
 

 
NAVAL  

POSTGRADUATE  

SCHOOL 
 

MONTEREY, CALIFORNIA  

 

 

 

CAPSTONE PROJECT REPORT 
 

 

Approved for public release; distribution is unlimited 

VIABLE SHORT -TERM DIRECTED ENERGY WEAPON 

NAVAL SOLUTIONS: A SYSTEMS ANALYSIS OF 

CURRENT PROTOTYPES 
 

by 

 

Team Bravo 

Cohort 19 

 

June 2013 

 

Thesis Advisor:  Gary O. Langford 

Second Reader: Thomas Anderson 



THIS PAGE INTENTIONALLY  LEFT BLANK 

  



 

 

i 

REPORT DOCUMENTATION PAGE  Form Approved OMB No. 0704ï0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instruction, 

searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send 

comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to 
Washington headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 

22202ï4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704ï0188) Washington, DC 20503. 

1. AGENCY USE ONLY (Leave blank) 
 

2. REPORT DATE   
June 2013 

3. REPORT TYPE AND DATES COVERED 
Capstone Project Report; 10AUG12ï21JUN13 

4. TITLE AND SUBTITLE   

VIABLE SHORT-TERM DIRECTED ENERGY WEAPON NAVAL SOLUTIONS: 

A SYSTEMS ANALYSIS OF CURRENT PROTOTYPES 

5. FUNDING NUMBERS 

 

6. AUTHOR(S)  Cohort 19/Team Bravo 

7. PERFORMING ORGANIZATIO N NAME(S) AND ADDRESS(ES) 

Naval Postgraduate School 

Monterey, CA  93943ï5000 

8. PERFORMING ORGANIZATION 

REPORT NUMBER     

9. SPONSORING /MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

N/A 

10. SPONSORING/MONITORING 

    AGENCY REPORT NUMBER  

11. SUPPLEMENTARY NOTES  The views expressed in this thesis are those of the author and do not reflect the official policy 

or position of the Department of Defense or the U.S. Government. IRB Protocol number ____N/A____.  

12a. DISTRIBUTION / AVAILABILITY STATEM ENT   
Approved for public release; distribution is unlimited 

12b. DISTRIBUTION CODE  
 

13. ABSTRACT (maximum 200 words)  

 

With conventional weapons nearing their peak capability, the need to identify alternative war fighting solutions 

suggests a look at Directed Energy Weapons (DEWs). The goal is to change the means by which warfare is conducted 

to improve operational efficiencies and overall effectiveness. The Naval Postgraduate School Systems Engineering 

and Analysis (SEA-19B) Capstone project team examined how existing directed energy technologies can provide 

performance across multiple warfare area domains and mission subsets for the U.S. Navy. The aim was to identify 

and characterize the capability gaps with conventional weapons systems, produce a coherent vision of naval missions 

that incorporate DEWs, and generate a roadmap for a DEW fleet. By conducting a thorough Analysis of Alternatives 

based on system performance, integration, schedule, 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 combatants, 

although none of the analyzed DEWs have the capability to replace a current conventional weapon. The Active Denial 

System (microwave) provided a niche capability in the Anti-Terrorism/Force Protection mission set. 

 

 
 

 

14. SUBJECT TERMS Directed Energy, DE, Directed Energy Weapon, DEW, Global Information 

Network Architecture, GINA, High-Powered Microwave, HPM, LASER, Meta-Model 
15. NUMBER OF 

PAGES  
463 

16. PRICE CODE 

17. SECURITY 

CLASSIFICATION OF 

REPORT 
Unclassified 

18. SECURITY 

CLASSIFICATION OF THIS 

PAGE 

Unclassified 

19. SECURITY 

CLASSIFICATION OF 

ABSTRACT 

Unclassified 

20. LIMITATION OF 

ABSTRACT 

 

UU 

NSN 7540ï01ï280ï5500 Standard Form 298 (Rev. 2ï89)  

 Prescribed by ANSI Std. 239ï18 



 

 

ii  

THIS PAGE INTENTIONALLY LEFT BLANK  



 

 

iii  

Approved for public release; distribution is unlimited 
 

 

VIABLE SHORT -TERM DIRECTED ENERGY WEAPON NAVAL SOLUTIONS: 

A SYSTEMS ANALYSIS OF CURRENT PROTOTYPES 
 

 

Cohort 19/Team Bravo 

 

