped enough to have more excited-state atoms than ground-state atoms, this

is called a population inversion [11]. This process is necessary for a laser to successfully

6



operate. When the excited atoms return to the ground state, they can release energy in the
form of photons with random phase (incoherent light) as shown in Figure 1; this process is

called spontaneous emission [11].

Before During After emission
Atom in excited state
& E,
AYAYAY. o
photon hv
1
= S E,

Atom in ground state

Figure 1.  Spontaneous emission. Source: [10].

However, when the atomic state transitions to the lower level due to the interaction
of another photon, the result can be the emission of a photon with the same frequency,
phase, and direction as the incident photon (coherent light), as shown in Figure 2; this

process is called stimulated emission. Laser light is generated by this process.

Before During After
emission emission emission
Exitedlevl —@r— £y — — 1
Y
hy hy AN\
Incdent photon AE |, SR
Ground level —E, ——
Atom in Atom in
excited state ground state

FEo — F,=AF = hv

Figure 2.  Stimulated emission. Source: [10].
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It is essential to point out that spontaneous emission and stimulated emission are
both processes that could occur between different atomic energy levels of the laser gain
medium. Actually, the overall transitions must occur between three or, more commonly,
four levels, depending on the laser, to achieve a population inversion. In the latter case, the

lasing process occurs between the third and the second state, as shown in Figure 3.

%

pump laser

Figure 3.  Configuration of a four-level laser. Source: [11].

C. LASER WEAPONS PARAMETERS

A target can be damaged by a laser weapon when it focuses a beam of light for a
determined period (dwell time) onto a specific target area (“bucket”). The effectiveness of
the system depends on various parameters, including the power of the laser (P), the

wavelength of the light (1), the range of the target (R), and the dwell time () [9].

D. LASER WEAPON TECHNOLOGIES

Various laser technologies have been used for directed energy weapons, including

gas dynamic, chemical, free electron, and solid-state lasers.

1. Gas Dynamic Laser

This type of laser, shown in Figure 4, was “invented by Edward Gerry and Arthur
Kantrowitz at Avco Everett Research Laboratory in 1966” [12]. The medium often consists
of a combustion chamber, a supersonic expansion nozzle, and carbon dioxide mixed with

helium or nitrogen. Gas molecules are heated in the chamber at high temperature and
8



pressure, exciting vibrational states in order to achieve the population inversion, and later
cooled and expanded after passing through the nozzle where molecular vibrational states
relax and emit photons. The emitted photons are reflected between the cavity mirrors to
provide feedback and enable stimulated emission. A gas dynamic laser’s wavelength

depends on the type of gas (i.e., CO2 laser: A ~10.6 um).

44— cavity mirror

cool gas
at low pressure
(e.g., 350 K, 0.1 atm)

nozzle

- cavity mirror

Figure 4. Gas dynamic laser. Source: [10].

Some advantages of gas dynamic lasers are:
e High power [10];
e Good beam quality [10];
e Waste heat removed with the exhaust [10].
Some disadvantages of gas dynamic lasers are:
e Magazine depth limited by gas supply [10];
e The need to deal with exhaust gases (supersonic, ~170 °F) [10];

e Poor propagation in maritime environments due to its wavelength [10].

2. Chemical Laser

This type of laser was proposed by J.C. Polanyi in 1960 and “demonstrated by
J.V.V Kasper and G. Pimentel in 1965 [13] by a flash lamp hydrogen-chlorine explosion.

The gain medium consists of chemical delivery systems, a gas generator, and a supersonic
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mixing nozzle. Chemicals are delivered into a gas generator to create a multi-chemical gas
to be mixed later by the supersonic nozzle, releasing the stored energy from the chemical
bond to obtain excited vibration levels. An example of a chemical laser is the Chemical
Oxygen lodine Laser (COIL) shown in Figure 5.
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Figure 5.  Chemical oxygen iodine laser. Source: [10].

The lasing wavelength of chemical lasers depends on the type of chemical (i.e.,
COIL: A ~1.3 pum).

The advantages of a chemical laser are similar to a gas dynamic laser:
e High power;
e Good beam quality;
e Waste heat removed with the exhaust.
Some disadvantages of chemical lasers are:
e Magazine depth limited by chemical supply;
e Need to deal with laser size;

e Toxic exhaust gases.
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3. Solid-State Laser (SSL)

This laser is based on a solid-state gain medium such as a crystal or glass doped
with rare-earth or transition metal ions. After photons are pumped into it by either a
flashlamp or another laser, the dopant atoms produce light that bounces between mirrors

to facilitate stimulated emission. A basic SSL is shown in Figure 6.
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Figure 6.  Solid-state laser. Source: [10].

Solid-state lasers can be further classified by their gain medium geometry: slab,
rod, or fiber [9]. Fiber lasers, in particular, have many advantages; for instance:

e The gain medium is flexible, allowing the output to be easily delivered to a
movable focusing element, which is important for applications such as laser

cutting, welding, and folding of metals and polymers [14].

e High and continuous output power due to the fiber’s high surface area to

volume ratio, which is important for heat removal [10].

e More compact for the same power output, compared to rod or gas lasers,
due to the ability to bend and coil the fiber [10].
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e Reliability and vibrational stability [10].

e Magazine limited only by available electrical energy [10] (This advantage

applies to all solid-state lasers).

However, fiber lasers have a huge disadvantage: they require significant heat
removal from the stationary solid-state medium, even with its high surface area to volume
ratio. Solid state lasers are also classified by the pumping source: flash lamp or diode-

pumped.

a. Flash Lamp-Pumped Solid-State Laser

The pump of this laser consists of a flash lamp, usually xenon, that is surrounded
by a reflecting shield that focuses the radiation of the optical pump into the gain medium.

b. Diode-Pumped Solid-State Laser

Diode-pumped lasers need a pump source from another laser; a p-n semiconductor
device is usually used to do so. This laser is based on two pumping configurations: (1) an
end-pumped arrangement where the radiation from the diode is sent into the end of the
solid-state laser rod, and (2) a side-pumped arrangement where the diode radiation is sent

into the side of the laser rod.

4. Free Electron Laser

This laser was invented by John Madey at Stanford University in 1971 using a
relativistic electron beam from an accelerator and an undulator, the latter of which consists
of a series of magnets with alternating fields. The electrons pass through the undulator at
relativistic velocities, where the alternating magnetic fields deflect its path, causing the
beam to wiggle and thus emit photons (spontaneous emission). Photons captured by an
optical cavity are reflected and amplified by the next pulse sent from the accelerator

(stimulated emission). The free-electron laser process is shown in Figure 7.
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Figure 7.  Free electron laser process. Source: [10].

Some advantages of free electron lasers are:

e Arbitrary wavelength determined by electron beam energy and undulator

design.

e Magazine limited only by available electrical energy.

e Waste heat removed at approximately the speed of light.

e Excellent optical beam quality for propagation.

e Size and complexity of the structure do not scale with output power.

Some disadvantages of free electron lasers are:

e They are typically large (~20 m long) and heavy.

e Itisa relatively immature technology.

e Shielding is required from radiation produced by the relativistic electron
beam.

E. DIRECTED ENERGY WEAPONS EXAMPLES

In recent years, the U.S. Navy has been developing solid-state laser (SSL) projects
in order to defend against threats such as UAVs and small boats. Some of the recent and
current programs are discussed below.

