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ABSTRACT

With conventional weapons nearing their peak capability, the nedédntfy alternative

war fighting solutions suggests a look at Directed Energy Weapons (DEWéyoal is

to change the means by which warfare is conducted to improve operational efficiencies
and overall effectivenessThe Naval Postgraduate School SgsteEngineering and
Analysis (SEA19B) Capstone project team examined how existing directed energy
technologies can providgerformance across multiple wandaarea domains and mission
sulsets for the U.S. Navyrhe aim was tadentify and characterize theapability gaps

with conventional weapons systemspgucea coherent vision of naval missions that
incorporate DEWSs, and generate a roadma@idEW fleet By conducting a thorough
Analysis of Alternativedased on system performance, integratsuhedile, and cost,

the project team identified that the Tactical Laser System (with a laser beam power of 10
kW) provided the best overall capability to defend surface combatdiitsugh none of

the analyzed DEWSs have the capability to replace a current miowal weapon The

Active Denial System (microwave) provided a niche capability in the -Anti

Terrorism/Force Protection mission set.
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EXECUTIVE SUMMARY

With conventional weapons nearing their peak capability, the need to identify alternative
war fighting solutions suggests a look at Directed Energy Weapons (DEWéyoal is

to change the means by which warfare is conducted to improve operational @fgien
and overall effectivenes©EW technologies have been pgwdd by runaway budgets
and subptimal performancevithout the emergence of an operational systeithis the
purpose of this project to examine how mature directed energy technologie®wiae pr

the U.S. Government withf@eturn on investmentandfiadded valuéin the near term.

The Naval Postgraduate School Systems Engineering and Analysis Cohort 19
Team B (SEA19B) Capstone project team examined how existing directed energy
technologiesan provideperformance across multiple warfare area domains and mission
subsets for the U.S. NavyThe aim was todentify and characterize the capability gaps
with current conventional weapons systenredpcea coherent vision of naval missions
that ircorporate DEWSs, and generate a roadmap foDEAN equipped fleet To
accomplish thistask SEA19B developed a custom metadel using the Global
Information Network Architecture (GINA) environment, adapted the Map Aware Non
uniform Automata (MANA) simulatio tool to simulate DEWSs, and conducted a Monte
Carlo simulationof multiple combinations of weapons and threats to be simulated in a

single sequence of engagements

GINA is a softwaremetanodeling environment that allows users to describe
system of system$ehavior semantically in lieu of coding softwarthis ability is
achieved through a reflexive modeling paradigm that isdas€ribing and incorporates
predefined relationship constructs which exist in the environment of project Tata
flexibility through relationships provides a significant advantage over the conventional
object orientation paradignof software development by mefining a finite set of
relationship types between objects that can be extrapolated to represent any relationship

betweerobjects of all types and kinds.

XXVil



The reflexive nature of the GINA semantic descriptions and the ability of GINA
to leverage inherent relationship constructs in GINA allowed -38B. to build an
engagemententric model, that described relationships betwamagements, threats,
weapons, environments, weapon platforms, warfare areas, and misBEm@nsGINA
model (herein referred to abke fimodeb) was fully traceable, built on an iterative
mapping method that linked the Na@wyJUniversal Naval Task List (UNTLp Required
Operational Capabilities (ROC) and Critical Capabilities Requirements (CCRs), and
representative of SEA9BGs tailored Systems Engineering procelise consequence of
building the GINA model was that SEPOB gained the ability to conduct credsmain
comparisons of weapon technologies in the context of engagements, missions, warfare
areas, and environments in technology agnostic teffhe result was a means to
construct and make a quantitatively and qualitatively objective comparison of DEWSs an
conventional weapons with a custom user interface to view and navigate the model data
and resultsExternal statistical analysis was then conducted using Minitab 16 to provide
meaningful graphs of the raw data, modeled relationships, and complex object

interactions in order to draw conclusions about DEW performance in various contexts.

The GINA model was deterministic in nature, using phyb&Esed equations
implemented through external calculation software, written by -$€. with the
Microsoft .NET Framnework Integration of these external software programs into GINA
was straightforward via the custom GINA model content manager built by Big Kahuna
Technologies, LLC (the developer of GINA). Because of the GINA nisdel
deterministic nature, two stochastimsilations wereusedto gain further insights about
potential concepts of operations (CONOPS) for DEW employment, DEW effects on

shipboard survivability, and weapon combinations in multithreat environments.

SEA-19B developed a method of translating norhiengerage times for Type |
Engagements (traditionathard killb engagements) at static ranges for targets into
probability of kill for a static range using MANAVMANA is an agenbased simulation
tool developed by the New Zealand Defense Force originalty ground combat

simulations MANA has since been adapted to nearly every other type of conventional
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warfare, but to the knowledge of SEI®B and the NPS SEED Center not for DEW
applications that need to accumulate energy to show damage effects as tearDE b
tracks moving targetdMANA was then able to use that data to interpolate between a set
of static ranges and probabilistic data to simulate DEW engagements, using a system of
flife pointsd and idamage memory,in which energy gets accumulated on thrgea in

discrete packets based on a given range and the original time for a Type | Engagement at
that range Using this method of discrete packet damage accumulation on the target, we
simulated a DEW engagementhese simulations provided insights into gudtal
CONOPS for DEW employment on a surface combatant and illustrated the value of
multiple platforms applying DE beams for defense against swarmsitaardene@

moving targets.

SEA-19B built a Monte Carlo simulation in Excel to accommodate multiple
wegpons per agent in a straightforvard mannémereas, MANA was not easily
configured to handle multiple combinations of weapons and threats to be simulated in a
single sequence of engagements based on the same physics principles behind the GINA
model, the Mnte Carlo simulationvas used for the multiple combinations of weapons
and threats The Monte Carlo simulation allowed SEWB to gain insights into the
interactions between multiple weapon systems and the effect of DEWs on shipboard

survivability.

In addtion to modeling and simulation, SEPOB conducted a cost analysis of the
identified alternatives, as well as evaluated the shipboard integration aspects of each
system type with respect to the DEBG class destroyer platforrmgead of conducting a
totd life cycle cost calculation, the objective was to determine and estimate the
integration costs, as well as to ascertain the implementation cost of select directed energy
technologiesAfter determining the baseline costs, the scope of the project tiosates
work was decomposed into smaller discrete components, whereby all requairied
breakdown structureWBS) subelementswere identified For each systemthe cost
estimate wasgalculated by analogfwith like-kind systems)and based on a cost facor

approach(a baseline costing figure is decomposed and reconciled with known aggregate
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project data that is applicable to the task at hamdterms of shipboard integration, the
assessment examined primarily size, weight, and power (SWaP) consideideap®ns
coverage and the level of integration with current combat systems were also examined

but played a smaller role than the SWaP considerations.

By conducting a thorougAnalysis of Alternativedased on multiple stakeholder
perspectives with respetd system performance, integratiosgchedule,and cost, the
project team identified that the Tactical LASER System (with a LASER beam power of
10 kW operating at 1.6 micron wavelength) provided the best overall combination of (1)
capability to defend suate combatants in the near term and (2) cost/schedule to
purchase and integrate the systafthough none of the analyzed DEWs have the
capability to replace a current conventional weapoAdditionally, the Active Denial
System (operating at 95 GHz radiax) was identified as the best option when looking at
Cost as an Independent Variable (CAIVJhe Active Denial System (100 kwW
microwave) provided a niche capability in the Ah&rrorism/Force Protection (AT/FP)

mission set which currently lacks a nlethal standoff weapon.
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l. INTRODUCTION

Even today the mere concept of directed energy weafiRifé/) seems cuttig
edge and carries with it a bit of a science fiction undertdoeever, in reality the idea is
not new and has been the subject of research for quite somé&wemebefore the time of
Christ, Archimedes experimented with the premise of directed enEingyugh an array
of mirrors he concentrated sunlight in an attempt to set ablaze the ships of the invading
Roman fleetlt is justifiable to credit him with constructing the first primititegeath rag
in 212 BC during the siege of Syracu@#IT 2.009ers2005) More recently,Nikola
Tesla spent nearly 30 years working with charged particle beams, studying their
characteristics of projection througipen air He first published his work on directed
energy in 1934Tesla Invents Peace Ray 201¥¢ars laterduring the height of the Cold
War, the Soviet Unionconducted experiments on the effects twgh intensity
electromagnetic (EM) radiation on people at least as early as. T9#8 Soviets
determined that a relatively smalmount of power at microwave fregencieswas
required to make people physicallylly exposureo EM radiation(Mcree 1980)In the
roughly 40 yearssince, countless research and development (R&D) efforts related to
DEW have been conducted by various nati@amsundthe globe As a whole the
combined efforts of various programs over a sparB®fears have resulted i0.S.
government, as well as private, spending totaling in the billidosdate,no resulting
fiprogram of record has been initiated in the United StatBkany promising cocepts
have been evaluated and their respective prototypes built; however, the idea of applying
directed energy to warfare seems to have achieved little traction in proportion to the

money spent.

It should be noted that throughout this reptre termsDE and DEW are both
heavily utilized For the sake of clarificatignDE refers to the entire gamut of
technologiesthat makeup Directed Energy from beams suchLASERs and plasma
weapons to area effect technologies such as -pogiered microwaves and
electronagnetic pulse bombs, to techwogies that appear more likeconventional
weapondlike the rail gun When DEW is used, it refers to a specific Directed Energy



Weapon system like the ASER Weapon System (LaWS)r Active Denial System
(ADS).

A. PROJECT TEAM

The Systems Engineering Analysis (SEA) Cohort 19 TeanSBA 19B) project
team wa compised of 23 officers and defense professionals from the United States,
Taiwan, Israel, and Singapor€he varied backgrounds, cultures, and mindsets of our
teamwere essentil to the overall success of the projethe Surface Warfare Officers
composedthe majority of the SEA9B members all having similar professional
experiencesThe addition of personnel from Taiwan, Israel, and Singapore from different
branches of the riiary and civilian professions incorporated viewpoints molded by
uniguedifferences inprofessional and cultural experienc@&bese individual viewpoints
contributed an equally valued approach to achieving our objectives and tpoaigyhout

the project

The team wa organized into various roles that incldderoject Leader, Lead
Systems EngineelSE), Speaker, Modeling Lead,emasek Defence Systems Institute
(TDSI) Lead, and Teankngineers The Project Leadeworked on the integration task
andwas respasible for the overall management of the tgavhich includel scheduling
team meetings, monitoring the progress of the project, serving as a liaison between the
team and faculty advisors, and allbong assignmenjs The Lead SE waresponsible for
managiig the overall SE process of the project and served as the chief editor of this thesis
paper The Speaker lththe distinction ofpresentingall briefs in addition to being
knowledgeable of all facets of the project gradticipating in all tasks spanningettSE
portions to modeling. The Modeling Leadwas responsible for managing the
development, execution, and analysisadif computermodels and simulations of the
project as well asheadng the group ofengineers who built théour modelsand two
simulatiors. The TDSI Leadhad duties that paralleletie Project Leader iterms of
managingthe TDSI studentsind their assignments for the various Team taskam
Engineers workd on all areas of the project from SE portions to Modelihgam
Engineerduties intuded research, writing, editing, conducting stakeholder interviews,

and accomplishing tasks as assignethieyProject Leader, Lead SE, or TDSI Lead
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Table 1 contains a list of the team members, their roles on the project,reefid b