LT Dan Ciullo   Yinghui Heng  Wen Chong Chow 

LT Jeff deLongpre  Chia Sern Wong Guan Hock Lee 

LTC Sim Mcarthur  Wai Keat Wong  Valentine Leo 

LT Jake Nowakowski  Yee Ling Phua  Zhifeng Lim 

LT Rich Shene   Philip Zlatsin  Boon Chew Sheo 

LT Earvin Taylor  Junwei Choon  Sze Shiang Soh 

LT Roosevelt White  Yong Shern Neo Harn Chin Teo 

 CPT Po-Yu Cheng  Daryl Lee 

 

 

Submitted in partial fulfillment of the 

requirements for the degree of 

 

 

MASTER OF SCIENCE IN  SYSTEMS ENGINEERING ANALYSIS  

 

from the 

 

NAVAL POSTGRADUATE SCHOOL  

June 2013 

 

 

 

Reviewed By: 

Gary O. Langford, Ph.D.    Thomas Anderson, Ph.D.       James N. Eagle, Ph.D.  

Capstone Project Advisor    Second Reader        SEA Chair  

 

 

Accepted By: 

Cliff Whitcomb, Ph.D.   Robert Dell, Ph.D. 

Systems Engineering Department Operations Research Department 

 

 

Released By: 

Jeffrey D. Paduan, Ph.D. 

Dean of Research 



 

 

iv 

THIS PAGE INTENTIONALLY LEFT BLANK  

  



 

 

v 

ABSTRACT 

With conventional weapons nearing their peak capability, the need to identify alternative 

war fighting solutions suggests a look at Directed Energy Weapons (DEWs). The goal is 

to change the means by which warfare is conducted to improve operational efficiencies 

and overall effectiveness. The Naval Postgraduate School Systems Engineering and 

Analysis (SEA-19B) Capstone project team examined how existing directed energy 

technologies can provide performance across multiple warfare area domains and mission 

subsets for the U.S. Navy. The aim was to identify and characterize the capability gaps 

with conventional weapons systems, produce a coherent vision of naval missions that 

incorporate DEWs, and generate a roadmap for a DEW fleet. By conducting a thorough 

Analysis of Alternatives based on system performance, integration, schedule, 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 combatants, although none of 

the analyzed DEWs have the capability to replace a current conventional weapon.   The 

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

Terrorism/Force Protection mission set. 



 

 

vi 

THIS PAGE INTENTIONALLY LEFT BLANK  



 

 

vii  

TABLE OF CONTENTS  

I.  INTRODUCTION ........................................................................................................1 
A. PROJECT TEAM  ............................................................................................2 
B. TASKING STATEMENT  ...............................................................................4 
C. PROBLEM DEVELOPMENT  .......................................................................6 

1. Problem Statement...............................................................................7 
2. Scope......................................................................................................9 

a. In Scope ...................................................................................11 
b. Out of Scope ............................................................................11 

3. Project Approach ...............................................................................14 

II.  BACKGROUND  ........................................................................................................17 
A. STATE OF CONVENTIONA L WEAPONS ..............................................17 

B. STATE OF DIRECTED EN ERGY WEAPONS ........................................18 
1. Solid State LASER (SSL) ..................................................................19 

a. Technology History .................................................................19 
b. Programs .................................................................................21 

2. Chemical LASER (CL) ......................................................................26 
a. Technology History .................................................................26 
b. Programs .................................................................................27 

3. High-Power Microwave (HPM) ........................................................28 
a. Technology History .................................................................28 

b. Programs .................................................................................30 

4. Free Electron LASER (FEL) ............................................................31 

a. Technology History .................................................................31 
b. Programs .................................................................................32 

C. DIRECTED ENERGY AND CONVENTIONAL WEAPON 

COMPARISON ..............................................................................................32 

III.  SYSTEMS ENGINEERING PROCESS..................................................................35 

A. APPROACH ...................................................................................................35 
B. METHOD  .......................................................................................................35 

C. TAILORED SYSTEMS ENG INEERING PROCESS ...............................43 
D. STAKEHOLDER ANALYSIS  .....................................................................45 
E. SELECTED SOURCES OF INFORMATION (SSOI)  ..............................46 
F. TECHNOLOGY SELECTION  PROCESS .................................................49 

IV.  MODELING AND SIMULAT ION ..........................................................................51 
A. MODELING METHODOLOGY  AND BACKGROUND  .........................51 
B. GLOBAL INFORMATION N ETWORK ARCHITECTURE (GINA) ....53 

C. MODELING DIRECTED EN ERGY WEAPON (DEW) 

PERFORMANCE ..........................................................................................63 
1. LASER Model Development .............................................................65 
2. Microwave Model Development .......................................................75 



 

 

viii  

3. Conventional Weapon Comparison .................................................82 

4. Modeling Atmospheric Attenuation .................................................84 
5. Atmospheric Model Global Information Network Architecture 