13



1. AN/SEQ-3 Laser Weapon System (LaWs)

“The AN/SEQ-3 Laser Weapon System was built by Kratos. LaWS was deployed
on the USS Ponce in 2014, integrating it with the vessel’s Phalanx close-in weapon system

(CIWS), which uses a radar tracking system for targeting and guidance” [15].

It uses a beam with wavelength near one micrometer generated from an array of
fiber lasers. This system has a modifiable output power that can be adjusted from high to
low output power. “At high output power (around 30kW), the laser can destroy targets, fry
sensors, burn out motors and detonate explosive material. At low output power, the LaWS
system can dazzle enemy combatants and cause them to turn away from threatening

positions” [15].

“The 30-kW LaWSs deployed in 2014 to the Persian Gulf was able to shoot down
drones and disable small boats, and temporarily blind (or ‘dazzle’) sensors, as well as use
its targeting optics for threat identification” [16]. A photo of LaWS on the USS Ponce is

shown in Figure 8.

T
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Figure 8. LaWS on USS Ponce. Source: [16].
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2. High-Energy Laser with Integrated Optical Dazzler and Surveillance
(HELIOS)

“On January 26, 2018, U.S. Navy awarded Lockheed Martin a $150 million
contract for the development, manufacture, and delivery of two HELIOS systems—one for
installation on a Navy Arleigh Burke-class Aegis destroyer, the other for land-based
testing” [16].

HELIOS is a multi-function system that consist of three main functions [16]:

e HEL weapon to eliminate threats such as unmanned systems (UAS) and

small boats.

e Long-range intelligence, surveillance, and reconnaissance (ISR) capability

to provide information in real-time.
e Laser dazzler to disable the ISR ability of UAS.

HELIOS output power is approximately 60 kW, higher than LaWs, but lower than
the SSL-TM system.

The biggest challenge for the HELIOS project is to fully integrate into the ship’s
Aegis combat system and the electrical source of Arleigh Burke-class destroyers, which
weren’t designed with a lot of power to spare. As Rear Admiral Ron Boxall, the Navy’s
Director of Surface Warfare, said:

The problem I have today is the integration of that system into my existing

combat system. If I’'m going to burn the boats, I’'m going to replace

something | have today with that system doing that mission with these
weapons.

3. Solid-State Laser Technology Maturation (SSL-TM)

“The U.S. Navy initiated the SSL-TM program, in which companies such as BAE
Systems, Northrop Grumman, and Raytheon competed to develop a shipboard laser with
output power up to 150 kW” [16]. This was intended to be a single system that would
demonstrate and advance various HEL technologies such as spectral beam combination. It
would be a stand-alone system, not directly integrated with the ship’s power, combat
systems, etc.
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In 2015, DoD announced that Northrop Grumman was selected for the SSL-TM
project. In January 2018, the Navy announced that the SSL-TM laser will be installed on
the USS Portland (LPD-27) [16].

The SSL-TM system consists of a laser and beam director, a thermal storage
module, an energy storage module, and a display/control system, as shown in Figure 9. The
biggest difference between SSL-TM and the previous systems is the development of

leading-edge technology rather than current off-the-shelf technology.
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Figure 9. SSL-TM System. Source: [17].
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1. UAV PLATFORMS

A INTRODUCTION TO UAVS

An aircraft can fly with no onboard pilot and crew by three ways: remotely piloted
vehicles (RPVs), drones, and unmanned aerial vehicles (UAVs). An RPV is piloted from
a remote position and has no capability to make changes in the flight by itself. A drone is
a fixed flight pattern vehicle; consequently, it is not able to accomplish sophisticated
missions. A UAV instead is able to perform autonomous or preprogrammed missions

making all the changes needed for the current mission.

UAYV systems are normally composed of four sub-systems: the air vehicle, the
payload, the mission planning and control station (MPCS), and the data link [18]. They
also need a launch and recovery system and maintenance equipment, but this chapter will
focus only on the operational part of the entire system. A generic UAV system is shown in

Figure 10.

TN

Adr vehicle

Data link
antenna

Figure 10. Generic UAV system. Source: [18].

1. Air Vehicle

UAVs are classified based on the size of the air vehicle.
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Very small UAVs: In the range of micro sized (30-50 cm), they usually fly like an
insect with flapping wings or like an aircraft with rotary wings. The CyberQuad is an

example of a very small UAV as shown in Figure 11.

3, — -

Figure 11. CyberQuad. Source: [19].

Small UAVs: Between 50 cm and 2 m, usually with fixed wings and hand-launched
by an operator. AeroViroment RQ-11 Raven is an example of small UAV, as shown in

Figure 12.

Figure 12. AeroViroment RQ-11 Raven. Source: [20].
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Medium-sized UAVSs: These vehicles are large enough to make it impossible for
one single person to carry but are still smaller than a light aircraft. Their size is typically
between 5 and 10 m and they offer a payload capacity of about 200 kg. Watchkeeper is an
example of a medium-sized UAV, as shown in Figure 13.

Figure 13. Watchkeeper. Source: [21].

Large UAVs: These are often bigger than a light manned aircraft. Their typical size
range is larger than 10 m. Such large aircraft usually have enough endurance to fly very
long distances away from their base for extended periods of time. Another consideration is
to have enough space to carry payloads such as large weapons or sensors. The Global Hawk
is an example of a large UAV, as shown in Figure 14.
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Regardless of the size, a UAV typically consists of the following subsystems:

o Airframe: The mechanical structure of the aircraft.

o Propulsion unit: The engine in charge of generating thrust.

o Flight controls: All the structure used to maintain aircraft stability.

o Electric power system: The energy source (i.e., batteries) that release

power for propulsion and for payload uses.

2. Payload

UAV payloads vary depending on the mission. Missions might include
surveillance, target designation, or attack. The payload is considered a sub-system because
it is completely independent of the other sub-systems, it is interchangeable between
different air vehicles (if the size allows) and it is usually the most expensive of the sub-
systems. For surveillance purposes the payload is usually composed of sensors such as
video cameras, IR cameras, and/or radar. If target designation is needed, the payload also
is composed of a laser designator, often a Moving Target Indicator (MTI), and more rarely
an Identifier Friend or Foe (IFF). Finally, for attack missions, we have to add the weapon
system, which might be a laser, a missile, or a rocket. Weapon systems usually need power

and cooling [18].

3. Mission Planning and Control Station

“MPCS, also called Ground Control Station (GCS), is the operational control center
of a UAV system where all the data from the air vehicle is processed and displayed. It is
composed of display consoles, video and telemetry instrumentation, communication
antennas, pilot and payload operation consoles, work stations, and power supplies” [18].
From MPCS, a mission planner can send the orders to the air vehicle and operate the

payload depending on the orders received from headquarters or the staff in charge.

MPCS sizes differ depending on the vehicle, the mission, and the communication

range. A station could be as small as a portable backpack that communicates by a remote
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control or a large headquarters very far away from the UAV that communicates by satellite

systems. A large MPCS is shown in Figure 15.
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Figure 15. Mission Planning and Control Station. Source: [18].

4. Data Link

Data link is basically the interchange of information between an air vehicle and the
MPSC at an assigned frequency. It has two phases: upload and download of information.
The uplink with a typical data rate of a few KB/s transmits the commands from the MPCS
to the air vehicle. The downlink with a typical data rate of 1-10 MB/s transmits the
information from sensors and flight status from the air vehicle to the MPCS to be processed

and displayed.