professional backgroundagth the number of yead®xperience in that area

Tablel. Capstondroject Team
Last First Rank Title Curriculum Community/Specialty
. . Surface Warfare-Gunnery Officer (1 Year) Auxiliarig
Shene Richard LT Project Leader | SEA Officer (1 Year) Riverine Detachment Officer-in-
Surface Warfare-Main Propulsion Officer (3 Years)
deLongpre |Jefrey LT Lead SE SEA Training Officer (2 Years) Awesome (29 Years)
Ciullo Daniel LT Modeling Lead |SEA Surface Warfare-First Lieutenat (2 Years) Navigato
Surface Warfare-Damage Control Assistant (2 Yeal
NowakowslJakub LT Speaker SEA Training Officer (2 Years); Nuclear Machinist Mate
Engineering Laboratory Technician (7 Years)
Cheng Po-yu CPT |Team Engineer |SEA Simulator Maintenance Engineer (4 years)
Surface Warfare -Gunnery Officer (1 Year), Electro
White Rosevelt LT Team Engineer |SEA Warfare Officer (6 Months), Repair Division Officer
Year) Training Officer (2 Years)
McArthur  |sim LTC |TeamEngineer |SEA Army Officer Field Artlllery_(ll years), Operations
Research Systems Analysis (5 years)
Taylor Earvin LT  |Team Engineer |SEA Surface Warfare-Electrical Officer (2 Years) N4
Assistant (2 Years)
Svstems Singapore (Defense Industry)
Teo Harn Chin TDSI Lead EZ ineerin Senior Systems Engineer and CAPM (PMI) with
9 9 experience in MALE UAV projects (4 years)
Singapore (Defence Science and Technology Agen:
Heng Yinghui Team Engineer |ECE Comms |[Communications Systems Engineering and Project
Manager
] ) Singapore (Defence Science and Technology Agen
Wong Chia Sern Team Engineer |ECE Networks Networking Engineer and Project Manager
) Guided Republic of Singapore Airforce
Neo Yong Shern MES5 |Team Engineer Weapons Weapons Systems Engineer
. ) Guided Singapore (Defense Industry)
Choon Junwei Team Engineer Weapons Guidance, Navigation, and Controls Engineer
Wong Wai Keat CPT |TeamEngineer |Info Assurance R.GpUb“C gf Singapore Army
Signal Officer
. ) Singapore (Defense Industry)
Phua Yee Ling Team Engineer |Info Assurance Senior Software Engineer
Lee Hsu Ann Daryl Team Engineer Secured Singapore (Qefense Industry)
Comms Systems Engineer
) . Systems Republic of Singapore Army
Sheo Boon Chew Winson MES | Team Engineer Engineering |Logistics & Maintenance Support, Policy and
Svst Republic of Singapore Army
Soh Sze Shiang ME5 |Team Engineer Ezsiﬁmsrin Artillery and personnel Trained
QINEeNNg | personnel Training, Ops and Capability Developme
: . . Systems Republic of Singapore Army
Lim Zhifeng CPT |Team Engineer Engineering |Infantry Officer
Singapore (Defense Industry)
) Systems ; e A f . L
Lee Guan Hock Team Engineer . . Assistant Principal Engineer in design, commissioni
Engineering . .
and testing of shipboard systems
Svstems Singapore (Defense Industry)
Leo Valentine Team Engineer Ez ineerin Asst Manager in design and development in land
9 9 systems (3 years)
Svstems Singapore (Defence Science and Technology Agen:
Chow Wen Chong Julian Team Engineer EZ ineerin Senior Engineer C4l-Development in Navy C2 Projg
9 9 |c2siw Developer and Project Manager
Zlatsin Philip CPT |TeamEngineer |Ops Research Israeli Air Force

Analyst




B. TASKING STATEMENT

In recent conflicts, the Uted States military has reliesh superior technology to
compensate fosuperior numbers or other advantages of our enemtes ability for
insurgents in Iraq and Afghanistan to blend in with the noncombatant poputatoe
exampleof an advantageTechnological dvancenentin offensive naval weapons has
outpaced advancemein defensive naval systemss shown by the great advances to
strike capability in the form ofomahawks and experimentation in the railgun drel
extended range guided munition (ERGNdut with little traction on increasing armor,
reducing radar crosection, or defensive weapons (some notable exceptions are standard
missiles and the Cloda Weapons System (CIWS)). It would app#as U.S. Navy has
long held onto the adage A sudden powerful transition to the offensivéhe flashing
sword of vengeaced is the greatest moment for the defen@lausewitz 1976, 37Q)r
more commonly heard @he best defense is a good offefsEhe criticality of offensive
powerhas been characterized as well in the HsgBalvo Equatior{(Equationl) which
relates the number of ships put out of action by their tactics, nugit@nnstancesand

power (both offensive and defensive).

Equationl. Number of force B ships puaiut of action by force A

WhereY$d is the number of force B ships put out of actjons the striking power
of each force A shipA is the number of force A ships firing is the defensive power of
each force B shipB is the number of force B g8 present, and is the staying power
of each force B shifHughes 2000, 268)

There is an analogous equation for the change in forcgécifically for naval
combat, the force which gets the first strike has a tremendous advantage as the opposing
force will likely be damaged prior to its initial saluoreturn Using this equation, there
are fourinterpretations that will result in a reduction tine number of casualties to
friendly ships (force B).

1 Shoot first If friendly forces fire first, the memy likely would not be able
to return fire thereby reducing friendly casualties.
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i Reduce . Reducing the effectiveness of enemy weapons would reduce
the number of casualties, but is not something which is realistically
achievable.

1 Increasen . Increasing the survivability of friendly ships would reduce the
number of casualties through meaof increased armor or improved
damage control systemsArmor although relatively inexpensive to
implement, increases operational costs by dramatically increasing
operational costs (specifically fuellmproving damage control systems
would help as wellput a missile could still strike a crucial point.

1 Increasan . Increasing the defensive power of friendly ships would reduce
the number of missile hitsthereby reducing casualtieDefensive
weapons like Standard Missiles (SM) or the Clbs&Veapons System
(CIWS) currentlyfulfill this task.

In any conflict &ort of total war,U.S. commanders generally do not want to
engage a ship which may or may not be hostile, so allowing the enemy to take the first
shot has nearly become a neces@tymay be so depending on the Rules of Engagement
(RoE) for a specific @aor situation. The possibility of taking the first shabupled with
the lethality of modernantiship cruise missiles (ASC8$), having an inexpensive,
reliable, and effective defense agaitit ASCMthreat would be a welcome addition by
improving the srvivability of ships DE has the potential to provide this defensé&Ji8.
forces by augmenting or potentially replacing current systems such &Mtfaamily and
CIWS, thereby increasing). SEA-19B was tasked with exploring the feasibility of
deployng an operationaDEW on a U.S. Navy shipin the next four yearsand to
determine if there is a comparatioe augmentatiomdvantage over current conventional

systems.

The taskingfor the capstone project of SE¥OB was directed by OPNAV N9I,
the Systemd<£Engineering Analysis curriculum sponsor, throughptain (Retired) Jim
Eagle, the Systems Engineering Analysis curriculum chairraad Professor Gary

Langford, the capstone project faculty adviddre tasking for SEAL9B wasto:

Design a family of systes or a system of systems of Directed Energy
Weapons (DEW) that can be integrated with manned and unmanned forces
to address a broad spectrum of missions commensurate with the needs of
the U.S. Navy. Consider current fleet structure and funded prograiims as
baseline system of systems to conduct current missions. Develop the
concept(s) of operations for the range of current and future missions that
incorporate  DEW, then develop alternative fleet architectures for
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platforms, ships, manning, command and gant communications,
logistics, and operational procedures to advantage DEW capabilities.
Consider the potential technology gaps for both DEW and integrating
DEW into Naval forces; determine a more streamlined architecture for the
combined DEWiI Navy forces; and identify and characterize thgam
fillers. lterate the task, as approved by your primary faculty advisor.
Produce a coherent vision of U.S. Navy missions that incorporate DEW,;
identify the requirements for support and collaboration with coalition
forces; and discuss the interoperability issues with these collaborative
efforts. Provide a roadmap of DEW to improve the effectess for future
Navy ships(Langford, SEA19B Directed Energy Weapons 2012)

The key pointsn this tasking statemeateto:

1 Address a broad spectrum of missions commensurate with the needs of the
U.S. Navy

Consider current fleet structure and funded programs
Develop the concept(s) of operations

Consider the potential technology gaps for both DEW and integrating
DEW into curret and future Naval forces

1 Identify and characterize the gap fillers
Produce a coherent vision of U.S. Navy missions that incorporate DEW

1 Provide a roadmap of DEW to improve the effeeness for future Navy
ships

This statement was further refined the project team with assistance from our
project faculty advisorDr. Gary Langford These refinementdncorporatingexternal

restraints and internal constrairase further discussed in the next section

C. PROBLEM DEVELOPMENT

The problem statement developley SEA19B to address the tasking statement
was driven bytwo factors The first is any potential solution must be fielded in the short
term. While short termwas not a defined period of time, the project tegmacified the
period to four yearsThis timefame capitalized on current DE technology while still
allowing some time for improvements and modifications prior to deployrbetsecond
factor suppored the four year periodn that only DEW technologies with operationally
tested prototypeswere consicered. Testing was required in realorld environments

against possible targets, vice a laboratory seténgechnology that has not advanced



beyond the laboratory stage wouhdt be readyto be fielded in four yearslue to
inevitable improvements couplal with the requirement for extensive operational test
and evaluationAdditionally, the funding required f@aystem and platform integration as
part of the progressiofrom a laboratory to an operational testing environment is
considerableadding typically60% of the total costéNational Institute of Standards &
Technology 2002) The Airborne IASER (ABL) and Tactical HighEnergy LASER
(THEL) are two examples of the time and funding required to make an operational (or at
least ready to be fieldddr additional testingy DEW. The ABL program started in 1996,
had the prototype fully constructed and ready to fly in 2008 testingconducted from
2008 to 201QFAS 2010) For seven aircraft, including all development and testing, the
total cost was expected tee 1.6 billion dollars in fiscal year 2005 dollgtsockridge
2001) Smilarly, the THEL program started in 1996, was ready for testing in 191,
several tests conducted starting in 2@Bike 2011) at a cost obetweenl150 to 200
million dollars (Sirak 1999) The two driving factorsof conforming to a four year
timeframe and using operationally tested prototyghegedhe problem statement for the
SEA-19B Capstone Project.

1. Problem Statemen

In order to focus the work of the project team, it was s&ay to identify the
problems facing the U.S. Navy with respect to DEW and produce a clear and concise
problem statement to guide the team. Among the problems facing the Navy are that
conventional weapons are nearing their peak technical capability, EeWdlogies
have been paralyzed by runaway budgets and sub optimal performwéhoet the
emergence of an operational system,well as the fact that DEWSs are currently being

pursued by other countries throughout the world.

Conventional gun systems leawot changed significantly since World Wér
They have become smaller with less range but have greater accuracy and a higher rate of
fire. The largest guns on curredtS. ships are 5 inch guns with a range of 13 nautical
miles (United States Navy 201)ompared to the 16 inch guns on the lowa Class

battleships with a range of nearly 21 nautical mi{Esscher, et al. 2006)Several



programs have attempted to improve conventional guns further, specifically the Extended

Range Guided Munition (ERGM) butahprogram failed to field an operational round.