(GINA) Integration  ............................................................................86 
D. DIRECTED ENERGY WEAP ON (DEW) MODEL VALID ATION 

AND ATMOSPHERIC EFFE CTS ...............................................................87 
1. Model Data Collection .......................................................................87 
2. Directed Energy Weapon (DEW) Model Validation ......................92 

3. Microwave Model Validation............................................................93 
4. Microwave Model Sensitivity ............................................................96 
5. LASER Model Validation  ...............................................................101 
6. LASER Model Sensitivity................................................................105 

E. GLOBAL INFORMATION N ETWORK ARCHITECTURE (GINA) 

ANALYSIS  ...................................................................................................112 
1. Model Experimental Design ............................................................112 

2. Model Results and Analysis ............................................................114 

3. Type I Engagement Analysis...........................................................116 
4. Type II Engagement Analysis .........................................................120 
5. Conclusions .......................................................................................125 

F. SIMULATION  .............................................................................................126 
1. Map Aware Non-Uniform Automata (MANA)  .............................126 

a. Modeling LASERs with Map Aware Non-Uniform 

Automata (MANA) ................................................................127 
b. Assumptions ..........................................................................129 

c. Found Software Bug in Map Aware Non-Uniform 

Automata (MANA) ................................................................130 

d. Map Aware Non-Uniform Automata (MANA) Simulation 

Vignettes and Scenarios ........................................................130 

e. Fast Attack Craft (FAC)/Fast Inshore Attack Craft 

(FIAC) ...................................................................................130 
f. Fast Attack Craft (FAC)/Fast Inshore Attack Craft 

(FIAC) Simulation Parameters ............................................131 
g. Low Slow Flyer (LSF) / Unmanned Aerial Vehicle (UAV) 133 

h. Low Slow Flyer (LSF) / Unmanned Aerial Vehicle (UAV) 

Simulation Parameters .........................................................134 
I.  Anti-Ship Cruise Missile (ASCM) ........................................135 

j. Coordinated Attack ...............................................................137 

2. LASER Monte Carlo Simulation ....................................................139 
a. Simulation Methodology .......................................................140 
b. Engagement Modeling ..........................................................147 

c. Scenarios ...............................................................................157 
d. Analysis..................................................................................159 
e. Results....................................................................................159 
f. Findings .................................................................................174 



 

 

ix 

V. INTEGRATION  .......................................................................................................175 

A. SHIPBOARD INTEGRATIO N ..................................................................175 
1. LASER Weapons System (LaWS) Shipboard Considerations ....175 

a. Size, Weight, and Power (SWaP) Constraints .....................176 
b. Cooling ..................................................................................179 
c. System Placement ..................................................................179 
d. Combat Systems Considerations ...........................................180 
e. Weapon Coverage .................................................................182 

2. Maritime LASER Demonstration (MLD) Shipboard 

Considerations ..................................................................................184 
a. Size, Weight, and Power (SWaP) Constraints .....................185 
b. Cooling ..................................................................................187 
c. System Placement ..................................................................187 

d. Combat Systems Considerations ...........................................188 
e. Weapon Coverage .................................................................189 

3. Tactical LASER System (TLS) Shipboard Considerations .........190 

a. Size, Weight, and Power (SWaP) Constraints .....................191 
b. Cooling ..................................................................................194 
c. System Placement ..................................................................195 

d. Combat Systems Considerations ...........................................195 
e. Weapon Coverage .................................................................197 

4. Active Denial System (ADS) Shipboard Considerations ..............198 
a. Size, Weight, and Power (SWaP) Constraints .....................198 
b. Cooling ..................................................................................203 

c. System Placement ..................................................................204 

d. Combat Systems Considerations ...........................................206 

e. Weapon Coverage .................................................................208 
5. Summary ...........................................................................................209 

B. SUSTAINMENT  ..........................................................................................211 
1. Overview ...........................................................................................211 
2. Methodology and Approach............................................................213 

3. Materials ...........................................................................................213 
a. Solid State LASER (SSL) ......................................................214 

b. Active Denial System (ADS) .................................................215 
4. Safety .................................................................................................216 
5. Supply Chain Management .............................................................217 

6. Operational Unit Support ...............................................................217 

7. Sustaining Engineering ....................................................................218 
8. Disposal .............................................................................................219 

C. TRAINING AND MANNING  ....................................................................219 

1. Manning ............................................................................................220 
2. Training  ............................................................................................220 
3. Life cycle Costs of Training and Manning for a System ..............222 



 