B. UAV EXAMPLES

The following UAVs will be considered for laser platform viability based on their

size, payload capacity, flight altitude, and endurance:

1. Amaru

Amaru is a UAV system developed by the Investigation and Development Center
of the Peruvian Air Force (CIDEP). It is an Intelligence, Surveillance and Reconnaissance

(ISR) UAV, which could be useful in natural disasters. It can obtain information in real
21



time from affected areas using an electro-optic camera and an infrared camera through its
high frequency transmission antennas [23]. Table 2 shows its characteristics and

performance. Amaru is shown in Figure 16.

Table 2. Amaru characteristics and performance. Adapted from: [23].

.. Wing Span 23 ft (7.01m)
Characteristics Length 17t (5.17m)
Performance Max Altitude 3,281 ft (1,000m)
Max Endurance 4 hrs

=
__UAVAMARU
FUERZA AEREA DEL PERU.

Figure 16. Amaru UAV. Source: [23].

2. Predator XP

The Predator XP is the latest UAV system with the Predator name from the General
Atomics Aeronautical company. It is designed to operate in many weather conditions such
as those found in the Middle East, North Africa, and South America regions. “It is equipped
with both Line-of-Sight (LOS) and Beyond-Line-of-Sight (BLOS) data link systems for
over-the-horizon operations. It may be integrated with many ISR sensors such as Electro-
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Optical Infrared (EO/IR) cameras and multi-mode radars” [24]. Table 3 shows its

characteristics and performance. Predator XP is shown in Figure 17.

Table 3. Predator XP characteristics and performance. Adapted from: [24].

Wing Span 55 ft (17m)
Length 27 ft (8m)
\I\//IVZ?(gﬁtross Takeoff 2550 Ib (1,157kg)
h isti -
Characteristics I/ o1 Capacity 595 Ib (270kg)
Payload Capacity 325 1b (147kQ)
Power Plant Heavily Modified Rotax 914
Turbo
Performance Max Altitude 25,000 ft (7,620m)
Max Endurance 35 hrs

Figure 17. Predator XP. Source: [24].

3. MQ-4C Triton

MQ-4C Triton is an ISR UAV made by Northrop Grumman company built on
elements of the Global Hawk UAV while incorporating reinforcements to the airframe and
wing. This vehicle is equipped with a mission sensor suite that gives a complete panoramic
coverage for all sensors. MQ-4C is able to descend in many weather situations to get a
closer view of the target, if needed. [25]. Table 4 shows its characteristics and performance.
MQ-4C Triton is shown in Figure 18.
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Table 4.  MQ-4C Triton characteristics and performance. Adapted from

[25].
Wing Span 130.9 ft (39.9m)
Length 47.6 ft (14.5m)
- Max Gross Takeoff
Characteristics Weight 32,250 Ib (14,628Kkg)
Payload Capacity 3200 Ib (1,452kg)
Power Plant Rolls-Royce AE3007H
Performance Max Altitude 56,500 ft (17,220m)
Max Endurance 24 hrs

Figure 18. MQ-4C Triton. Source: [26].

C. BATTERIES

Any laser weapon installed on a UAV will need to be power by batteries since the
available power on the platform will likely be insufficient to power the weapon.

1. Overview

The main components of a battery are an anode (the positive terminal), a cathode
(the negative terminal), and an electrolyte (a liquid that makes a chemical reaction with the
terminals). Once a circuit is built connecting the anode and cathode, it results in a chemical
reaction between the anode and the electrolyte. This enables the flow of electrons in two
directions: through the circuit and back into the cathode generating a further chemical

reaction. When the chemicals inside reach an equilibrium state they will no longer react,
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and consequently, the battery would not provide any electric current. For a rechargeable

battery, the chemical reaction can be reversed, returning the battery to a fully charged state.

2. Battery Examples

The following battery technologies will be considered for laser power source
viability and payload capacity based on their voltage, energy density, maintenance,

efficiency, safety and endurance.

a. Lead Acid Batteries

“Lead acid batteries are one of the most commonly used type of battery. Although
lead acid batteries have a lower energy density, only moderate efficiency, and higher
maintenance requirements than other battery types, they have lower initial costs” [27].
Lead acid batteries have been in use for more than 150 years, making this technology very
mature and reliable. There are different kinds of lead acid batteries, including flooded cells

and gel cells.

Flooded cells are the original type of lead acid battery and are still commonly used
for automobile starter motors. The flooded cells work using an electrolyte of liquid sulfuric
acid. They are the most economic lead-acid battery type in terms of cost per amp hour.
These cells are also the highest maintenance, requiring watering, charge equalizing, and

terminal cleaning.

In a gel cell variety, the electrolyte is suspended with a silica additive causing it to
set up or thicken. The ideal working conditions for gel batteries are in very deep cycle
applications, providing over a long period of time a constant amount of current. Gel
batteries may last a bit longer than flooded cells in hot weather conditions [28].

b. Lithium lon Batteries

A lithium-ion (Li-ion) battery uses ions of lithium as the vital component of its
chemical reaction. This kind of battery provides one of the highest energy densities among
any battery technology available today [29]. Li-ion batteries are also comparatively low

maintenance.
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However, Li-ion batteries tend to overheat over long periods of time, causing
damage at high voltage. Under particular conditions this disadvantage can lead to thermal
runaway. Li-ion batteries also have to deal with aging, meaning that after some years of
operation, they may suffer reduced performance or fail.

C. Lithium Iron Batteries

This is a newer, safer type of rechargeable lithium-ion battery. Its cathode is made
up of lithium iron phosphate (LiFePO4), and its anodes of carbon. This technology
provides improved thermal and chemical stability that results in better safety characteristics
than other non-phosphate cathode material lithium-ion batteries. “Lithium phosphate cells
are very stable under overcharge or short circuit conditions, they can withstand high
temperatures without decomposing” [30], and during charge or discharge period they are
incombustible in case of mishandling. Iron and phosphate are cheaper than other cathode

materials, so this kind of battery is more economical.

Table 5 shows a comparison sheet for the previous three technologies.

Table 5.  Battery technologies comparison table. Adapted from [31].
BATTERY MODEL | Flooded lead Acid Lithium-lon Lithium Iron
Energy Density (Wh/L) 70-110 200-330 200
Specific Energy (Wh/kg) 30-45 120-160 100
Regular Maintenance Yes No No

100% @20-hr rate

100% @20-hr rate

100% @20-hr rate

Efficiency 80% @4-hr rate 99% @4-hr rate 99% @4-hr rate
60% @1-hr rate 92% @1-hr rate 96% @1-hr rate
Average Cell Voltage 2V 36V 3.2-3.3V
Safety Stable Not Stable Stable

26




IV. ATMOSPHERIC EFFECTS

A ATMOSPHERE OVERVIEW

The atmosphere is divided into several layers, including troposphere, stratosphere,
mesosphere, and thermosphere. The most relevant difference between them is the change
of temperature with height. The temperature tends to decrease with height in layers where
air molecules have a high transmission to solar energy and increase with height in layers

where molecules absorb solar radiation [9]. Figure 19 shows the first four layers.
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Figure 19. Layered structure of atmosphere

The most relevant layer in terms of effects on laser weapons systems and UAVS is
the troposphere. The troposphere extends from the Earth’s surface up to approximately 8
to 18 km, depending on the latitude and season. This layer is the densest in the atmosphere.
Within this layer, the temperature decreases approximately linearly with altitude from

about 15 °C to -52 °C. Almost all weather and meteorological phenomena occur in this

region.
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The troposphere, in turn, has another layer generated by frictional interaction
between wind and the surface of earth called the boundary layer (BL). Its thickness depends
on the time of the day: during the day, thickness expands to about 1.5 — 2 km, while at
night it contracts to around 200 m. A relevant BL feature is its well-mixed nature. Thus,
the temperature, the water vapor mixing ratio, and the aerosol/pollutant number
concentration are all nearly constant with height within the BL. The first 50 meters above
the surface of earth is known as the surface layer. While the BL is well-mixed and has a
neutral rate of change, in the surface layer the amount of change with height can still be

significant.