Missile systems have similarly reached their pinnadissiles can be made faster
than bulletsor more agile, buarestill be limited by the laws of physics and properties of
the materials used in the mdacture of the missile (not to mention engineering and
manufacturing limitations)Eventually, using a missile will be a question of economics as
it is not financially sustainable to engage a relatively inexpensive rocket propelled
grenade (RPG) with a rtimillion dollar missile (although the need to defend the
potentially multibillion dollar unit from the RPG does exisffhe Standard Missile
family continues to be modified and improved from the original-BWR put into
service in 1967These missilesdve been the main air defense weapon on surface ships
since their development and are now used for ballistic missile defense asdtalite
missions in addition to the traditional air defense missitie newest Standard Missile,
SM-6, has a unit cosdf 3.64 million dollars in fiscal year 2012 dollaf®estergaard
2012)

DEWs offer advantages over conventional weapons by providing attack at the
speed of light, precise targeting, rapid engagement of multiple targets, adjustable damage
capacity, low opeational cost, reduced logistic support, a nearly unlimited magazine, and
wide area coverage for offensive and defensive purp®@¥€d/ also seem to be at the
forefront of the next revolution in military weapo(@eveci 2012) Unlike conventional
kinetic erergy weapons, DEWSs are minimally affected by the effects of wind and gravity
Because the evolution of conventional weapons has essentially plateaued, there is the
potential for our adversaries to close the capability gap and therefore pose a greater
thred. The United States must pursue improved technologies to maintain the military

edge that it has enjoyed and depesshah over the years.

Another problem with DEW is that they are expensive to research and develop.
Sunk costs associated with current weapamsl ways of thinking, bureaucratic
inflexibility, and an inability to institutionally embrace disruptive change could stand in
the way of the development and fielding of these highly promising weguoGrath,
Directed Energy and Electric Weapons Systdferial 1) 2012) While these DEW



technologies offer tremendous promise, funding spread across multiple programs may
threaten the emergence of those that may provide a return on investment of these sunk
costs. Navy leadership must make cohesive decigon®cus funding during these
budgetary constrained times into only those areas that will provide the greatest benefit.
The project will seek out these areas and make recommendations to funnel future funding

into producing effective weapons that provideded capability to the warfighter.

The United States is not the only country pursuing DEWs. China, Russia, India,
Iran, South Korea, France, Israel, and Germany all have made commitments to and
technical progress in DEWSs research and development progidotGrath, Directed
Energy and Electric Weapon Systems (DEEWS) Serial 3. China 201#) these
countries actively pursuing DEW technology, the United States may be at risk of
suffering technological surprise form the very technologies it originally dpedl
(McGrath, Directed Energy and Electric Weapons Systems (Serial 1). 20t United
States is going to continue their global military preeminence, it must continue to seek the

military advantage offered by DEWSs.

A concise problem statement was m&d considering the limitations for
conventional weapon improvement, the military potential of DE, and the two

aforementioned factors from the tasking statemBm problem is

Conventional weapons are nearing their peak technical capaliitya
result,Directed Energy Weapons (DEWS) are the next logical step. In the
past DEW technologies have been paralyzed by runaway budgets and
suboptimal performanceSeveral countries are pursuing DEWSs, therefore,

it is important for the United States Navy to maintthe upper hand by
continuing to research and develop these weapons. However, given the
increasing budgetary restraints, U.S. Navy leadership must identify viable
shortterm DEW technologies that offer an immediate return on
investment and the potentialr continued development and improvement.
DEWs offer theU.S. Navy an avenue to maintain a technological
advantage to help defend maritime platforms.

2. Scope

For decadegesearch has been conduabedthe feasibility of employing directed
energy in the fom of weaponry with hopes of achieving both the potentiafidsep

magazine® as well as the prospect for enhandéalce continuurd options However,



the challenges associated with weaponizing directed energy are numidreysiclude
overcoming atmospric attenuton, power requirements beyond current shipboard
generating and cooling limits, and R&D roadblocks such as beam director quality, energy
storage materials (batteries), and cycle tilSace much of the DEW research is very
broad in nature, antthere are dozens téchnologiesvith various maturity leveldt was
necessary for the project team to limit the scope of the project to a manageablin level
the briefest of terms, thecope is to determine the requirements, the concept for
operationsand characterize the fielding and operations of a DEW within the next four

years.

Like most aspects of the Systems Engineering (SE) Process, the project scope was
molded through an iterative process that determined what aspects of DE would be
included inthe project, as well as those that would not be addre8ssgd on initial
tasking, we focused on the capability gap faced by unit commanders to address the fast
paced nature of force protection scenarios that both limit the amount of time to make
informed decisions, and determining the actual intent of a potential adveltsaas the
intent of the project sponsor and the NPS faculty to provide an initial tasking that would
focus on a specific warfare area that DEWSs could potentially improve, thusngdhei
overlap from the countless studies that have already been conducted of these .weapons
The project team determined the scope of their research was too broad for the timeline of
the project, and that Navy specific recommendations were not necessatdyed with

adequate depth.

Another feature common across much of the contemporary research is it focuses
on what DE could be opposed to what it actuallyltserefore, we decided to focus on a
short term perspective, and concentrate on only thosediedies that have reached a
relevant level of maturityWWe achieve thishort term perspectiviey closely examining
only those systems that have a built and operationally tested prot@ypeoal is to
offer added value to the warfare commander, as a®lla return on investment by
providing a net result for federal dollars already spBgtadded value we mean that a
chosen technology must offer a comparative advantage over what already exists, or that it
can provide an additional capability to augmentvhcurrent systems are employed

Instead of focusing on the potential capabilities of future DEWSs, we were interested in
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determining what, if anything, the existing DEW prototypes could accomplish in an

operational environment e near term

a. In Scope

Since the project was scoped to fielding potential DEWhénnear term
it was necessary to define a notional timeline to guide the DEW from concept of
operations to the validation of operational capabilitigerefore, the following timeline
was considereth selecting those technologies that would be selected for further analysis.

1 12 months to the development of concept of operations
1 Includes a platform specific integration plan, theuses,
training, logistics, and support
1 24 months to the demonstratiof operational utility
1 36 months to initial operational capability
1 48 months to validation of operational capability

This compressed timeline was the driving force behind identifying only
those technologies that could potentially be fielded relativalgkty. The project team
conductecextensive background research through open source documents to identify the
directed energy technologies tlmatveachieved a Technology Readiness Level (TRL) of
6 or higher, which represents a system or prototype thatbkan demonstrated in a
relevant environmen® TRL of 7 represents a system that has been successfully tested in
an operational environment. The minimum TRL 6 requirement was essential to ensure

that the chosen technologies were able to meet the suicyéar timeline.

b. Out of Scope

There are several limitations and constraints with respect to DEW that
have influenced what has been scoped out of the project. The limitations of DEWSs that
were discovered during the background research assisted in fctpng the potential
mission areas describe@or example, DEWs were not assessed for their potential
capability of supporting the Anubmarine Warfare (ASW) mission due to high
attenuation of the electromagnetic spectrum in an underwater enviroas®mwn in

Figurel compared to the atmosphere showfigure2.
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Unlike some conventional weapons, DEWs are limited lioe of sight
(LOS) operationsthusoverthe-horizon firing scenarios were not cathesred Due to the
design power characteristiasf currently fielded DEW prototypeghe technologies
designed to provide a Ballistic Missile Defense (BMD) capability were excluded
Similarly, we excluded the evaluation of spdused weapon this caséargely due to
limitations associated withASER system opticsThrough discussions with the project
sponsor, the project focus was placed on beams not bombs, and therefore we did not
consider Electromagnetic Pulse (EM#®mbsor any variant of this teclmfogy.

There are also a number of constraints that have contributed to the scoping
of the project Snce the project was a muttiational effort, the obtainment of classified
or proprietary data for these systems fell outside the scope of the projecprdjact
group found an acceptable level of open source data to carry out the project.

From a political perspective, DEW technologies whose primary purpose is
to blind, or were designed to cause suffering and/or superfluous injuries to enemy
combatants ere excluded to ensure compliance with Protocol IV of Convention on
Certain Conventional Weapons of 198mternational Committee of the Red Cross
2012) In addition, our project assessmaiitli not concern itself with the politics
surrounding the use and/employment of DEW in the field; however, due diligence will
be given to ensure proposed solutions do not vidla& or international commitments
and treaties.

Due to the inherent size, power, cooling requirements, and limited
implementation time of th®EW prototypes only surface combatants were considered
with respect to systems integratioince directed energy weapons operate LOS, all
technologies were evaluated and assessed prinsariliyeir ability to provide a defensive
capability,and each tectologyds offensive capability (as applicable) was not excluded

from the analysidout was given secondary consideration.

We determined that several of the current ships in the fleet could
potentially support directed energy weapons, however, by focusitiggomission areas
of each platform we narrowed our focus to three platfoMids investigated Cruisers,

Destroyers, and the Littoral Combat Shine Cruisers were scoped out of the project
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because they are pqaching the end of thdife cycle amid talls to decommission those
remaining in the fleet in the near terithe Littoral Combat Ship was scoped out of the
project since we determined that any system which could operate on a DDG could also
operate on a LCS.CS has four 750 kW generators, two of ghhwill be online at any

given time for normal operatiorfRotts 2013)With 1500 kW of excess power generation
capability, there is sufficient excess power to operate any of the potential DEW systems
analyzed for this papeand if required, the missiorap of the LCS could be configured

to hold the DEW equipmenbDDGs will still make up the bulk of the surface fleet in the
next four years, so focusing on installing a DEW on a DDG would have a larger impact
Navy wide Once more LCS get introduced into tfieet and their CONOPS is tested,
LCS would be a potential candidate in the futdiieerefore, we focused our attention on

the integration of these technologies on the Arleigh Burke (BJ=Class Destroyer as

this appears to be the most probable choigapdement these weapons in the fleetha

near term.

3. Project Approach

The burden of progress implies that new systems should provide either increased
capability, or achieve it through more efficient means. Sometiogtin unique
capabilities within anission capability set are gappédese gaps need to be identified
and equipment or doctrine needs to be developed to fill theTdeép project addresses
both completing mission areas currently fulfilled by conventional weapons as well as

mission areas khich do not have a current conventional solution and are therefore
gapped.

The lack of standoff notethal options within the use of force continuum,
particularly applicable to the force protection mission, is one such@apent forces
have numerous leal weapons with long (greater than 100m) standoff reswgpd as
rifles and crewserved weaponsand several nelethal options with either short (less
than 30m) or no standoff rangBubber bullets and beanbags fired from pistols and
shotguns respectivelare the nodethal option with a Isort standoff range, while
chemical sprays and batons have no appreciable standoff Fagleosesan be used in

a force protection situation, but greatly lose effectiveness beyond the range of the rubber
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bullets and banbagslt should be noted that these weapons are usable against individuals
or small groups of people while no nt@thal weapon is in the U.S. Navy arsenal

effective against vehicles.

In this nonlethal case, afigap exists in the proportional list ofesponses
available to thecombatantcommander since there are no alternatives options between
fiwarno andfkill. 0 Combatant commanders are forced to either do without, or improvise
with respect to these gapped capabilities. As a result, the goal forsearake project is
mission oriented, and more specifically, to ensure that mission capability gaps are

adequately evaluated.