 

x 

4. Projected Training and Manning Requirements for a Directed 

Energy Weapon (DEW) System .....................................................223 
a. LASER Weapon System (LaWS) ..........................................223 

b. Maritime LASER Demonstration (MLD) ............................223 
c. Tactical LASER System (TLS) .............................................223 
d. Active Denial System (ADS) .................................................224 

5. Conclusion ........................................................................................224 
D. COST ESTIMATION  ..................................................................................225 

1. External Source Data .......................................................................226 
2. Methodology .....................................................................................227 
3. Assumptions......................................................................................231 
4. Tactical LASER System (TLS) .......................................................231 

a. Objective ................................................................................231 

b. Facts ......................................................................................231 
c. Ground Rules and Assumptions ...........................................232 

d. Cost Summary .......................................................................233 

5. Active Denial System (ADS) ............................................................236 
a. Objective ................................................................................236 
b. Facts ......................................................................................236 

c. Ground Rules and Assumptions ...........................................237 
d. Cost Summary .......................................................................237 

6. LASER Weapon System (LaWS) ...................................................240 
a. Objective ................................................................................240 
b. Facts ......................................................................................240 

c. Ground Rules and Assumptions ...........................................241 

d. Cost Summary .......................................................................242 

7. Maritime LAS ER Demonstration (MLD) .....................................245 
a. Objective ................................................................................245 

b. Facts ......................................................................................245 
c. Ground Rules and Assumptions ...........................................246 
d. Cost Summary .......................................................................246 

8. Conclusion ........................................................................................249 
E. OPERATIONAL AVAILABI LITY  ...........................................................250 

VI.  ANALYSIS OF ALTERNAT IVES ........................................................................253 

VII.  CONCLUSION ........................................................................................................261 
A. METHODOLOGY  ......................................................................................261 

1. Mission Driven Analysis ..................................................................261 
2. Technology Driven Analysis............................................................262 
3. Model Validation ..............................................................................262 

a. HPM ......................................................................................263 

b. LASER ...................................................................................263 
4. Mission Threat Mapping .................................................................265 
5. Cost Analysis ....................................................................................266 

B. LASER ..........................................................................................................267 



 

 

xi 

C. HIGH POWER MICROWAVE  (HPM) ....................................................268 

D. CONCEPT OF OPERATIONS (CONOPS) ..............................................268 
E. FINAL THOUGHTS  ...................................................................................269 

VIII.  RECOMMENDATIONS  .........................................................................................271 

APPENDIX A. THREAT A ND WEAPON MAPPING  ...................................................275 

APPENDIX B. GLOBAL INFORMATION NETWO RK ARCITECTURE (GINA ) 

CUSTOM CONTENT MANAG ER CODE ..........................................................285 

APPENDIX C. GLOBAL I NFORMATION NETWORK A RCITECTURE (GINA) 

X-TYPES, VECTORS, AND FORMS ...................................................................293 

APPENDIX D. VISIUAL BASIC (VB) .NET CODE .......................................................305 

APPENDIX E. THREAT A ND CONVENTIONAL WEAP ON DATA .........................311 
A. CONVENTIONAL WEAPON DATA  .......................................................311 
B. THREAT DATA  ..........................................................................................312 

APPENDIX F. TAPE 5 BASELINE INPUT FILE  ...........................................................313 

APPENDIX G. CONVENTI ONAL WEAPON ANALYSIS  CLASS WRAPPER 

CODE ........................................................................................................................315 

APPENDIX H. MODTRAN 5 CLASS WRAPPER .........................................................317 
A. DEVELOPMENT PROCESS .....................................................................317 

1. Input File Format Analysis and Creation ......................................317 

2. Output File Format Analysis and Extraction ................................319 
3. Coding of Software ..........................................................................320 

B. CODE ............................................................................................................322 

APPENDIX I. MICROWAV E FULL SENSITIVITY A NALYSIS VALUES  ...............333 

APPENDIX J. LASER SENSITIVITY FULL RANGE  OF FACTORS ........................335 

APPENDIX K. LASER SENSITIVITY FULL 2
K
 VALUES ...........................................339 

APPENDIX L. GLOBAL I NFORMATION NETWORK A RCHITECTURE 

(GINA) ENGAGEMENTS F ROM ENGAGEMENT QUERY  ...........................341 

APPENDIX M. MAP AWAR E NON-UNIFORM AUTOMATA (MA NA) 

SIMULATION RESULTS  ......................................................................................355 

APPENDIX N. FINAL PROGRESS REVIEW (FPR) SLIDES ......................................363 

LIST OF REFERENCES ....................................................................................................415 

INITIAL DISTRIBUTION  LIST  .......................................................................................431 

 

 

  



 

 

xii  

THIS PAGE INTENTIONALLY LEFT BLANK   



 