B. PRINCIPAL EFFECTS
1. Absorption and Scattering

Absorption and scattering are two primary ways light from a laser beam can interact
with the atmosphere. When a photon encounters an air molecule or an aerosol particle, the
photon can be absorbed by the particle or be scattered in a random direction; in both of
these cases, some light is removed from the beam, reducing the power hitting the target
[33].

Those interactions will depend on the effective cross-section and number density

of the particles along the path. The cross-section is given by
o=m7Tr°,

where r is the effective radius of the air particle (where a larger r corresponds to a more
probable interaction). The number of particles is given by

N = n(Adz),

where n is the particle number density, A is the cross-sectional area where light is passing
through, and dz is a distance along the light beam path, as shown in Figure 20. The cross-

section for a single atmospheric species will be different for absorption and scattering.
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Figure 20. Photons scattering from particles represented by hard spheres of
radius r. Source: [32].

The probability of a photon interacting with a particle is equal to the ratio of the
scattered (and/or absorbed) power dP to the total power P in the beam. This ratio is equal

to the fraction of the cross-sectional area of the beam that is “blocked” by the particles

dP_ aN_ J
=" = ondz,

where the minus sign indicates that power is being removed from the beam. This

differential equation can be integrated to obtain a relationship called Beer’s law
P(z) = P(0)e~ /7,
where ¢ is the extinction coefficient
E=o0on.

The total extinction coefficient is due to contributions of absorption and scattering

from all the types of particles in the atmosphere. We can group these as:
E=am+f, +as+pB,

where a and S represent the absorption and the scattering, respectively, and a and m
represent the molecules (i.e., Oz, N2, H-0, etc.) and the aerosols (i.e., smoke, dust, and fog),

respectively. These coefficients, especially the molecular components, depend on the
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wavelength 4, making the extinction coefficient a function of the wavelength, as shown in
Figure 21.
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Figure 21. Atmosphere absorption and scattering spectrum. Source: [32].

It is relevant to note that the vertical axis of Figure 21 has a logarithmic scale,
meaning that the extinction coefficient can be orders of magnitude lower in some ranges
of wavelength (windows). This fact is essential for many applications, including directed

energy weapons. Most solid-state directed energy lasers operate in the wavelength window
centered near one micrometer.

2. Turbulence

Atmospheric turbulence can be understood as the contribution of many different
scales of motion. The largest are of planetary scale, which constitute most near-continent size
weather systems. Mesoscale systems are due to the medium-size atmospheric phenomena
such as tropical cyclones and massive thunderstorms. The smallest are the microscale flows,

which are mostly contained within the boundary layer and the clouds [32].

Microscale turbulence is characterized by small cells or “eddies” of air with random
variations of temperature and humidity, which in turn cause fluctuations of the density and
therefore index of refraction of the air. As a consequence, the rays of light traveling through

the air are perturbed, causing variations of phase across the wave front, as we observe in
Figure 22.
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Figure 22. Ray path perturbation due to turbulence. Source: [32].

Phase changes, when propagating through space, lead to changes in the intensity of
the light beam, which can lead to defocusing and breaking up of the beam as it propagates.
Microscale turbulence as it applies to visible and near-IR propagation is called “optical

turbulence,” and is especially prominent in the boundary layer.

As the complexity of representing this physical phenomenon with an exact
mathematical model is enormous, we instead describe the severity of turbulence using a
statistical parameter called the refractive-index structure (C2) function

([n(r) — n(r + An)J?)

2
Gy = |Ar|2/3

Here, n(r) is the index of refraction at point r, n(r + Ar) is the index of refraction
a displacement Ar away, and the brackets (... ) represents an ensemble average, as shown
in Figure 23. According to the Kolmogorov theory of turbulence, this parameter should be
constant over a wide range of length scales for a given set of atmospheric conditions.

: -
Figure 23. Eddie of air representation.
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Generally, values for this constant are approximately 108 m?3 for very weak

turbulence and 10** m? for much stronger turbulence [33], as illustrated in Figure 24.

Y dimension [m]
Y dimension [m]

-03 -0.3
-03 02 -01 0 0.1 0.2 -03 -02 -01 0 0.1 0.2
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Figure 24. Effect of weak turbulence (left) and strong turbulence (right) on
the laser spot on a target after propagating through the
atmosphere over a distance on 1 km. Source: [32].

The C2 value varies as a function of altitude, rapidly decreasing with altitude near the
surface.
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Figure 25. Hufnagel-Valley turbulence model. Source: [32].
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The refractive-structure parameter has been measured at numerous sites and
altitudes worldwide and parametric estimates are available. One commonly used model is
the Hufnagel-Valley model (see Figure 25), which estimates CZ as a function of height h
above the ground

WN\? o __h_ _h_h
C2(h) =5.94 % 10753 (ﬁ) h1%¢™1000 + 2.7 * 10~16¢ 71500 + Ae 100,

where h is height in meters, W is the high-altitude wind speed, and A is the C? at the
surface. Typical values for W is 21 m s=2 and for A is 1.7 x 10~** m~2/3, This particular

profile case is known as Hufnagel-Valley 5/7 or HV 5/7.

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, thus reducing irradiance on the target. Thermal
blooming is relevant at high output powers (= 100kW), but could be considered negligible
for UAV-based lasers.
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V. TARGET DAMAGE PHYSICS

This chapter will explain how temperature changes within a material over time due
to the heat flow generated by an electromagnetic radiation source such as a high energy
laser (HEL). This chapter will summarize chapter three of LTJG Carlos Romero’s thesis
[34], which explains the same concepts for a one-dimensional model. A three-dimensional

model will be discussed in the following chapters.

A. LASER HEATING OF MATERIALS AND CONDUCTIVE LOSSES

When the energy from any radiation source hits an object, this energy will be
partially absorbed according to the material properties of the object. The energy is
conducted as heat and flows from the surface into the material, generating an increase of
temperature through the material. This process is described by the heat-flow equation

dT(#,t)  k S(r)
LI G
dt PCp PCp

where T (7, t) is the three-dimensional, time-dependent temperature profile of the material,

k is the thermal conductivity of the material, p is the density of the material, c, is the

specific heat of the material, S(ﬁ is the source term of the target (power input per unit
volume), and V2T is the Laplacian of the temperature profile. In this case, the change of

phase is not considered yet and k, p, and c,, are considered constant within the material.