With respect to directed energy weapons procurement, Hollywood fiction has
biased many individuals by ingraining in them unreaskenekpectationsiron Manis a
recent exampleDeveloping @mechanging technologiesould be ideal but should
never be expected in a short period of tirdéhen gamechanging technologies are
evolutionary, they must be built upon from seemingly less sfgmaint technologies.
Evolutionary developmens the same approaahany successful civilian corporations
are taking with respect to product developmesthying competitive means not only
having the foresight to anticipate trends, but also possessingilityeta evolve current
technological capability over tim@urrus 2012) With regards to DEit is important to
remember that directed ener@g what it iso and more importatly it fis not what it is

noto

Through our research we have identified a shstr of technologies with already
constructed and @pationally tested prototypedhis list was determined by broadly
researching numerous DE technologies from chenh8&8ERs like ABL and THEL, to
Microwave Amplification by Stimulated Emission of Raiam (MASERS), to plasma
beams and Electromagnetic Pulse (EMP) weapdisng this large list, the team
removed items that fell outside the scope of the project like EMP and sonic weapens
team then further researched remaining technologies to de¢ewhiait prototypes have
been built and operationally tested at least to some exipeatfour technologies which
remained were ChemicdlASERs (CL), Solid StateL ASERs (SSL), Free Electron
LASERs (FEL), andHigh Powered Microwaves (HPMQur objective is tanalyze each
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of the technologies on our short list to determine if they can provide the combatant

commander with some sort of advantage
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. BACKGROUND

A. STATE OF CONVENTIONA L WEAPONS

The concept of skilled aimed fire remains a treaswakiity on the modern
battlefield Every new weapon when first introduced must be trained on to hone the skill
needed to be employed in battieshel 2012)Precision firehas long beethe underlying
principle to the exploitation of gunpowdefhe Chinese standardized the fofandor
gunpowder in 1044E. However, many innovations were implemented before simple
muskets could be used as the standard weapon for most .a@mersthe course of six
centuries, nnovationssuch astapered projectiles, advances in the gunpowder formula

and rifling made gunpowder a necessity in every arriideedham 1986)

Guns continued to advance in terms of accuracy, range, rate of fire, and
destructive potentiallncreasing the caliber generally increased both the range and
destructive potential i round while more technological approaches were required for
improving the accuracy and rate of fir€annons used on land and ships both had to
develop before becoming weapons of choice and many of the same innovations that
worked to forge muskets intifles by rifling the barrels greatly improving accuracy and
interrupted screwwhich dramatically improved rate of fireThese upgradesvere
integrated into their large projectile brethren anddeartillery the focus of many land
armies and dreadnaughteetprized ship in any fleet throughout most of th& eéntury
The pure destructive potential and ability to turn the tide of battle led many historians to

regard artillery as théKing of Battled (McKenney 2007)

Missiles were the next major evolution trying to create a more destructive
weapon Early missiles in development during World War 1l helped to add a new
dimension to the battlefieldZaloga 2003) The one major use of rockets was in
bombarding London witlv/-1 andV-2 rockes with limited sucess The rocket attacks
killed 6,184 people compared to the bomber raids dusiing Blitzd which killed over
43,000(Cleary 2011) Due to theunreliability of the technologyboth Axis and Allied
forces continued the more dangerdinem the point of viev of the attackerpractice of

bombing from aircraftvice long range rocket attackblsing aircraft risked not only
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bomkers, but fighter escorts and the crews for all the plasesgell At thattime, aircraft
were a much more dependable metlmmmpared tolong range rocket attacksf

delivering the massive amounts of ordnance need&atvisier 1994) Leveraging
technology from the space program, missile technolpggatly improved in terms of
speed, payload, and accuraecyaking missiles the preferred methof long distance

ordnance deliverjor current forcegNorth 2001)

B. STATE OF DIRECTED EN ERGY WEAPONS

There are umerous examples of functional DEWbfacts in that have been built
andioperate as design@dAlthough some of the technologies have achiesignificant
milestonessuch as having prototypes built and achieapgrationablemonstrations such
as the ABL and THELDE hasnever been able to attain priority statugh respecto
conventional weaponi their designated roles imilitary operatons It would appear
decision makers do not want to invest in a system unless it replaces an existing system or
fulfills a capability gap. ABL and THEL are examples of toissystems which had
traction due to the ballistic missile defense (BMD).gappmthe perspective of plug and
play, alack of mission needs, misguided expectations, or conventional systems that just
perform bettethave stoodn the wayof successful DE program&or example i the
1980s,President Ronald Rgarts Strategic Defense Indtiive, more commonly referred
to as AStar War® nearly brought directed energy technology to the forefront of
weaponry researclh.egal complications coupled with a diminishing Soviet threat caused
the program tdbe canceled and resourcdwerted to other priorities (Correll 2012)
Unfortunately,fiReagan did not understand the science of missile defense and the quality
of advice he was getting as spat{orrell 2012) Concurrently, the U.S. Air Force had
been working on a revolutionarBL Laboratory prgect, putting a chemical type
LASER aboard a widdody airframe with the objective of shooting down enemy
missiles filt had to face numerous operational challenges, such as the need to fly above
hostile territory waiting for target missiles to be launched to focus it4 ASER at a
single point on a moving missde(Collina and Davenport 2012)Appropriations

shortfalls poor test resultsand significant doubts as t&tar Waré operational viability
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resultedin significant concerns over the progr@future Eventually the 16year and $5

Billion effort was cancelledCollina and Davenport 2012)

The lesson learneffom numerous failed DEW progranis that both a clearly
identified need and reasonable expectations based on credible scientific knowkdge ar
necessary precursors required to generate momentum for DEW prapeeddition,
technologies must be relevant to the current trends prevalent throughout the sénwices,
Navy in the case of this projecAfter initial background research was conducted
variousDE programs, four technologies were deemed as plausible for shipboabog use
the project teamSolid StateLASERs (SSL), ChemicalLASERs (CL), High Powered
Microwaves(HPM), and Free ElectrobASERs (FEL) were identified as either having
currer prototypes in testim (several SSLs and HPM), programs which were successfully
tested but cancelddeveral CL)or programs which are nearing the operational prototype

phasgqFEL). These four technologies and specific programs are detailed below.

1. Solid State LASER (SSL)
a. TechnologyHistory

Solid stateLASERs have evolved over the years and several uses have
been found for military application. The fireASER was built in 1960 by TMaiman
and utilized a synthetic ruby rod with mirrors on both ends (enetsansparent) pumped
with a helical xenon flash lamp surrounding the. rbde result was an intense pulse of
coherent red light at 694nrihis early rubyLASER system output contained irregular
spikes that stretched over the duration of the pump plise problem was improved in
1961 by R.W. Hellwarth with a method calleds@itching which concentrated the output
of the rubyLASER into a single pulseHowever,the Qswitch consisted of a cell filled
with nitrobenzene and required very high voltagdse Q-switch was soon replaced by
spinning one of the resonator mirrors, and a further refinement was the insertion of a
spinning prism between the fixed mirrors of the reson&ine of the earliest applications
was INLASER range finding, which operated loyeasuring the timef-flight of LASER
pulse reflected from a target and calculating the distg@f@echner and Bass 2003)
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In 1964 the best choice of a host for neodymium ions (Nd), namely
yttrium aluminum garnet (YAG)was discovered by J. Geusic. N&G has a low
thresholdof excitationwhich permits continuous operation, and the host crystal has good
thermal, mechanical, and optical propertigggh Purity Ndcan be grown with relative
easg(Koechner and Bass 200&ince its discovery, N¥-AG remains tle most versatile
and widely used active material for sefithte LASERs and immediately replaced the

ruby in the military rangefinder applicatigkoechner and Bass 2003)

During the 1970s efforts were concentrated on engineering
improvements, such as arcrease in component and system lifetime and reliabilitg
early LASERs often worked poorly and had severe reliability problels the
component level, damage resistant optical coatings anequiglity LASER crystals had
to be developed; and the lifa me o f pbash | amps and arc | am
improved (Koechner and Bass 2003pn the system side, the problems requiring
solutions were associated with water | eaks,
deterioration of seals and othmgarts in the pump cavity due to the ultraviolet radiation of
the pashl amps, avoltage segtiomof thEASER, andicentarninagoh
of optical surfaces caused by the environmadechner and Bass 2003lso during
this time, improvements eve made in the performance of didd&SERs. Solid State
LASERs started moving out from being research tools in laboratory settings into
industrial use as machining tools and medical instrun{&atschner and Bass 2003)

During the 1980s with the discoveryof alexandrite, titaniuatoped
sapphire, some solid stattASERs became tunable between 660 and 980. nm
Improvements to diodeASERs provided devices with longer lifetimes, lower threshold
currents and higher output powers, and were capable of contiopeustions at room
temperaturesSince the earlASER diodes were very expensive, their use as pump
sources could only be justiyed where diode
Thereforet h e pplications far diodgpoumped NdYAG LASERs were fo space and
airborne platforms, where compactness and power consumption is of particular
importance(Koechner and Bass 2003)he evolution of diode pumping solid state
LASERs of fers signiycant i mprovements in over

compactnesgKoechner and Bass 2003)
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The evolution of the solid stateASERs over the past several decades has
resulted in the design and weaponization of thes®ERs for military useA SSL DEW
contains four major componentstracking subsystem, BASER subsystem taontain
the medium whiclgenerate the LASER beam, a beam director with stabilizer through
which theLASER is fired, and a fire control computer interfad®hile some programs
have been cancelled for various reasons, several still existcmsegs the potential to

change how the United States fights and wins our Nétwvars.

b. Programs

() LASER Weapon System (LaWS)he LASER Weapon
System (LaWS) was built by Raytheon and has reached a technology readiness level
(TRL) of 6 and has been operatathly tested(O'Rourke, Navy Shipboard LASERSs for
Surface, Air, and Missile Defense: Background and Issues for Congress RE3ARW
continuous wave (CWQperational prototype shown Kigure3 is currently installed on
the USS Dwey (DDG-105) and has achieved a near perfect record in shooting down
UAV & and stopping small boafhe Navy stated the following regarding tests of LaWS:

In June 2009, LaWS successfully engaged five threat
representative UAV#n five attempts in testsni combatrepresentative scenarios in a
desert setting at the Naval Air Weapons Station at China Lake, in southern California
(O'Rourke, Navy Shipboard LASERs for Surface, Air, and Missile Defense: Background

and Issues for Congress 2012)

In May 2010, LaWsS successfully engaged four threat
representative UAVS in four attempts in combgresentative scenarios at a range of
about one nautical mile in an ovifre-water setting conducted from San Nicholas Island,
off the coast of southern CaliforniaaWS dumg these tests also demonstrated an ability
to destroy materials used in rigiill inflatable boats (RHIBSs) at a range of about half a
nautical mile, and to reversibly jam and disrupt eleoptcal/infrared sensors
(O'Rourke, Navy Shipboard LASERs fourgace, Air, and Missile Defense: Background

and Issues for Congress 2012)
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Figure3. Photograph oEASER Weapon Systent.@WS) Prototype(from
O'Rourke, Navy Shipboard LASERSs for Surface, Air, and Missile Defense: Background
andlssues for Congress 2012)

While there is discussion that tHEASER may be capable of
conducting ASCM, the capability has yet to be providre Navy has envisioned LaWS
being used for operations such as disabling or reversibly jameh@atycoptical EO)
sensors, counteringynmanned Aerial VehiclesUAVs) and EO guided missiles, and
augmenting radar trackin@@'Rourke, Navy Shipboard LASERs for Surface, Air, and
Missile Defense: Background and Issues for Congress 2U0h2)systerts unclassified
operating baracteristics are 5 sec on/5 sec off for 4 minutes followed by a 16 minute
recharge down time and uses the &hiplectrical plant to charge mormal underway
powerconfiguration oftwo generatorg¢O'Rourke, Navy Shipboard LASERSs for Surface,
Air, and Missile Defense: Background and Issues for Congress .20h2) 33kW
prototype currently utilizes lead acid batteries, although the goal is to lghium ion
which will reduce the overall battery size by 2ffaking shipboard integratioeasier
(Chernesky @12)

According to the Deputy Program Manager of the Naval Directed
Energy Program Office PM8&05, this program has been given the green light by
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NAVSEA 05 and a 12 150 KW LASER has been determined to be technically feasible
to be fitted onto a DD&1 clss ship, and integrated into L@Sand LCS5 classes
(Chernesky 2012)All blueprints and technical drawings currently exist to facilitate this
installationwith both lead acid and lithium ion batteri@he system is comprised of 95%
Commercial off the Belf (COTS) technolog{Chernesky 2012)