 

xiii  

LIST OF FIGURES 

Figure 1. Attenuation of electromagnetic radiation in sea water (after Harney, 

Combat Systems Volume 1 2004) ...................................................................12 
Figure 2. Molecular absorption of the atmosphere (after Harney, Combat Systems 

Volume 1 2004) ...............................................................................................12 
Figure 3. Photograph of LASER Weapon System (LaWS) Prototype (from 

O'Rourke, Navy Shipboard LASERs for Surface, Air, and Missile 

Defense: Background and Issues for Congress 2012) .....................................22 
Figure 4. Photograph of the Maritime LASER Demonstration (MLD) (from Angell 

2012) ................................................................................................................23 

Figure 5. Rendering of Tactical LASER System (TLS) Integrated on Mk 38 

Machine Gun Mount (from O'Rourke, Navy Shipboard LASERs for 

Surface, Air, and Missile Defense: Background and Issues for Congress 

2012) ................................................................................................................25 
Figure 6. Navy Needs to Weapon Mapping Concept ......................................................36 

Figure 7. Tailored Systems Engineering Process (Tailored Waterfall) ...........................44 
Figure 8. Selected Sources of Information (SSOI) Distribution .....................................47 

Figure 9. Model Engagement Diagram ...........................................................................53 
Figure 10.  Global Information Network Architecture (GINA) Information Object 

Structure (from Busalacchi, Tinsley, et al. 2010) ............................................56 

Figure 11. Universal Modeling Language (UML) Model of Global Information 

Network Architecture (GINA) .........................................................................57 

Figure 12. Inputs to Objects to Model to Analysis in Global Information Network 

Architecture (GINA) ........................................................................................60 

Figure 13. SEA-19B Global Information Network Architecture (GINA) Model 

Universal Modeling Language (UML) Diagram .............................................61 

Figure 14. Gaussian Beam Profile Characteristics (from Harney, Combat Systems 

Volume 2 2004, 1004) .....................................................................................67 
Figure 15. Sample LASER Beam Error Budget (from Merritt 2011) ...............................70 
Figure 16. Gaussian Beam Intensity Profile (from Harney, Combat Systems Volume 

6 2011) .............................................................................................................71 
Figure 17. Conical Intensity Profile Approximation of Gaussian Profile .........................72 
Figure 18. Sample Maritime LASER Demonstration (MLD) Intensity Profile over 

20km Against a Mach 1.8 Threat .....................................................................74 
Figure 19. Time to Pain Threshold Regression .................................................................79 

Figure 20. Directed Energy Weapon (DEW) Analyzer Software Screen Shot .................82 
Figure 21. Simple Missile Engagement Analysis (from Harney, Combat Systems 

Volume 6 2011, 323) .......................................................................................83 
Figure 22. MODTRAN Class Wrapper Gateway for Global Information Network 

Architecture (GINA) Integration .....................................................................87 
Figure 23. Microwave and LASER Attenuation (after Harney, Combat Systems 

Volume 1 2004) ...............................................................................................93 



 

 

xiv 

Figure 24. Active Denial System (ADS) Performance in Weather ...................................94 

Figure 25. Active Denial System (ADS) Pain vs. Lethal Time Thresholds ......................95 
Figure 26. Main Effects Plot for Seconds to Pain (Microwave Model Sensitivity) ..........98 
Figure 27. Main Effects Plot for Seconds to Lethality (Microwave Model Sensitivity) ..99 

Figure 28. High Power Microwave (HPM) Type Effects ...............................................100 
Figure 29. 100kW Type Effects ......................................................................................101 
Figure 30. LASER Weapons vs. Aluminum Boat, Clear Day ........................................102 
Figure 31. LASERs vs. Aluminum Low Slow Flyer (LSF), Clear Day..........................103 
Figure 32. LASER Weapons vs. Titanium Anti-Ship Cruise Missile (ASCM), Clear 

Day .................................................................................................................104 
Figure 33. LASER Model Sensitivity Analysis ..............................................................106 
Figure 34. LASER Model Maximum Effective Range Variability.................................107 
Figure 35. LASER Sensitivity 2

k
 Interaction Plot for Range of First Type I 

Engagement....................................................................................................109 
Figure 36. LASER Sensitivity Main Effects on Range of First Type I Engagement......110 

Figure 37. LASER Sensitivity Effects on Range of First Type II Engagement ..............111 
Figure 38. Weapon-Warfare Area Mission Success Rates ..............................................115 

Figure 39. Average and Maximum Ranges of First Type I Engagement (Given 

Mission Success) ............................................................................................116 
Figure 40. Interaction Plot of Weapon Maximum Effective Range by Threat ...............117 