The source term depends on the irradiance applied to the target, the optical
absorption coefficient of the target, and the reflectance of the target. For metallic materials,
the energy is absorbed in the first few nanometers, so we will not consider the source
term beyond the surface (x > 0) [35]

A

where « is the optical absorption coefficient of the material, I is the peak irradiance

delivered by the HEL to the target, R is the fraction of the optical power that is reflected
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by the target, and x is the depth into the material. Here it is assumed that the shape of the

laser spot at the target is a uniform (“flat-top”) profile.

As mentioned before, the analysis in this chapter will be one-dimensional (where
the x-direction is into the target) and will also assume a semi-infinite slab of material. In

that case, we can obtain the following analytic solution of the heat-flow equation [35]

X

2VDtl

where T, is the ambient temperature of the air, D is the thermal diffusivity of the material

2al(1 —R)

T(x,t) =T,

VDt ierfc [

(D = k/pcyp), and tis the time. The function ierfc defined by [35] is

ierfc(x) = fooerfc(f)df,

X

with
fo(x) =1 —erf(x) = 1 ij‘tzdt
errc(x) = — ernx) = _— e ,
Vr Jy

and erf(x) as the error function.

For example, consider an aluminum target (k = 226 W/(m-K),p =
2700 kg/m?, ¢, =864.7]/(kg - K), a = 0.1 nm~" [36]), an incident laser beam with a peak
irradiance 1 = 100 MW/m?, and an ambient temperature of T,= 300 K. The results of a 1D

simulation of this engagement are shown in Figure 26.
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Figure 26. Temperature versus depth for an aluminum target illuminated
by a laser with a peak irradiance of 100 MW/m?. Melting
temperature T,,, is indicated by the horizontal black line.

Source: [34].

B. MELTING CONSIDERATIONS

Figure 26 shows us the exponential decay of temperature versus depth over time;
however, this model does not consider that when the material rises to its melting
temperature T, (933 K for aluminum, for instance) the phase changes and, consequently,

the material properties change. This melting process has to be taken into account for
realistic modeling.

In the case of a target engaged by a HEL, the irradiance on the target increases the
temperature of the (initially solid) material T, until it reaches T,,, when the change of phase
occurs, and the material begins to melt. The HEL continues heating the target, increasing
the temperature of the liquid material 7; and melting more of the solid material beneath it;
for our simulation, it will be assumed that the liquid material stays in place after it melts,
as shown in Figure 27. As a consequence, the phase interface X(t) moves further into the
material (downward in the figure).
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Figure 27. One-dimensional geometrical model of melting due to a laser
beam. Source: [34].

In order to incorporate the change of phase into the model, we have to establish an
additional boundary condition at the liquid-solid interface X(t). Initially, before
irradiation, the temperature of the solid region T is equal to the ambient temperature of the

air Ty, and the solid-liquid interface location is defined as X(t = 0) = 0.

At the liquid-solid boundary, the temperature is equal to the melting temperature of
the material T,,, (T; = Ts = T,,), and energy is conserved across the boundary such that
K, 6Tl§i, t) _k, aTS;;c, ) oL d};_gt)
where L is the heat of fusion (the amount of heat Q required to melt per unit mass), and Q
is the heat added to our system. This formula explains how energy is conserved during a
phase transition from liquid to solid: some heat goes into the solid material and the rest of
the energy initiates the phase change.

The analytical solutions for each phase (including the interface) considering the

previous boundary conditions for a one-dimensional model are as follows [36].

1. Liquid region (0 < x < X(t))

Al ax() 5
OO I
2Dk, [1 + 5
where A is the absorptivity of the material, and D is the thermal diffusivity of the material.
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2. Solid region (X(t) < x < )

Ts(x,t) = Ty — (T;y — T) {1 — €exp l_Dld);it) (x B X(t))l}

3. Liquid-solid interface x = X(t)

1/3 1/3
o= |-y by ad 12 L[ (25, & 12 Dym,
| 2 4 27 2 4 27 16AI’
with
mg = p[cp(Tm —Ty) + L],
_3Dfmg (192(AD%*t )
% = 956(an2\ " D;m2 '
D D?m3 [288A42I%t +t(18A212t+3Dlm§)
07 8A4I|256(AD2\ D;m? m '

Using the same conditions presented in Figure 26, we can plot the temperature
versus depth at different dwell times considering the change of phase. In Figure 28, we
can observe a kink at the melting temperature due to the phase change, resulting in an

abrupt change in the slope of temperature versus depth.

2000
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Figure 28. Temperature versus depth considering melting effects. Melting
temperature T,, is indicated by the horizontal black line. Source:
[34]
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VI. MODEL DESCRIPTION

The model for this project will be based on three-simulation codes: the atmospheric
extinction coefficients will be provided by the MODTRAN radiative transfer code, the
irradiance of the laser onto the target will be provided by the ANCHOR laser performance
code, and the resulting effects on the target will be determined using the COMSOL
Multiphysics code where we can build a more accurate 3-D model of heat transfer than the
1-D model we discussed in the previous chapter. The results will include graphs of the
temperature against the depth in the target for various dwell times using realistic laser

output powers.

A MODTRAN

Moderate Resolution Transmission (MODTRAN) is a radiative transfer code that
models the transmission of electromagnetic radiation across a range of wavelengths
through the atmosphere, as shown in Figure 29, taking into account absorption and
scattering due to molecules and aerosols. MODTRAN calculates extinction coefficients
within finite spectral bands. The atmospheric conditions incorporate a database of
transmission spectra for various molecular species: The High-Resolution Transmission
(HITRAN) database maintained by the Harvard-Smithsonian Center for Astrophysics.
MODTRAN was developed by Spectral Science Inc. and the Air Force Research
Laboratory, and it is widely used in the remote sensing community.
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Figure 29. Transmittance (effectiveness in transmitting radiant energy)
versus wavelength calculated by from MODTRAN. Source:

MODTRAN has several built-in presets for molecular, aerosol, cloud, and rain
models; however, these presets also can be replaced by user-measured values. The preset
options for reference atmospheres, as shown in Table 6, determine the temperature,

pressure, density, and mixing ratios for H,0, 05, CH,, CO and N,0. These atmospheres

[37].

represent various locations in the Northern hemisphere [37].

Table 6.  Reference atmospheres for MODTRAN referenced to Northern
Hemisphere locations. Source: [37].

MODEL ATMOSPHERE LONGITUDE | TIME OF THE YEAR
TROPICAL 15 deg. N ANNUAL AVERAGE
MID-LATITUDE SUMMER 45 deg. N JULY
MID-LATITUDE WINTER 45 deg. N JANUARY
SUB-ARTIC SUMMER 60 deg. N JULY
SUB-ARTIC WINTER 60 deg. N JANUARY
US STANDARD NA 1976

The aerosol models in MODTRAN are established for regions that have typical
aerosol sources. Those regions are defined as rural, urban, desert, and maritime

environments [37]. For high altitudes, the aerosol composition is assumed equal whether
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over sea or over land. The aerosol composition also changes between vertical layers of the

atmosphere. The modeling of aerosols is provided by two functions:

e The accurate representation of the chemical and physical properties of the
aerosol particles, to account for their optical properties, e.g., the complex

refractive index.

e The accurate representation of the vertical distribution of the aerosol

particle number concentration in the atmosphere.