(2) Maritime LASER Demonstration(MLD). The Maritime
LASER Demonstrabn (MLD) (Figure4) is the marine variant of Nontbp Grummaiis
Joint High Power Solid StateASER (JHPSSL) thefiFirestriked The JHPSSL was
fundedin 2006 for Phase 3 of the projdmt the Office of the Assistant Secretary of the
Army for Acquisition, Logistics, and Technology, Office of the Secretary of Defense
High EnergyLASER Joint Technology Office, Air Force Reseairchboratory, and the
Office of Naval ResearchProgram execution was conducted by the U.S. Army Space
and Missile Defense Command / Army Forces Strategic ComniEmel U.S. Navy
awarded Norttop Grumman with a $98 million contract for the Mane LASER
Denonstraion and it has reached a teclhogy readiness level (TRL) of {fO'Rourke,
Navy Shipboard LASERSs for Surface, Air, and Missile Defense: Background and Issues
for Congress 2012)

ﬁ'“ ety :
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Figure4. Photograph of the MaritimeASER Demonstrabn (MLD) (from Angell

2012)
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The MLD combines the electricASER module technology from
the JHPSSL with a purpose designed beamrol and firecontrol systemThe MLD
module technology consists of stackable 15kW units that can be phase ednarad
combined into a single beam to increase the output pow&009, Northrp Grumman
became the firstJ.S. company to reach the 100kW power level threshold with this
LASER, which measured at more than 105kW stacking seven 15kW unitalthough
misgon dependent, any consider power requirements of 100kW or greater to classify
the LASER as weapons grad®'Rourke, Navy Shipboard LASERs for Surface, Air, and
Missile Defense: Background and Issues for Congress 2U0b2)e is no open source
data detaihg the maximum number of 15kWASERSs that can be stacked, but this could
affect the scalability of the systerfihe following are the test and evaluation milestones
of the Maitime LASER Demonstration

1 In July 2010, the ability of MLD to track small boats a marine
environment was tested at NSWC Port Hueneme,(G#Rourke, Navy
Shipboard LASERs for Surface, Air, and Missile Defense: Background
and Issues for Congress 2012)

1 In late August and early September 2010, MLD was tested in arthmrer
water seihg at the Navgs Potomac River Test Range against stationary
targets, including representative small boat secti@#®ourke, Navy
Shipboard LASERs for Surface, Air, and Missile Defense: Background
and Issues for Congress 2012)

1 In November 2010, an -&&a test of the system against small boat targets
reportedly was stopped midway because one of the s§stmmponents
needed to be replaced. The test was resumed in April @QRourke,
Navy Shipboard LASERs for Surface, Air, and Missile Defense:
Backgrounl and Issues for Congress 2012)

1 On April 6, 2011, the system successfully engaged a small target vessel.
According to the Navy, this was the first time thatASER of that energy
level had been put on a Navy ship, powered from that ship, and used to
courter a target at range in a maritime environm@Rourke, Navy
Shipboard LASERs for Surface, Air, and Missile Defense: Background
and Issues for Congress 2012)

1 In May 2011, Northrop stated that it could build the first unit of & full
power engineering ahmanufacturing development (EMD) version of the
weapon within four years, if the Navy could find the resources to fund the
effort (O'Rourke, Navy Shipboard LASERs for Surface, Air, and Missile
Defense: Background and Issues for Congress 2012)
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The MLD tes platform for the April, 2011 testing was
accomplished from the former USS PAUL FOSTER, a decommissioned Spruance Class
Destroyer where it was integrated into the &i@dar and navigation systems, as well as
the shids electrical system. The MLD demarated the ability the disable a small boat in
actual maritime conditions of 8 ft. waves, 25kt winds in both rain andNuogthrop
Grumman 2012)

(3) Tactical LASER System (TLS) The Tactical LASER
System (TLS) has a beam power of 10kW and is designed alded to the Mk 38 25
mm machine guns installed on the decks of many Navy surface shipadering of the
TLS mounted system is shownkigure5. TLS would augment the Mk 38 machine gun
in countering targets sucéis small boats and could also assist in providing precise
tracking of target§O'Rourke, Navy Shipboard LASERs for Surface, Air, and Missile
Defense: Background and Issues for Congress 20h2)TLS program is a collaborative
effort between Boeing and HAwhere full system testingas expected to take place in
the summer of 2012This testwas intended to target surface and air targets but
permission was not granted in time for the targeting of UAMse test resulted in
successful engagements of the acef targets afiseveral thousands of metedsut was
not tested against air targ€t@'Rourke, Navy Shipboard LASERs for Surface, Air, and
Missile Defense: Background and Issues for Congress 2013)

Figureb. Rendering offacticd LASER SystemTLS) Integrated on Mk 38
Machine Gun Mounffrom O'Rourke, Navy Shipboard LASERs for Surface, Air, and
Missile Defense: Background and Issues for Congress 2012)
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2. Chemical LASER (CL)
a. TechnologyHistory

Chemical LASERs were first conceived ovdifty years ago. Canadian
chemist J.C. Polany(Superstars of Science 201fl’st proposed the idea of chemical
basedLASERs in 1961(Lin 1983) The hypothesis was that a chemical reaction of
excited elements would create an infrate®fSER. The chemicalsould be excited by
light, heat or electricity. A reaction of hydrogen atoms with ozone or chlorine could be
used to create an infrarddASER. Then thatLASER could be amplified to create a
useable beartLin 1983)

The first chemicalLASER demonstrabn would come 3 years later in
1964 Jerome Kasper and George Pimentel were able to optically pump Hydrogen
Chloride (HCI) to create a suitableASER. Pimentel and others continued their
experiments throughout the 1960s to expand the chemicals thatpcodlece d ASER.
Hydrogen Fluoride (HF) and Deuterium Fluoride (DF) were quickly demonstrated as

viable as wel[Pimentel 1965)

Through continued experimentation other elements were found to be able
to produceLASERs such as the Chemical Oxide lodin®@SER (COIL). The following
chemicals also producddASER: Cyanide (CN), Nitric Oxide (NO), Carbon Monoxide
(CO), and Hydrogen Bromide [Deuterium Bromide] (HBr [DB{)n 1983) The most
reliable forms for chemicdlASERs are HF, DF and COI{Kopp 2008) There are three
types of initiation for a chemichlASER:

1 Vibrational: The oldest and most established method of making a
LASER. Mixing the elements in a cavity to create a react®mmetimes
using a pump to vibrate the elemenritken focusing that reactido create
the LASER (Lin 1983)

1 Rotational: Here the elements are in a chamber that rotates to mix them
Just like with vibrational, the mixing creates a reactidnd the reaction is
focused to make BASER (Cohen, et al. 1986)

i Electronic: The newet method of creating A ASER. Elements are
bombarded by electrical impulseBhe product of the electrical reaction
creates th€ ASER (Basov, et al. 1989)
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Chemical LASERs currently have the capability to deliver kilowatts of
power over long range3 hereis potential for delivering megawatts, but is unrealized at
this time. The weapons focus has beachievingkilowatts of power that will destroy
targets at a distancdhe one major difference between a SSL and a CL DEW is the

medium in which the beam iggerated, the other major components remain the same.

b. Programs

(2) Mid-Infrared Advanced ChemicaLASER (MIRACL).
Mid-Infrared Advanced ChemicalASER (MIRACL) is a DF LASER that was
developed by th&).S.Navy and has been operational since 198@as cancétd by the
Navy in 1983, but since 1990Q.S. Army Space and Strategic Defense Command has
maintained the MIRACLSherman 1998)

The MIRACL has a very strong beam quality to be used against
target in flight It operates at a wavelength of 3.8 microns eanl lase for 70 seconds
continuous on a single targét has been tested against both flying drones including the
BQM34 and missiles such as the VANDAL misgi&herman 1998)

(2)  Airborne LASER (ABL). Airborne LASER (ABL) is a
COIL in a 747 developed for th&ir Force by Boeing in 1996The first flights were
conducted in 2003 with the entire systems configuFgdm 2008 to 2010; Boeing
conducted testing using the systéfAS 2010)

The ABL was created to be used against missitesperates at
1.315 micrms wavelengti{FAS 2010) It can lase its target fahreeto five seconds on
the targetfter a solid stateASER acquires the targethe COIL has been tested against
an NG135E (Grill 2007). It has also been tested against missiles with great success
(Cadena and Selinger 2009) (MDANews 2Q10)

3) Airborne Tactical LASER (ATL). Advanced Tactical
LASER (ATL) is a COIL in an ACG130 aircraft developed for the Air Force by Boeing in
1996 The first flight testing was conducted in 2006 2009, it was adapted fib into a
MV -22 aircraft as wellThe testing for the ATL was conducted from 262610(Global
Security 2011)

27



The ATL was created to attack ground targkteperates at 1.315
microns wavelengtifAlexander 2003)The ATL can generate between0LB00 KW for
five secondgGlobal Security 2011)When there is not excessive attenuation, the range
canincreaseto 20 kilometerdHambling, New Scientist 2008ATL has been used to
defeat ground targe(®Vallace 2009)

(4) Tactical High EnergyLASER (THEL). Tactiaal High
EnergyLASER (THEL) is a truck and trailebased weapodeveloped fothe U.S. and
Israel by TRW (now part of Northrop Grumman) in 1996e THEL was ready for use
in 1998. It was tested in 20QRike 2011)

The THEL was created to defend agaimsdsiles, rockets, artillery
shells, and aircraffThe THEL operates at 3.8 microns wavelengtme THEL has lased
long enougho destroyKatyusha rockets, artillershells,and mortar shell@opp 2008)

3. High-Power Microwave (HPM)
a. TechnologyHistory

Reseech into the use of microwaves began with studies of radio
frequency technology, specifically for communication purpogk®rrison 2008)
Microwaves were artificially created by Heinrich Hertz in 1888 invention of gridded
tubes brought about the usé radios in the early twentieth centurysing resonant
cavities connected to electrical circuits, researclissoveredhow to create higher
frequencies(Benford, Swegle and Schamliglu 200Bigher frequencies were sought
afteroncee it was discovered #h theyare more advantageous in terms of the amount of
information they could carryT. Williams 2011) Assuming amplitude modulation to
carry the data, the bandwidth (amount of data able to be carried) is increases at twice the

rate of the frequencfHamey, Combat Systems Volume 1 2004)

Early physicists believed that electromagnetic waves could be powerful
sources usetb take down aircraftResearch in this field led to the creation of radar
systems in the 1930&5uoqi, Benging and Lu 2005Ppuring Wotd War IlI, several
developments such as extrapolation of the magnetron, invention of the traveling wave

tube, and invention of the backward wave oscillator (BWO) spurred growth in the field
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Moreover, significant developments in regards to Hglwered Micowaves (HPM)
occurred from the investigation of nuclear power effects, specifically in regards to the

interaction of waves and particles.