Figure 41. Interaction Plot for Mean Number of Type I Engagements by Threat Type .119 
Figure 42. Dot Plot of Range of First Type I Engagement by Weapon ..........................120 

Figure 43. Average and Maximum Ranges of Directed Energy Weapon (DEW) First 

Type II Engagement (Given Mission Success) ..............................................122 
Figure 44. Interaction Plot for Range of First Type II Engagement by Mission ............123 

Figure 45. Interaction Plot for Number of Type II Engagements by Threat Type ..........124 

Figure 46. Dot Plot of Range of First Type II Engagement (All Missions, All 

Environments) ................................................................................................125 
Figure 47. Average penetration time ...............................................................................128 

Figure 48. Fast Attack Craft (FAC)/Fast Inshore Attack Craft (FIAC) Map Aware 

Non-Uniform Automata (MANA) Screen Shot of DDG Engaging Fast 

Attack Craft (FAC)/Fast Inshore Attack Craft (FIAC) Threats with a 

LASER ...........................................................................................................132 

Figure 49. Low Slow Flyer (LSF) / Unmanned Aerial Vehicle (UAV) Map Aware 

Non-Uniform Automata (MANA) Simulation Screen Shot ..........................135 
Figure 50. Anti-Ship Cruise Missile (ASCM) Simulation Screenshot ...........................136 
Figure 51. Coordinated Attack Simulation Screen Shot .................................................138 

Figure 52. Engagement Process for Simulation Model ...................................................146 
Figure 53. Missile Swarm Attack Scenario Main Effects Analysis ................................160 
Figure 54. Missile Swarm Attack Scenario Interaction Plot ...........................................161 

Figure 55. LASER type/Number of Guns Interaction .....................................................162 
Figure 56. LASER type/Number of Targets Interaction .................................................163 
Figure 57. Missile Swarm Attack Scenario without Anti-Missile Missiles Main 

Effects Analysis .............................................................................................164 



 

 

xv 

Figure 58. Missile Swarm Attack Scenario without Anti-Missile Missiles Interaction 

Plot .................................................................................................................165 
Figure 59. LASER Type/Number of Targets Interaction ................................................166 
Figure 60. LASER Type/Number of Guns Interaction (One target) ...............................167 

Figure 61. LASER Type/Number of Guns Interaction (Two targets) .............................168 
Figure 62. Missile Swarm Attack Scenario with Two Anti-Missile Systems Main 

Effects Analysis .............................................................................................169 
Figure 63. LASER Type/Number of Guns Interaction (Two Anti-Missile Systems) .....170 
Figure 64. Boat Swarm Attack Scenario Main Effects Analysis ....................................171 

Figure 65. Missile Swarm Attack Scenario Interaction Plot ...........................................172 
Figure 66. LASER Type/Number of Guns Interaction (Boat Swarm Scenario) .............173 
Figure 67. LASER Type/Number of Targets Interaction (Boat Swarm Scenario) .........174 
Figure 68. LASER Weapon System (LaWS) prototype onboard USS DEWEY 

(DDG-105) (from news.com.au 2013)...........................................................177 
Figure 69. Proposed LASER Head Placement Locations (after Vandroff 2013) ...........180 

Figure 70. Rendering of LASER Weapon System (LaWS) Integrated on Close-In 

Weapon System (CIWS) Mount (from O'Rourke, Navy Shipboard 

LASERs for Surface, Air, and Missile Defense: Background and Issues for 

Congress 2013) ..............................................................................................181 
Figure 71. Close-In Weapon System (CIWS)/LASER Weapon System (LaWS) 

Weapons Coverage ........................................................................................183 
Figure 72. Schematic of Maritime LASER Demonstration (MLD) (from O'Rourke, 

Navy Shipboard LASERs for Surface, Air, and Missile Defense: 

Background and Issues for Congress 2013)...................................................184 
Figure 73. Notional Shipboard Installation of Maritime LASER Demonstration 

(MLD) (from Northrop Grumman 2012) .......................................................188 

Figure 74. Potential Weapon Coverage of Maritime LASER Demonstration (MLD) ...190 
Figure 75. Artist impression of Tactical LASER System (TLS) (from Naval Open 

Source Intelligence: BAE Systems Completes Successful Test of Mk 38 

Tactical LASER System Concept 2011)........................................................191 
Figure 76. MK38 Tactical LASER System (TLS) under Mount Packaging Concept 

(from Sohm, et al. 2012) ................................................................................192 
Figure 77. Location of Tactical LASER System (TLS) Installation (after Vandroff 