B. ANCHOR

ANCHOR is a scaling code developed by the NPS Physics Directed Energy Group
which uses inputs from atmospheric codes and databases such as MODTRAN and laser

output parameters to estimate the irradiance of the laser beam on the target.

This code, as we will see in the equations below, takes into account the effects
caused by diffraction of the light, platform and target jitter, atmospheric extinction,
turbulence, and thermal blooming. However, the thermal blooming effect is not considered

for our purposes for the reasons explained in Chapter IV.

To calculate the irradiance on the target, ANCHOR uses the following formula
[38]

Pe—fe(z)dz
(I = <—2> St)

TTWeot

where (I) is the irradiance onto the target averaged over time, P is the laser output power,
€(z) defines the coefficient of extinction along the beam path, S,z represents the thermal
blooming Strehl ratio, and w2, is the spot size at the target. As mention before, thermal

blooming will not be taken into account for this simulation, so we will assume Sz = 1.
The spot size at the target is defined as [38]

2 2 2 2
Wiot = Wqg + Wi + wy,
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where w, is the diffraction contribution, w; is the jitter contribution, and w; is the

turbulence contribution. Those contributions are calculated using the equations [38]

L (27R
Wa =M (nD )'
W] - HRMSR'
2AR
Wt i
Ty

where M2 is the quality factor of the laser beam (>1 for non-ideal), R is the range of the
target, D is the diameter of the laser beam at the beam director, A is the wavelength of the
laser beam, 6y is the angular variance due to jitter, and r, is the Fried parameter
(diameter over which the beam maintains transverse coherence throughout the propagation
length). For the case of constant refraction structure parameter, €, (see Section 2 of

Chapter 1V), the Fried parameter for a focused beam is calculated as

/16/5
To = 0.33 <W>
For simulation purposes, we will use the Hufnagel-Valley 5/7 (HV 5/7) turbulence

profile explained in Chapter IV.

C. COMSOL MULTIPHYSICS

COMSOL Multiphysics is a simulation platform created by the COMSOL Group
company in July 1986 in Stockholm, Sweden. It is used by scientists and engineers from
many research fields to model and analyze the behavior of particular systems, incorporating
many physical effects including mechanics, electromagnetism, heat transfer, and fluid
flow. Various steps are required for the COMSOL modeling process, as we will show in
the following sections, including: defining the geometry; specifying material properties,
boundary conditions, and the physics equations to be used; setting up the mesh; and running
the simulation. The user can decide how COMSOL presents the results, including 2-D or

3-D graphs, animations, etc.
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COMSOL Multiphysics consists of various different modules such as a heat
transfer module, an electromagnetism module, an acoustic module, etc., each of them with
their own capabilities to model particular aspects of a system. For our purposes we will use
the heat transfer module to study how heat flows into a target, and to study how much of

the target is melted as it irradiated by a laser.

1. Defining Geometry

After creating a new component, the first step is to build the geometry from the
model builder specifying its dimensions and orientations. There are various geometries that
could be selected; COMSOL also allows the user to import geometries from other
programs. Figure 30 shows a cylinder geometry of 5 cm radius and 5 cm thickness from

the model builder.

Model Builder ~* Graphics
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Figure 30. Cylinder geometry of 5 cm radius and 5 cm thickness from the
model builder.
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2. Specifying Material Properties

The next step is to define the material that our target will be made of; to do so,
COMSOL has an extensive library of materials. This library depends on which module of
COMSOL is in use. Figure 31 shows the aluminum material selection from the model

builder.
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Figure 31. Aluminum material selection from the model builder.
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3. Boundary Conditions

Then it is necessary to specify the boundary conditions. As Figure 32 shows, we
selected the top region to deposit the laser beam energy. We also selected the top, sides

and below region as thermal insulators to not allow heat to flow beyond those regions.
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Figure 32. Boundary conditions selection.
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4. Specifying the Physics Equations to be Used

This step is where we tell COMSOL what to do with our material; i.e., what will
happen to our target under some physical conditions. COMSOL is already equipped with
a library of equations for each physics phenomena; however, we can modify those
equations as needed. Numerical values are required to fill out the equations. As with the
materials library, the physics section depends on the COMSOL module in use. Figure 33
shows how we build a model for heat transfer from a laser beam with a uniform intensity
of 100 MW/m? and a spot size radius of 12 mm hitting our aluminum cylinder (5 cm
radius and 5 cm thick). For the thermal properties of aluminum, its melting point is set at
933 K, the latent heat of fusion is 397 kJ/kg, and the rest of the parameters (thermal

conductivity, density, etc.) are taken from the materials library.
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Figure 33. Heat transfer physics selection for a laser beam of irradiance
100 MW/m? and spot size radius of 12 mm hitting an aluminum
cylinder of 5 cm radius and 5 cm thickness considering a
change of phase at 933 K and a latent heat from solid to liquid
aluminum of 397 kJ/kg.
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5. Results

Finally, we compute the model to get a numerical temperature profile as a function
of time. We can plot this information in any number of ways; for example, Figure 34 shows
a 3-D cross-section of the temperature profile of the aluminum target after 80 seconds of

illumination.

Graphics  Convergence Plot 1 -1
@@l LrikkkcoMBED Mo em
Time=80s Surface: Temperature (K) 2

0.8

Figure 34. 3-D presentation of laser beam of irradiance 100 MW/m? and
spot size radius of 12 mm hitting an aluminum cylinder of 5 cm
radius and 5 cm thickness.

D. COMSOL MODEL VALIDATION

An analytical 1-dimensional treatment of target melting was discussed in Carlos
Romero’s thesis [34]; that 1-D model was built with MATLAB (see Figure 35). A summary
of this 1-D model is given in Chapter V.

Romero’s model assumes a semi-infinite 1-D geometry with aluminum properties
for the target irradiated by a 100 MW /m? peak irradiance; it includes the effect of phase
change from a solid to a liquid as discussed in previous chapters.
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Figure 35. Temperature versus depth at different dwell times from

MATLAB Romero’s results for a 1-D semi-infinite target
geometry irradiated by a 100 MW/m? laser beam.

Our model, on the other hand, uses a 3-D aluminum cylinder geometry with a radius
of 5 cm and a depth of 5 cm irradiated by a 100 MW /m? peak irradiance beam with a spot
size of the same radius of the cylinder (5 cm), as we can see in Figure 36. The plot includes
melting effects as well. Results are show in Figure 37. By making the spot size the same
as the target radius (and specifying insulating boundary conditions), our 3-D COMSOL
model approximates 1-D behavior; therefore, we can compare its directly to the analytical

model described in Romero’s thesis.
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Figure 36.  Aluminum cylinder geometry with a radius of 5 cm and a depth
of 5 cm irradiated by a 100 MW/m? peak irradiance beam with
a spot size of the same radius of the cylinder (5 cm)
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Figure 37. Temperature versus depth at different dwell times from
COMSOL results for a 3-D aluminum cylinder target geometry
irradiated by a 100 MW/m?. The vertical line shows position of

the change of phase after 1.2 seconds.
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The melt depth in this model is shown by the phase change, in Figure 37 this effect

is shown by a kink in the plot lines.
We can observe two relevant differences between the plots:

e Slightly lower temperatures predicted on the surface from the 3-D
COMSOL model after 1.2 seconds of illumination.

e Slightly less melt depth after 1.2 seconds predicted by the COMSOL model,
(around 0.4 cm) in comparison to the 1-D analytic result (0.5 cm).