Part of the future generation ofabundantnuclear power involves
controlling the nuclear fusiorfas opposed to figm) process Research into how
electromagnetic wave stimulation could suppor fasion process fostered a better
understanding of how waves and particles interact in the production of thermonuclear
power (Benford, Swegle and Schamliglu 2007his fusian researchcoincided with
developments of pulse power technology with focus on generating and emitting strong

electronic beam@uoqi, Benging and Lu 2005)

In terms of weaponry, HPM roots are traced back to the technology race
between the Soviet Uniorand the West Development has gone from first
electromagnetic bomb testing in 1962 to more recent developments in crowd control
technology(Weinberger, HighlPower Microwave Weapon Systems Start to Look Like
Deadend 2012)

HPM weapons are designed to explparts of the electromagnetic
spectrum in order to neutralize targets. Through concentrated radio waves, HPM weapons
transmit high amounts of energy which can be used to disrupt electronic equipment or
produce devastating biological effedtf"M weapons @nsist of three main components
These components are a pulse power source, a high paaawave source, and an
antenngBenford, Swegle and Schamliglu 2007)

The pulse power source drives the HPM weapon by generating a highly
amplified electronic puks There is a variety of pulsed power types which include
modulators, Mangeneratorspulse forming lines (PFL)pulse forming networks (PFN),
and inductive energy storage in combination with opening swit®t@snally, the pulse
components are connectedseries with other pulse components. a Marx-generator

in series with a PF(Benford, Swegle and Schamliglu 2007)

The HPM source acts as the heart of the weapon converting the energy of
the electronic pulse into electromagnetic form, specificatiyo microwaves.The

interface between the pulse power source and the HPM is extremely important because if
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the impedances of the pulse source and HPMarproperly matched then power losses
could occurAs a result, this interface determines the sizé mass of the overall system
(Benford, Swegle and Schamliglu 2007)he HPM source has other components
designed for supparsuch as vacuum pump, magnet, a collector for captdnedpeam,
and cooling systentinally, the antenna is thghysicalinterface between the atmosphere
and the microwavedhe antenndirects the beam at targe®urce parameteiafluence
the connection to the antenmaost notably the waveguide mo(&enford, Swegle and
Schamliglu 2007) The waveguide mode is responsibler fllansmitting the
electromagnetic wavesCharacteristics of the antenna such as frequempoyyer,
directivity, and gain influence the output beam propagatibhese characteristics
determine the bandwidth, signal strength, power efficiency, and the arabilogam
spreadingantennaheory.com 2011)

These components come together to produce a system that uses
directed energy to produce weaponry capable of engaging targets idethedmanner
Traditional nonrlethal weapons use kinetic energy (rubbeundsor bean bagsor
exampl@ which still havechance to kill or permanently injure the target if hit in specific
areas (eyes or throat for examplePM poses a lower risk of accidental lethal exposure
compared to kinetic nelethal weaponsHowever, H®M weapons affect personnel in the
same manner and haveeeaterange than most small armdich can be useful in open
areagDOD Norntlethal Weapons Program 2007)

b. Programs

The Active Denial System (ADS) is designed as a nonlethal crowd
dispersal weaponThe system works by focusing wave energy in the form of a beam
This beam produces a powerful heat sensation when directed at targets causitm the
move away instinctivelyThe beam is composed of millimeter waves at a frequency of
95GHz These waves arable to penetratbumanskin up to 1/64 of an inch which is
roughly about three sheets of pafgaue to this shallow penetration, there is minimal risk
of severegpermanent injuryalthough lasting minor injuries to nerves, fat cells, and ducts
are possitd). In addition, the effects of the weapon cease when a target moves out of the

way of the beanfAir Force Research Laboratory 2006)
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Operational testinggf ADS involved a series of Joint Military Utility
Assessments (JMUA) conducted over an 8 month pdreginning in 2005LeVine
2009) The first IMUA tested the system 1 version of the technology which is composed
of the HPM weapon system attached to a Hum¥eesonnel from the Marines, Air
Force, Coast Guard, Army, and Border Patrol operated the systanseries of urban
terrain and entry control point scenarios in order to evaluate its performdmiéne
2009) The first test was conducted at Creech Air Force Base in August 2005 and resulted
in the ADS system achieving 914 hits off of 657 shotstdube use of beams.

The second JMUA test was conducted in Fort Benning, GA and included
testing the system in search and rescue, entry control point, and perimeter security
scenariosThis JMUA testresulted in 1473 hits off of 979 shofkeVine 2009) And, the
third JIMUA conducted tests of the system in port and harbor environrdetdé\ 3 was
conducted in 2006 at Santa Rosa Island, Eglin AFB FL and focused on force protection
missions in port Scenarios included boa&mn-water iterations and pier sideecurity
demonstrationsIMUA 3 was the first time the ADS system carried out live fire scenarios
over waterJMUA 3 resulted in 474 hits off of 305 shots.

In all three assessments, the consensus by operators and test evaluators
was ADS has military utilit and is highly effective as a ndethal counter personnel
weapon (LeVine 2009) Following these assessments the ADS system was certified for
deployment with hopes of it being used against insurgents in Eantually, it was
deployed to Afghanistan i2010; however, the weapon wast used due to potential

public scrutiny issue@~ortin 2012)

4, Free Electron LASER (FEL)
a. TechnologyHistory

In 1971, John Madey invented and developed the Free EldcASER (FEL)
thatgenerates relativistic electrofbeamin anopen opticakavity resonatorMadey at
Stanford Universitymeasured gain from an FEL configured as an amplifier gimd0
wavelength, which was an important step in FEL developniéng experiment, and the

successful operation of the same FEL figured as an oscillator in 1977 atudn
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wavelength, created a large interest in FEL resedralo important FEL attributes,
tunability and design flexibility, were demonstrated by these two experiments at
significantly different wavelengths using the saapparatugNational Research Councll
1994) FELGs differ from conventionalASERs in that they use an electron beam as the
lasing medium rather than a gas or a solitie FELs are usually based on the
combination of a linearlectron accelerator followedby a highprecision insertion
device, which may also be placed in an optical cavity formed by mirrors. Under certain
circumstances, the accelerated electrons in the insertion device bunch togetber m
tightly than usualdlso known as microbunchipgOverthe length of the insertion device

or during multiple passes back and forth through the optical cavity, the electrons in the
microbunches begin to oscillate in step, thereby giving rise to light with properties
characteristic of conventioneBASERs. Becase the microbunches are spatially small

the light generategresents asn ultrashort pulses that can be used for stidee
investigations of extremely rapid processes. Current & Elover wavelengths from

millimeter throughinfraredand are nudgingto thevisible (Jefferson Lab 2005)

b. Programs

FEL currently has a technology readiness level (TRL) of 4 which is
defined ascomponentand/or breadboard validation in a laboratory environment
(O'Rourke, Navy Shipboard LASERs for Surface, Air, and Mid3@éense: Background
and Issues for Congress 2012here are numerous FEL facilitiesrass the U.S., with
the ThomasJeffersm National Accelerator Facilithaving the most advanced FEL
technology. The Office of Naval Research (ONR) is currently overge¢he
development of FEL technology.

C. DIRECTED ENERGY AND CONVENTIONAL WEAPON COMPARISON

Datingback to thel950s science fiction films captivated audiences wéles of
futuristic weapons that had unlimited capabilithese weapons coufatoject beam®f
light capable of disintegratingtended targets as in 198The Day the Earth Stood Still
Soon after when Charles Townes and Arthur Schawlow published designs for a LASER

in 1957 with the first one built three years later, this Hollywood fantasy leeceasl,
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although unweaponize(balisbury 1999)Past fantasies of futuristic weapons are soon
becoming reality due to advancements in DE technohaggely increased power levels,
tracking abilities, and miniaturizationThese advancementdong with advarsigeous
aspects of DEWs make them attractive alternatives to current conventional weapon

systems.

DEWSs can provide multiple benefits to the warfighterSpeed of light
engagements andeepmagazines are the two most eye catching capabiliti€3Edt/s
DEWSs have the potential tequipthe U.S. military with the ability to have &igh depth
of-fire with speed oflight delivery, allowinga more powerful means of seléfense
Moreover, he variability of the energlevel provides graduated lethality with minimmu
collateral damage and a low cgsrengagement when compared to the projectile and
logistics support costs of conventional explosorekinetic munitions Againstspecific
low-value light-armoredtargets(UAVs or small boats for exampld)EWs have the
potential to bean effective alternative to the aisof expensive missile systems
Ultimately, DE weapons can provide speefdight and precisiorengagements against
high speed vessels, complex ASCMs, swarm attacks, and slow sppeatt.air

Despite the hmefits of DE weapons, there are some drawbacks to their
employmentDue to the technology being relatively new, there are still concerns over the
reliability of DE weaponsn an operational environmenConventional gunpowder
weapons have beealiablesince the advent of percussion caps in the-b880s For this
reason,many military decision makersare hesitanta replacecurrent conventional
systemswith unprovenDEWSs In addition, conventional weapons currently have a
greater range thagirected energyeapongue to not being constrained by loésight
and do not require nearly the power levels of DEDge toatmospheric attenuatipthe
range of directed energy weapons cancbesiderablydegraded especially in poor
weather conditionsAlthough weather affects current radar and targeting systems, kinetic
rounds are not hampered by rais a resultof atmospheric attenuatipthere is no
guarantee that thBE impinging onthe target willbe of sufficient intensityfo cause
expecteddamagedespite ing projected at the speed of lightirthermore manyDEW

must be chargedorior to use(SSL or the cooling requirement of HPM for example)
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which requires aignificantpower sourceompared to conventional weapons which must

be loaded but then can geakty remain ready to fire for extended periods of time.

Despite theaforementioned drawbacks to DEWS is worthwhile to the U.S.
military to achieveDEW superiorityon the battlefieldThe capability of having aear
limitless magazineand the abilityto conduct speed of light engagemeate very
enticing Additionally, since DEVE are still in their infancy, there are considerable
opportunities for improvemenOn the other hand, conventional weaptrase reached

their peak capability and any major perhance breakthroughs are not expected.

Table2 shows many of the advantages and disadvantages of the various LASER
technologies considered for this proje&tiditionally, power efficiency can b& problem
with large scale DEWSSSLs have power efficiencies betweedi 20% with LaWsS at-
25. For LaWS to achieve the current output of 33kW, 130kW would have to be provided.

Table2. Comparison of ASER Types(from Deveci 2012)

Type of Laser] Wavelength Advantages Disadvantages

Size and Weight
Safety requirements
Sophisticated logistics

Most Developed
Megawatt level

Less complex

Compact
Less sensitive to shock Cooling problem
Low electric energy Kilowatt level

requirements
High efficiency

Most complex
Selectable wavelength Kilowatt-level limits
Large Systems

Tunable
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.  SYSTEMS ENGINEERING PROCESS

A. APPROACH

The approach to solving the problemdaffending maritime platforms with DEW
previously identified in Chapterdtarted with identifying what the U.S. Navy is required
to da We used the Universal Naval Task List (UNTL) as a way to identify key regeads
general level for the NavyThe UNTL is a functional decomposition of warfare areas,
which can be mapped back to the Department of Deferde Universal Joint Task List
(UJTL). In order to determine the Naval Tasks that might be applicable to DBE&/s, t
assumption was made that the only limiting factors for DEWs at this phase was the laws
of physics (restricting the missions by available prototypes came later and were being
researched concurrentlyBy only considering the theoretical physical limitais of
DEWSs, a list was made of the UNTL mission area requirements where DEWs could have

some role (even if that role was very small or better fulfilled by conventional weapons).

B. METHOD

Specific missionrequirementghat rolled up into the warfare area ueégments
also had to be determine@for example: the UNTL listdiattack air targetsas a
requirement, which includes shooting down missilesd aircraft. This UNTL
requiremenis the Navys Air Warfare area under which many specific missions reside.
To determine the specific mission requirements, an evaluation similar to that of the
UNTL was made of the Nagy Required Operational Capabilities (ROC) and Projected
Operating Environments (POE) document as well as the Surface Force Training Manual
(SFTM) for Anti-Terrorism/Force Protection (AFP) Critical Capability Requirements
(CCRs), where the ROC/POE was silent in that redake. was done with the UNTLa
determination of which missions had potential DEW applicalitibty based on the laws
of physics the specific abilities of current DEW prototypes would come lateg made

and then those specific missions were mapped back to the UNTL requirements.

Figure 6 describes the process of mapping needs to tasks to misSioiss.
process was an iterative procelsge torevisionsto the continued scoping of the problem

statement, continued project team research on available DEW prototypes, and the
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eventual selection of specific prototypes to be analyZbdse iterations in scopirthe
project required several revaluationsof the described mapping proceiss order to
ensure that the mapping process continued to match the pretdéament and project

goals.