2013) ..............................................................................................................195 
Figure 78. Tactical LASER System (TLS) Weapon Coverage .......................................197 
Figure 79. Active Denial System (ADS) System 2 (from Miller, NATO NAVAL 

ARMAMENTS GROUP 2009) .....................................................................199 

Figure 80. Active Denail System (ADS) Antenna (from Miller, NATO NAVAL 

ARMAMENTS GROUP 2009) .....................................................................200 
Figure 81. Active Denial System (ADS) Antenna Placement (from Miller, NATO 

NAVAL ARMAMENTS GROUP 2009) ......................................................204 
Figure 82. DDG-51 Director Equipment Rooms (from Miller, NATO NAVAL 

ARMAMENTS GROUP 2009) .....................................................................205 



 

 

xvi 

Figure 83. Active Denial System (ADS) Operator Console (from Defense Update 

2007) ..............................................................................................................206 
Figure 84. Active Denial System (ADS) System 1 Operator Display (from Reilly 

2012) ..............................................................................................................207 

Figure 85. Active Denial System (ADS) Weapon Coverage ..........................................208 
Figure 86. Sustainment Overview (from Langford, Sustainment 2013) .........................212 
Figure 87. Cost Factors ...................................................................................................230 
Figure 88. Analysis of Alternatives (AOA) Top Level ...................................................254 
Figure 89. Operator Performance Analysis of Alternatives (AoA) Breakdown .............256 

Figure 90. Operator Integration Analysis of Alternatives (AoA) Breakdown ................257 
Figure 91. Operator Cost Analysis of Alternatives (AoA) Breakdown ..........................257 
Figure 92. Analysis of Alternatives (AOA) Results........................................................258 
Figure 93. Cost as an Independent Variable (CAIV) Analysis .......................................259 

Figure 94. Active Denial System (ADS) Performance in Weather .................................263 
Figure 95. LASERs vs. Aluminum Boat, Clear Day.......................................................264 

Figure 96. LASERs vs. Aluminum LSF, Clear Day .......................................................265 
Figure 97. Single High-Powered LASER .......................................................................269 

Figure 98. Multiple Low-Powered LASERs ...................................................................269 
Figure 99. NavyMaritime.tp5 File Format ......................................................................319 
Figure 100. MODTRAN Tape 6 File Format....................................................................320 

Figure 101. MODTRAN5 C# Wrapper Form1 User Interface .........................................321 

  



 

 

xvii  

LIST OF TABLES  

Table 1. Capstone Project Team ......................................................................................3 
Table 2. Comparison of LASER Types (from Deveci 2012) ........................................34 
Table 3. Stakeholders .....................................................................................................45 
Table 4. Selected Sources of Information (SSOIs) ........................................................48 
Table 5. Engagement End State Definitions ..................................................................65 

Table 6. Irradiance and Pain Threshold for Microwave Radiation on Humans (from 

Hymes, Boydell and Prescott, Thermal Radiation: Physiological and 

Pathological Effects 1996, Table 4.3 & 4.4) ....................................................78 
Table 7. MODTRAN Default Variable Options Selections (LASER Spectral 

Region) (from Berk, et al. 2011) ......................................................................85 
Table 8. Directed Energy Weapon (DEW) Model Data Assumptions ..........................88 

Table 9. Conventional Model Data Assumptions ..........................................................90 
Table 10. Threat Material Thermal Properties Assumptions (after Stanmech 

Technologies, Inc. n.d.)....................................................................................91 

Table 11. Validation Threat Data .....................................................................................92 
Table 12. Microwave Sensitivity Factor Values ..............................................................97 

Table 13.  LASER Sensitivity Analysis Parameter Ranges ............................................105 
Table 14. LASER Component Variance Analysis .........................................................108 
Table 15. Experimental Design Mission Breakdown ....................................................113 

Table 16. Global Information Network Architecture (GINA) Model Mission Vital 

Area Assumptions ..........................................................................................114 

Table 17. Fast Attack Craft (FAC)/Fast Inshore Attack Craft (FIAC) Simulation 

Parameters ......................................................................................................132 

Table 18. Fast Attack Craft (FAC)/Fast Inshore Attack Craft (FIAC) Simulation 

Type I Engagement Results ...........................................................................133 

Table 19. Low Slow Flyer (LSF) / Unmanned Aerial Vehicle (UAV) Simulation 

Parameters ......................................................................................................134 
Table 20. Low Slow Flyer (LSF) / Unmanned Aerial Vehicle (UAV) Scenario 

Results ............................................................................................................135 