The results from both models are in otherwise good agreement.

In a more realistic case where the spot size is much less than the target, heat will
diffuse in a three-dimensional manner into the surrounding material. We expect the melt

depths to be greatly reduced due to this effect than a simpler 1-D model would predict.

E. INTEGRATED DIAGRAM

The diagram presented in Figure 38 illustrates the procedural flow of our simulation
with its inputs and outputs from: external data (dark purple) and its codes (blue); and its
results (green), where the Hufnagel-Valley 5/7 model and MODTRAN provide the
atmospheric parameters for turbulence and extinction respectively; the ANCHOR model is
fed by those atmospheric parameters and laser parameters, including beam director size
and laser power. ANCHOR provides two outputs: peak irradiance and spot size of the laser
beam at the target. Those outputs are used by COMSOL together with the target material
properties to model heat flow and finally obtain a result represented by a plot of

temperature versus melt depth for different dwell times.

Material

Turbulence .
HV 5/7 properties
Extinction Irradiance CoMEOL Melt Depth DWELL
TIME
MODTRAN Spot size

Figure 38. Simulation research integrated diagram.

ANCHOR
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VIlI. SCENARIOS AND PARAMETERS

In this simulation, we will try to engage a small watercraft transporting a huge
amount of cocaine that is trying to pass over the 200-mile limit to international waters. The
maximum speed of the boat is 35 knots. Our goal will be to stop it by disabling the engine
from a laser based on a UAV with no collateral damage to cargo and/or personnel on
board. To do so, we need to select a HEL from Chapter Il consistent with our previously
discussed scenario. Later, we will estimate the total weight of the laser system, including
the laser components (gain medium and cavity), the beam director, the thermal
management system (cooling), and the power supply system (batteries). On the basis of
those results we can establish the most suitable UAV platform from Chapter I11. Finally,

we will establish the target parameters and the atmospheric conditions for our engagement.

A HIGH ENERGY LASER

From the discussion in Chapter 11, it was established that a solid-state fiber laser is
the best option for our purposes. It is more compact at the same power output compared
with the other lasers, its magazine is limited only by available electrical energy, and it has
favorable characteristics for propagation in maritime environments. Our solid-state laser
will have the following properties: an output power of 10 kW, 25 kW, or 50 kW with a
uniform beam shape, a beam quality M2 = 1.5, an angular variance due to jitter Oz =

5 prad [37], a beam director diameter of 20 cm, and a wavelength A = 1.064 pm.

B. ENERGY STORAGE CAPACITY

In this simulation, we will consider 15 min as the maximum time that the solid state
laser can operate, for one or several engagements. The corresponding energy storage
needed will be calculated from the following equation

Pt
ES -

n
where E; is the energy storage capacity in joules (J), P is the laser output power in watts

(W), tis the maximum lase time in seconds (s), and 7 is the laser efficiency (assumed to
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be 0.25). Thus, for a 25 kW laser operating for 15 minutes, we require this much energy

storage

o _ (25X 10°W) (90055)

With the required energy storage established, we have to calculate the weight of
the batteries needed to store that amount of energy; it will be calculated from the

equation
Eg = SE X Wgs x 3600 s/h,

where Ej is the energy storage, SE is the specific energy of the battery in watt hours per

kilogram (Wh/kg), and W is the energy storage mass in kilogram (kg).

Rearranging the equation to get the weight of the energy storage yields

Wygs = Es
ES ™ SE x 3600 s/h’

For this estimate, lithium-ion batteries will be used. Table 5 provides the specific
energy of Li-lon batteries: SE ~ 120-160 Wh/kg. Thus,

90 x 10° Ws

Wh S

Wgs = ~ 210 kg.
C. TOTAL SYSTEM WEIGHT
The total system weight for a HEL weapon can be calculated from the equation
Wror = Wpp + W, + Wgs + Wry,

where Wrr is the total weight, W, is the beam director weight, W, is the laser weight,

Wi is the power supply weight, and the Wy is the thermal management system weight.

Each of the terms in this equation, except Wgp, will scale approximately linearly
with the laser output power; Wy and Wy will also depend on the laser efficiency. Also,
as described in the previous section, Wygs will depend on the maximum laser operating

time.
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The weight of a typical beam director, for instance the MZA Othela (which has a
30 cm aperture), is Wgp ~ 225 kg [42]. The weight of the laser system itself can be
estimated using 5 kg/kW [43]; i.e., for a 25 kW laser, W, ~ 125 kg. The weight of the
energy storage system was discussed in the previous section. The weight of the thermal
management system, for a 25 kW laser with 25% efficiency, can be estimated as
Wy ~ 750 kg [40]. Thus, for this example, the total system weight would be

Wror ~ 225 kg + 125 kg + 210 kg + 750 kg = 1310 kg.

D. PLATFORM

The UAV we will consider will be a MQ-4C Triton, discussed in Chapter llI,
operating at various altitudes from 500 m to 10 km. The maximum payload of this
platform is 1452 kg so from the previous calculation it could carry our 25 kW laser.
Nowadays, there are a few UAVSs that have a payload capacity greater than 2500 kg, such
as the Heron TP (payload capacity ~ 2700 kg) and the Predator C Avenger (payload
capacity ~ 2948 kg) [41], so these platforms may be able to carry a larger 50 kKW laser.

Government's
Exhibit

18CRO421-BEN
3A

Figure 39. Drug trafficking watercraft captured in Ecuador with more than
$28 million worth of cocaine onboard. Source: [38].
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E. TARGET

A typical drug trafficking watercraft is presented in Figure 39. Its main
characteristic, or at least the most important for our purposes, is the three outboard motors.
These motors represent a vulnerable area of the craft and make attractive targets for a laser
weapon. Most outboard motor materials are aluminum with a fiberglass polyester resin
composite dome cover on the top. The fiberglass dome is only about 2 mm thick and will
otherwise be ignored for estimating dwell times. The bulk aluminum in the motor is about

3 cm thick [33]. Table 7 shows some important aluminum parameters.

Table 7. Target material parameters. Adapted from: [33].

Material
Parameter .
Aluminum
Density (p) [kg/m3] 2700
Melt Temperature (T;;,) [K] 933
Latent Heat of fusion (L) [J/Kg] 3.97x10°
Thermal conductivity in solid state 296
(ks) [W/m-K]
Thermal conductivity in liquid state 92
(ki) [W/mK]
Operation Temperature (Ty) [K] 360
Absorptivity (A) 0.202
Thickness [cm] 3
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F. ATMOSPHERIC CONDITIONS

The atmosphere parameters will be taken from a MODTRAN model, with these
specifications: tropical environment, 23 km of visibility, and maritime aerosol profile. We

will assume a sea level temperature of 300 K.
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VIIl. MODEL RESULTS

By running the ANCHOR code with the specifications described in Chapter VIII,
we obtain two plots: a peak irradiance plot and a spot size plot, both versus cross range to
the target for various UAV platform heights. Those values are needed to establish the most
effective tactics for the engagement from our UAV, such as desirable platform heights and
ranges, and then to calculate the required dwell times for target damage using the
COMSOL model.