OLIVEEENEYEINES S | sldentify Navy
List | weapon needs

Required

|
Operational eldentify specific |
Capabilities/Critical weapon 1
Capabilities 1 missions/use cases |

|
|

Requirements

+ |dentify context |
appropriate |
weapons and |
threats for |
evaluation |

|
|
Weapon Systems + I
Threats 1

|

Figure®. Navy Needs t®WeaponMapping Concpt

Following our mapping process, the mission areas where DEW can have a

theoretical impactbased on the laws of physigs)shown in the following mapping:
1 NTA 3: Employ Firepower
0 NTA 3.2.1 Attack Enemy Maritime Target
A NTA 3.2.1.1 Attack Surface Targets
1 SUW 1.6 Engage surface ships with DEW

 SUW 1.10 Conduct closen surface selflefense using

crew operated DEW

1 SUW 2.2 Conduct SUW to support surface forces
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1 SUW 2.3 Engage surface targets with assignedsamtace

sector

0 NTA 3.2.2 Attack Enemy Land Targets

A

AMW 14.3 Conduct direct fire

0 NTA 3.2.3 Attack Enemy Aircraft and Missiles

A

A

> > > >

>\

> > > >

AW 1.1 Provide area defense for a strike group
AW 1.2 Conduct air selflefense using DEW

AW 1.4 Provide area defense for a convoy or underway
replenishment group

AW 1.5 Provide aredefense for amphibious forces in transit and

in the amphibious objective area

AW 1.6 Provide area defense for a surface action group
AW 1.7 Engage air targets during joint/group operations
AW 1.10 Provide sebased theater BMD for Navy area

AW 1.12 Proviégé air defense for neoombatant evacuations

operations

AW 1.13 Provide air defense for naval/joint/combined TF
operations

AW 2.1 Provide air defense of a geographic area (zone)

AW 9.1 Engage medium/high altitude, higheed airborne threats
with DEW

AW 9.3 Engage low altitude threats with DEW
AW 9.4 Engage low/medium altitude airborne threats with DEW
AW 9.5 Engage airborne threats using installed-aintiveapons

AW 9.6 Engage airborne threats utilizing skift weapons
systems (e.g., chaff/decoys)
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0 NTA 3.2.4 Suppress Enemy Air Defenses

A

A

AMW 14.3 Conduct direct fire

IO 2.2 Conduct electronic jamming of target acquisition/target
tracking/fire control/missile seeker radars

IO 2.3 Conduct electronic jamming of communications/data link/

identification systems

0 NTA 3.2.5 Conduct Electronic Attack

A

NTA 3.2.5.1 Conduct C2 Attack

1 IO 2.2 Conduct electronic jamming of target

acquisition/target tracking/fire control/missile seeker radars

1 10 2.3 Conduct electronic jamming of

communications/data link/ identification systems

0 NTA 3.2.9 Conduct Notbethal Engagement

A

A

A

A

ATFP CCR 12 Pier Demonstration/Passive Protest Exercise
NCO 19.6 Conduct seizure of noncombatant vessels

NCO 19.9 Conduct drug traffic suppression and interdiction

operations
NCO 19.13 Support enforcement of fiskesrlaw and treaties

NCO 19.15 Support drug traffic suppression and interdiction

operations
NCO 19.16 Support illegal entry suppression operations

NCO 33.1 Operate as chokepoint patrol unit

f NTA 6: Protect The Force

0 NTA 6.1 Enhance Survivability

A

NTA 6.1.1 Rotect against combat area hazards
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1 NTA6.1.1.1 Protect Individuals and Systems

f NTAG6.1.1.2 Remove Hazards

(0]

NTA 6.1.1.2.1 Conduct Explosive Ordinance

Disposal

0 NTA 6.2 Rescue and Recover

A NTA 6.2.2 Conduct Personnel Recovery

1 NTA 6.2.2.2 Perform Combat SearafdaRescue

(0]

FSO 6.1 Support/conduct combat/noncombat SAR

operations by fixed or rotary wing aircraft

FSO 6.2 Conduct combat/noncombat SAR

operations by surface ships

1 NTA 6.2.2.3 Conduct Tactical Recovery of Aircraft and

Personnel

(0]

FSO 6.1 Support/conduct coatinoncombat SAR

operations by fixed or rotary wing aircraft

FSO 6.2 Conduct combat/noncombat SAR

operations by surface ships

0 NTA 6.3 Provide Security for Operational Forces and Means

A NTA 6.3.1 Protect and Secure Area of Operations

T
T

NTA 6.3.1.1 Establish @hMaintain Rear Area Security

NTA 6.3.1.2 Protect/Secure Installations, Facilities and

Personnel

NTA 6.3.1.3 Provide Harbor Defense and Port Security

0 NCO 33.1 Operate as chokepoint patrol unit

NTA 6.3.1.4 Protect Lines of Communication

NTA 6.3.1.5 Establis and Enforce Protection Perimeter
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1 NTA 6.3.1.6 Conduct Surveillance Detection Operations

(0]

NCO 45.8 Conduct surveillance and interdiction

operations of swimmers/swimmer delivery vehicles

A NTA 6.3.2 Conduct Military Law Enforcement Support (Afloat

and Ashore)

 NTA 6.3.2.2 Maintain Law and Order

(0]

(0]

(0]

NCO 19.6 Conduct seizure of noncombatant vessels

NCO 19.9 Conduct drug traffic suppression and

interdiction operations

NCO 19.13 Support enforcement of fisheries law
and treaties

NCO 19.15 Support drug traffic suppressiand

interdiction operations

NCO 19.16 Support illegal entry suppression
operations

NCO 33.1 Operate as chokepoint patrol unit

T NTA 6.3.3 Combat Terrorism

(0]

ATFP CCR 2 Deter, detect, defend against, and

mitigate Terrorist Activities

ATFP CCR 4 Entry ContrdPoint (ECP)Threat
ATFP CCR 8 Pier side Small Boat Attack Exercise
ATFP CCR 9 Terrorist A/C Attack Exercise

ATFP CCR 12 Pier Demonstration/Passive Protest

Exercise

ATFP CCR 14 Swimmer Attack
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o ATFP CCR 15 Nighttime Small Boat Attack at

Anchor

A second mappip of potential mission areaappropriate for a DEWwas
conducted after the problem statement had been refiriasl.revisionof the missions
appropriate for a DEW wdsased on what was thought to be implementable within four
years This revision also inc@orated technologies which hagen operationally tested

andwerestill funded:
1 NTA 3: Employ Firepower
0 NTA 3.2.1 Attack Enemy Maritime Target
A NTA 3.2.1.1 Attack Surface Targets
1 SUW 1.6 Engage surface ships with SUW weapons

1 SUW 1.10 Conduct closen surfa@ seltdefense using

crew operated weapons

1 SUW 2.3 Engage surface targets with assignedsamntace

sector
0 NTA 3.2.3 Attack Enemy Aircraft and Missiles
A AW 1.1 Provide area defense for a strike group
A AW 1.2 Conduct air selflefense using DEW

A AW 1.4 Provide area defense for a convoy or underway

replenishment group

A AW 1.5 Provide area defense for amphibious forces in transit and

in the amphibious objective area
A AW 1.6 Provide area defense for a surface action group

A AW 1.12 Provide air defense for naombatah evacuations

operations

A AW 1.13 Provide air defense for naval/joint/combined TF

operations
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A AW 9.1 Engage medium/high altitude, higheed airborne threats
with DEW

A AW 9.3 Engage low altitude threats with DEW

A AW 9.4 Engage low/medium altitude airborne #itgewith DEW
0 NTA 3.2.9 Conduct Notbethal Engagement

A ATFP CCR 12 Pier Demonstration/Passive Protest Exercise

A NCO 19.6 Conduct seizure of noncombatant vessels

A NCO 19.9 Conduct drug traffic suppression and interdiction

operations
i NTA 6: Protect The Force
o0 NTA 6.3 Provide Security for Operational Forces and Means
A NTA 6.3.3 Combat Terrorism

ATFP CCR 4 Entry Control Point (ECP)Threat

1
1 ATFP CCR 8 Pier side Small Boat Attack Exercise
1 ATFP CCR 9 Terrorist A/C Attack Exercise

1

ATFP CCR 12 Pier Demonstration/Passivetest Exercise
1 ATFP CCR 15 Nighttime Small Boat Attack at Anchor

This second evaluation of the needs to mission mapping also scoped out anything
that was not shipboardilthough the tasking statement directed the project team to
fintegratfe] DEW into Naal force® (Langford, SEA19B Directed Energy Weapons
2012) the team further scoped the project to strictly naval ships (and eventually solely
the DDG51 class)Yor several reasons, chief among them being that at the time that this
mapping had been dorthe prototypes to be evaluated had been selected and none of the
selected prototypes were deemed ablditton existing shipborne aircraft Shipboard
platforms seemed to be the only suitable platform for short term fleet integrakhicn
was determinedue to the current space and excess power available on many classes of

ships in the fleetAnalyzing the integration of DEW onto other naval platforms (LCS and
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CVN for example) would provide additional insights to an appropriate fleet wide
procurement sttagy (in terms of systems purchased), but would not change the
effectiveness of DEW systems in a maritime environment (if a given DEW is effective
onboard a DD&1, it will be effective onboard another class assuming the other ship can
support the DEW logtical requirements in terms of power, space, and cooling)
Additionally, furtherbackgroundesearchby the project team and preliminary analysis of
the selected DEW prototypagvealed thatmissionsrelated to theatewide missile
defense or ballistic rasile defens¢BMD) was unrealistic for theystems available for
analysis The only system to have successfully engaged a ballistic missile was ABL was
not selected as a potential shipborne prototype as discussed in the technology selection
section of thé chapter Finally, several missions that were similar or duplicates were
eliminated(an example being SUW 1EBngage surface ships with SUW Weapons and
SUW 2.2Conduct SUW to support surface forceSYW 2.2 was eliminate as the core
task of engaging a dgace ship is covered under SUW 1\Vgith the final list of missions
applicable for the use of DEMketermined, it was possible to map missions to threats and

weapons (see Append).

C. TAILORED SYSTEMS ENG INEERING PROCESS

We evaluated the relative net woxaha DEW by developing a unique systems
engineering(SE) process with emphasis on needs, mission, weapon, performance, cost,
and integration mapping.his tailored SE proceswsascreatedto providecontext to the
analysis comparing potential DEW tmurrert conventional weapon#\ context driven
approach is critically importarto avoid thefailures of theABL program The ABL
program, which had a hefty price tag and spent a long time in develgpmasichanged
from an acquisition program to a research degelopment (R&D) program and the
second aircraft cancelled in 200%hen Defense Secretary Robert Gatesmde this
change to the ABL program due iisignificant affordability and technology problems,
and the prografs proposed operational role is highlyegtionablé (Gates 2009before
it was ultimately canceled in 201&ccording to the operational concept for the ABL, the

aircraft would have to loiter in or near enemy airspace waiting for a ballistic missile to be
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fired and then attempt an intercepiithough the ABL was effective at shooting down

missiles throughout several tests, the operational concept was not viable.

Conversely, ar process required that in order for a weapon to be effective, it
must fill somemission gap or improve upon current dajiies using an appropriate
concept of operationsThe utilization of the UNTL to map weapons to missions was
extended as shown iRigure 7. The larger systems engineering process for the project
evolved out of the approach ohsuring a need was being fulfilled while using the
method of mapping needs to missions to weapons and threats describedhadtowegly
iterative waterfall process with feedback loops takered to accommodate timeission
mapping process, the extrapdian from various sources of data for DEWSs, and the

consolidated analysis using several modeling and simulation tools

Determine
capability
requirements

Map
capabilities to
warfare areas

Map mission
requirements
to warfare

areas

Determine
mission
physical

parameters

Analyze System-
Fleet
Implementation

Allocate
weapons to

missions
Analyze
weapon
effectiveness
Figure7. TailoredSystems Engineering Procd3silored Waterfall)
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D.