A SPOT SIZE VERSUS CROSS RANGE

As mentioned in the previous chapter, the spot size is a turbulence-dependent
variable that indicates the radius of the laser beam on the target. The spot size does not
depend on the output power for our case since we are ignoring thermal blooming. Figure

40 shows the plot for the spot size versus cross range for various platform heights.
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Figure 40. ANCHOR results for spot size versus cross range from the
target for various platform altitudes.

The general trend is that the spot size increases with height and cross range due to

the beam traveling more distance through the atmosphere. Furthermore, since turbulence
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is greater at low altitudes (see chapter 1V), we can observe an intersection point for the
H, =500 m and 1500 m curves at a cross range about 5000 m; beyond that, it is slightly
better to be at the higher altitude—even though the beam has to travel through a greater

distance, it is through a region of lower turbulence (on average).

B. PEAK INTENSITY VERSUS CROSS RANGE

The peak intensity is the amount of power per unit area that reaches the target at its
peak value (i.e., in the center of the beam for a Gaussian profile). It is important to note
that the peak intensity is not only turbulence-dependent but extinction-dependent as well.
The peak intensity, unlike the spot size, does depend on the output power of the source, so
in the following graphs it will be presented for various output power values. Figures 41,
42, and 43 plot the peak intensity versus cross range for 10 kW, 25 kW, and 50 kW laser
output power, for various platform heights. Even though the laser power selected in the
previous chapter was 25 kW to fit within the payload capacity of the MQ-4C Triton, we

show these other output powers to analyze a broader spectrum of capabilities.
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Figure 41. ANCHOR results for peak intensity versus cross range from the
target for various platform altitudes for a 10kW output power
laser.
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Figure 42. ANCHOR results for peak intensity versus cross range from the
target for various platform altitudes for a 25kW output power
laser.
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Figure 43. ANCHOR results for peak intensity versus cross range from the
target for various platform altitudes for a 50kW output power
laser.

As we can observe, the shapes of the plots are the same because the atmospheric
conditions do not change; however, the magnitude of the peak intensity (the vertical axis)
increases with laser output power. Another important result is that the peak intensity
decreases more rapidly versus cross range at the lowest altitudes; this is due to the laser
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beam having to pass through more of the region of high extinction and turbulence. For
example, we can observe that for a 25 kW laser at 500 m (the blue curve in Figure 42), the
laser beam will have a peak intensity of approximately 4 x 108W/m? if it is emitted
directly above the target, whereas it will have a peak intensity of around 3 x 10° W/m? if

it is emitted at a cross range of 10 km from the target.

C. TACTICS OF THE ENGAGEMENT

In light of these results, to avoid the significant decrease of peak intensity at long
cross ranges and high-altitude engagements, we will consider cross range of 500 m, 1 km,

and 2 km range away from the target, and platform heights up to 1500 km.

D. DWELL TIME

Tables 8, 9, and 10 show the plots of temperature in kelvin versus melt depth in
meters obtained from the COMSOL model for a 10 kW, 25 kW, and 50 kW power laser at
500 m and 1500 m height, and at 500 m, 1000 m, and 2000 m of cross range. The melt
temperature for aluminum is represented by the horizontal black line in our plots. The
various colored curves correspond to different dwell times, as indicated by the legend.
Thus, the required dwell time to melt through 3 cm of aluminum can be determined from
these plots by observing which colored line intersects the black line on the far right side of
the plot. For instance, consider the upper left plot in Table 9 (25 kW laser, 500 m height,
500 m cross range); for that case, the black line intersects the red curve at r = 0.03 m, so
according to the legend it would take the laser approximately 180 s to melt through 3 cm

of aluminum from that range and altitude.

It is important to note in our COMSOL modeling we are not considering
vaporization of aluminum (a second change of phase) so the plots that exceed the
temperature of 2750 K (boiling temperature of aluminum) will not be considered for our

conclusions.
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Table 8.

10 kW laser output plots of temperature (K) versus melt depth (m)

at different ranges and heights.
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Table 9.

25 KW laser output plots of temperature (K) versus melt depth (m)

at different ranges and height.
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Table 10. 50 kW laser output plots of temperature (K) versus melt depth (m)

at different ranges and height.

500 m height and 500 m cross range 1500 m height and 500 m cross range
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Table 11 shows a summary of the previous tables and shows the dwell times at

different laser powers, ranges, and heights.

Table 11. Dwell times for 10 kW, 25 kW, and 50 kW power laser at different

ranges and heights

10 KW power laser

Height/ Range 500 m 1000 m 2000 m
500 m 480 s 495 570s
1500 m 505s 510s 550's
25 kW power laser
Height/ Range 500 m 1000 m 2000 m
500 m NA 180 s 210s
1500 m 190 s 205s 215s
50 kW power laser
Height/ Range 500 m 1000 m 2000 m
500 m NA NA 100s
1500 m 90s 88 s 92s

From Table 11 we can see that for a given laser output power, the dwell time does
not vary much with platform height and range, so we can establish an average dwell time
for each laser output power:

e 10 kW ~ 8 — 9 minutes.
e 25kW ~ 3 —3.5 minutes.
e 50 kW ~ 1.5 minutes.

As expected, a greater laser output power results in a shorter dwell time; i.e., less
time to disable an engine. Note that these are all quite long dwell times; however, they are
all within the capacity that we assumed for our energy storage system (total lasing time of
15 minutes). Also, the small boat target would take more than a few minutes to reach the
larger supply ship outside Peruvian maritime domain, and the UAV platform should be
able to keep up with and track the boat for an extended time, and continuously apply laser
energy on the target. We also have to consider that our model is limited because it does not
account for the evaporation of the aluminum and also assumes that the liquid aluminum
remains in place. This means that in this model, the heat from the laser must pass through
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the liquid layer before reaching the solid layer, and some of the heat also gets absorbed by

the liquid. The net result is that this model will overestimate dwell times.

Furthermore, our COMSOL model assumes the melted aluminum pools in place.
In reality, the melted aluminum would flow (due to, e.g., gravity), exposing solid aluminum
to the laser beam. This will reduce dwell times, so the times presented here should be

considered conservative estimates.

Other vulnerable areas of the fast boats that can be potentially hit by a HEL beam,
such as the fuel supply lines (5 mm of rubber [34]), were not considered. However, we can
presume that such “softer” targets would require much less dwell time than aluminum,

considering the materials parameters and the thickness of the targets
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IX. CONCLUSIONS

The interdiction of fast boats from a UAV equipped with a high energy laser is
feasible as long as the platform can carry a payload of about 1300 kg (for a 25 kW laser).

The engagement time required to disable a fast boat will depend on the laser output
power mainly; it has a much weaker dependence on range and height (as long as both are
within 1500 m). Our results show that for a 10 kW laser, a dwell time of more than 8
minutes is needed, whereas for a 25 kW laser, a dwell time of more than 3 minutes is
needed. More powerful lasers would significantly reduce the dwell time, as the 50 kW laser
required a dwell time of about 1.5 minutes, but that may increase the payload beyond the
capacity of current UAVs. Improvements in laser or battery technology could enable more

powerful lasers to fit on UAVS.

Targeting other vulnerable areas such as fuel supply lines will reduce the
engagement time, but this was not considered due to limitations in our COMSOL model,
so this is an area of potential future research. The model could also be improved to include
a second phase change (vaporization) which could lead to more optimistic results, even for

aluminum targets.
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