STAKEHOLDER ANALYSIS

With this projectcarried out athe unclassified level andith the inclusion of

foreign nationals, many potential stakeholders chose not to be involved, specifically those

companies developing the prototypleat weanalyzed The decisiors by these companse

to acknowledg our work but not participatemited the stakeholders of this project to a

select few as shown ifable3. This tablerepresents the different stakeholdalieng with

their needs, goals, and concer@skeholders are those ingtiuals or entities that have a
vital interest in theoutcome of theproject Primitive needs are the basic necessities
expressed byhe stakeholderwhile effective needs arthe needs of the stakeholder in

the context of DE and this projec@oncerns aréssues the stakeholders view as being

critical to their need<Goals are theutcomesstakeholders desire pertaig to the DE.

Table3. Stakeholders
Stakeholder| Primitive Effective Concerns Goals Type
Needs Needs
NPS Provide high| Foster Potential Increase Educational
quality research thajl roadblocks | combat Institution
education supports of research | effectiveness
for Armed development and of Armed
Forces and | of DE education Forces
government through
civilians research ang
development
of DE
N9l Enhance Ensure Integrated Successful | Naval
naval development warfare integration | Division
warfare of integrated| requirements| of DEW on
capability DEW for of DEW naval
Naval platform
Forces
Operator Accomplish | Use DEW | System Fulfill User
mission Systemto | performs as | mission
accomplish | intended and| requirements
mission is user using DEW
objectives | friendly system
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Naval Postgraduateschool (NPS)is a higher learning ingtition responsible for
educating graduatievel personnel acrossiot just DoD, other U.S. governmental
agencies and defense industry professionals, but members of Allied @ations
corresponding agencies as weRart of providing an education is fostering the
intellectual growth of students and faculty through resedrhis research is invaluable
to the increase of combat effectiveness throughout the Armed FAsasstakeholder of
this project, NPS desires to advance the combat effectiveness of the Navy through
supporting the study of DEW and its integration onto a Ineessel Concerns of NPS
include any potential roadblocks that may impede this study.

N9I is the Warfare Integration Division of the Naand the sponsor of the
project.The purpose of the division is to integrate warfare goals and objectives with force
requirements, resulting in enhanced warfare capabii®y is therefore oncerned with
the successful integration &fEWs on naval platforms and that this integration fulfills
battle force requirements.

Operators are the individuals (Sailors) who willizé the systemUsers have
requirements to meet and employ the system in order to fl§lven missionFor this
reason, ifs important that the system performs as intended or the miseidd be
jeopardized

Although interests in the outcome tbfis project involve many other agencies
and businesses, the unclassified nature of the project has led to little acceptance among
those entitiess previously discussethe project team has spent a considerabieunt
of time formulating workroundsto this reluctance to cooperafehis workaround ledo
a gap in the amourf data received which the project team augmehy utilizing open
source information, @plying the physics based solutions to tttearacteristics of the
weapons, andsing analogistnformation in cost and integration issugbere possible
No classified or distribution limited data is included in this analysis, but the process could

be used with such data if it were to become available.

E. SELECTED SOURCES OFINFORMATION (SSOl)

DEWSs areproduced and studied by a host of businesses, agencies, and research

facilities all of which could have served as potential sources of informatiowever,
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due scoping the project to those systems which could feasibly be integrated onto naval
platforms wthin a four year timeframe, sources of information were narrowed to those
entities that supplied DEW technologies at TRL 6 or above.

The SSOI Distributionshown inFigure 8 represents thearious selected sources
of information ESOI9 that are associated with the proje88Ols are those individuals
and entities that can provide information that pertains to the prdjeet SSOls are
mainly contrat¢ors that supplied DEW prototypes for testiriRgaytheon suppéd the
LASER Weapon §stem (LaW$ and the Active Denial System (ADSNorthrop
Grumman supplied the Martime LASER Demonstrabn (MLD). Boeing and BAE
developed the TacticAlASER System (TLS) Some other SSOls include PM®5, the
Navys Directed Energy Program Office, {2®escue Wing who has used GINA in
several search and rescue exercises, and the USS DEWEY which currently is being used
as the test bed for LaWS.

|

Figure8. Selected Sources of Informatid®S0O) Distribution

As with the stakehokes previously, the SSOI as potential stakeholders have the
same categoricalneeds, concerns, and goalthese needs, concerns, and goals are
fundamentally different than the stakeholders as any public company is responsible to be

profitable for their respctive stockholdersAlso, as these SSOls are all contractors, their
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needs (both primitive and effective), concerns, and goals are all similar and apply to them
all. The SSOls ardetailed inTable4.

Table4. Selected Sources of Informati@BSOE)
Primitive Effective
SSOI Needs Needs Concerns Goals Type
Gain Sell their Custo_mers Obtain
. deeming contrad for
substantial | DEW ;
market share| System systems_worth producing
purchasing DEW
. Obtain
Brand Build cadre DE\.N.'S contract for
" sufficiently :
recognition | of experts tested supporting
Boeing, este DEW
BAE, Sufficient
Northrop Emol systems are | Obtain Contractor
Grumman,| Attract new :221%: sold to recoup| contract to
Raytheon | employees \F/)vorkforce R&D money [ develop next
and make DEW
profit
Attract new
shareholders
Secure future
R&D money

Contractors are businessasad businesses need to ma&eenues angrofits. In order to
gain a substantial portion of the markéhe above contractors slee to sé their
respective DEW to the governmeantany other entity which desires them and can legally
buy the DEW Gaining market sharis accomplished through gaining contradtaving
their brand recognized by potential users, and having a higityqwalrkforce that will
allow themto manufactee, supply, and potentially maintain uniks general, entractors
are focused on providing systems that meet the requiremktitsir customers, with the
expectatiorthat the customeprovides clear requineents(which accurately address the
needs of the customer preventing requirement creep daewglopment)and then

purchases the system assuming the requirements are met
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F. TECHNOLOGY SELECTION PROCESS

There are numerous challenges to developing directezmtgentechnology
including R&D roadblocks, high power requiremenéd mission effectivenesss
might be expected, the potential benefits are significant as Tl possibility offideep
magazines and expandeduse of force continuuthopportunities hasong been sought
out by military commanders; literally dozens of potential technologies and permutations
exist Our tasking called for a thorough analysis of issues that address a broad spectrum
of missions commensurate with the needs of the U.S. N&eythen factored in current
fleet structures, as well as currently funded progradwest we developed the associated
concepts of operatiofrrom here we were able to evaluate the potential technology gaps
for not only directed energy weapons, but also foirtheegration into U.S. Naval
forces This process for formulating a technology gap resulteauinconclusion to only
consider DEW technologies that currently have an operationally tested protdhge
technology must be both feasible and applicabléhéocurrent U.S. Navy missiomn
addition, deployment of aDEW must have the ability to comply with the four year

timeline previously discussed.

In determiningwhich of the four technologies identified in the background
section(Solid StateLASERs (SSL), High-Powered Microwave$HPM), FreeElectron
LASERs (FEL), and ChemicaLASERs (CL)) deserve further analysis, each technology
was measured against three criterfdne technology has to beapable of working
successfully in the established feygar timefame has to improve the mission
effectivenes®of the ship and has the ability to be integrated onto a.sBgsedon these
criteria, FEL and CLwere removed from further consideration in the project.

Althougha FEL has tremendous potentad a DEWwith the ability to modify the
wavelength as requireahd the high power outputhe drawbacks of the technology are
prohibitive of a shipboard environment andrat have the potential to be implemented
in four years These drawbacks include large size, radmatihazard, high power
requirement, and large weigh€L were alsoeliminated from further consideration
Although CL are the mos¢chnologicallymature of any of the potential DEWs as shown
with the ABL and THELprograms the requirement of a logisticsain providing(and
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removing after firing)toxic chemicals does naoeduce(and would likely increasethe
reliance on the logistics traifmhis elimination of FEL and CL from further consideration
constrainsthe project to two technologies, HPM and S$&ach of the remaining two

technologieprovides a different capability and will be analyzed separately.
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IV. MODELING AND SIMULATION

A. MODELING METHODOLOGY AND BACKGROUND

In order to accomplish our goal of evaluating each weapon in a specific
engagement, in the ctaxt of a mission, we built a metaodel and two simulationhe
metamodel aggregated different engagements into a single, searchable database and
provided an interactive mapping of that engagement to weapons, threats, missions,
warfare areas, environmsnand weapon platform3he simulations would help to gain
insights in what combination of weapons would be best, how DEWSs could affect ship

survivability, and what the CONOPS of a potential DEW employment might look like.

With the mission requirementyauated for applicability and mapped from the
top down starting with the UNLT and ending with a ROC/POE or CCR defined mission
the next step was to define the context for evaluation wahimdelto evaluate each
weapolis effectiveness within those misn contextsWe chose an engagement centric
view around which to construct the modalvisual representation of the model tbe
model parameters for an engagement between a ship and its tardgpiated inFigure
9. An eng@ement centric view was choséecause a directed energy weapon is not
equally effective against all threats and in all environmehterefore, we needed to
place a weapon into a specific context, evaluate its performance in that camdext
environmentand then aggregate all of the weaggengagement¥Veapon performance
would be aggregated in a database, with rtega embedded in the engagement file to
link that engagement to all of the objects that are represented in that specific
engagemed contex The aggregated engagement results for all weapons can then be
compared on a onAm®-one basis comparing conventional, LASER, and microwave
weapons in equivalent, quantifiable terrtis determine the exact advantages and niches

for each weapon.

The modeé is based on the following assumptiorior each engagement we
assumed that the earth was flat, that the weapon platform was the center of the universe,
that all threat motion was relative and direct towards the weapon platform, and that

weapon and threapeeds remained constant (no acceleration, no.dkaguming a flat
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world negated the need to know the exact weapon height and all engagements were
entered such that the slant range to the threat was within a line of sight to the weapon
(assumed to be an altitude of O meters relative to mean sea le¥s$uming no drag or
acceleration was necessary because unclassified weapon and threséctiossl areas

were unavailable and provided a counter weight for conventional weapons against DEWs
being abé to instantaneously move to the next target without delagn the intercept of

a threat by a weapon, we then accounted for some weapon effect delay, during which the
threat is not killed until the end of that del@., no instantaneous kill or damagé/e

also assumed an infinite number of successive threats that can only be engaged one at a
time, which allows us to get a rough order of magnitude of how many kills a weapon can
achieve against a specific threat type in each specific coftieely, we assumed that

the vital area radius was mission specific and that the threat detectiomasiga was
engagemenspecific Each vital area radius represents that distance by which a threat
must be successfully engaged or the model assumes that thereagbigea failureThis

was based on the expertise of the team members to account for situations such as an
inbound ASCM, where if it is engaged at less than a certain distance, it will still impact
the ship, causing high amounts of damage regardlessuafcassful intercepAlso, this

was done because even very low powered DEWs can produce a very high power density
on a target if it is extremely close (i.e,, within a few meters) and allowing threats to get
that close to the weapon in the model would ltesuan unrealistically high number of

successful engagements.
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Figure9. Model Engagement Diagram

B. GLOBAL INFORMATION N ETWORK ARCHITECTURE (GINA)

In order to realize the true potential of the output of the Systems Engineering
Pracessfor this project it was determined that Global Information Network Architecture
(GINA) was the best tool available for complex metadeling Team members
interviewed the Chief Technology Officer of Big Kahuna Technologies, LLC, Mr.
Frank Busalacdh who developed GINA and the U.S. Army Corps of Engineers,
Engineer Research and Development Center (ERDC) liaison officer (LNO) to TRAC
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