Table 21. Anti-Ship Cruise Missile (ASCM) Scenario Parameters ...............................136 
Table 22. Subsonic Anti-Ship Cruise Missile (ASCM) Scenario Results .....................137 
Table 23. Supersonic Anti-Ship Cruise Missile (ASCM) Scenario Results ..................137 
Table 24. Coordinated Attack Parameters .....................................................................138 
Table 25. Coordinated Attack Scenario Results ............................................................139 

Table 26. List of Modeling Attributes ...........................................................................141 
Table 27. Modeled Missile Characteristics ....................................................................152 

Table 28. Modeled Gun Characteristics .........................................................................153 
Table 29. Modeled LASER Characteristics ...................................................................154 
Table 30. Modeled Target Characteristics .....................................................................156 
Table 31. Close-In Weapon System (CIWS) Mount Cut-outs (from Navweaps.com 

2010) ..............................................................................................................183 



 

 

xviii  

Table 32. Summary of Maritime LASER Demonstration (MLD) Technical 

Specifications (from O'Rourke, Navy Shipboard LASERs for Surface, Air, 

and Missile Defense: Background and Issues for Congress 2013) ................184 
Table 33. Shipboard Integration Summary ....................................................................210 

Table 34. Training and Manning Requirements Summary ............................................225 
Table 35. Cost Estimate Scenarios .................................................................................228 
Table 36. Baseline Costing Figures ...............................................................................229 
Table 37. Tactical LASER System (TLS) Work Breakdown Structure (WBS) ............234 
Table 38. Tactical LASER System (TLS) Sensitivity Analysis ....................................235 

Table 39. Tactical LASER System (TLS) Objective Cost Estimate ..............................236 
Table 40. Active Denial System (ADS) Work Breakdown Structure (WBS) ...............238 
Table 41. Active Denial System (ADS) Sensitivity Analysis ........................................239 
Table 42. Active Denial System (ADS) Objective Cost Estimate .................................240 

Table 43. Funding for LASER Weapon System (LaWS) Development .......................241 
Table 44. LASER Weapon System (LaWS) Base Costing Inflation Adjusted Totals ..241 

Table 45. LASER Weapon System (LaWS) Work Breakdown Structure (WBS) ........243 
Table 46. LASER Weapon System (LaWS) Sensitivity Analysis .................................244 

Table 47. LASER Weapon System (LaWS) Objective Cost Estimate ..........................245 
Table 48. Maritime LASER Demonstration (MLD) Work Breakdown Structure 

(WBS) ............................................................................................................247 

Table 49. Maritime LASER Demonstration (MLD) Sensitivity Analysis.....................248 
Table 50. Maritime LASER Demonstration (MLD) Objective Estimate ......................249 

 

  



 

 

xix 

LIST OF EQUATIONS  

Equation 1. Number of force B ships put out of action by force A.......................................4 
Equation 2. Target LASER Fluence for Type I Engagement..............................................66 
Equation 3. Beam Waist ......................................................................................................67 
Equation 4. Rayleigh Range ................................................................................................68 
Equation 5. Half Angle Beam Divergence ..........................................................................68 

Equation 6. Full Angle Beam Divergence (1/e power point) ..............................................68 
Equation 7. Peak Intensity at Range ....................................................................................69 
Equation 8. Gaussian Beam Spot Size at Range (from Svelto 2010, 153-155) ..................72 
Equation 9. Number of LASER Type I Engagements Possible ..........................................73 

Equation 10. Number of LASER Type II Engagements Possible .........................................73 
Equation 11. Threat Kill Fluence Integral Approximation ...................................................75 

Equation 12. Microwave Weapon Antenna Gain (Payne 2012, 35) .....................................76 
Equation 13. Microwave Intensity on Target (Payne 2012, 39) ...........................................77 
Equation 14. Microwave Dose Calculation (from Hymes, Boydell and Prescott, 

Thermal Radiation: Physiological and Pathological Effects 1996, 21) ...........79 
Equation 15. Lethality Probability from Radiation Exposure (from Hymes, Boydell and 

Prescott, Thermal Radiation: Physiological and Pathological Effects 1996, 

36) ....................................................................................................................80 
Equation 16. Microwave Type II Engagements Possible......................................................81 

Equation 17. Microwave Type I Engagements Possible .......................................................81 
Equation 18. Number of Conventional Type I Engagements Possible .................................84 

Equation 19. Wavelength to Wavenumber for Microwave in MODTRAN5 (from 

French 1971, 214) ............................................................................................85 

Equation 20. Probability of Type I Engagement .................................................................128 
Equation 21. Average Time for Type I Engagement ..........................................................129 

Equation 22. LASER Probability of Type I Engagement Limitation .................................129 
Equation 23. Time to Effect for Stationary Target ..............................................................142 
Equation 24. Fluence Required for Type II Engagement ....................................................142 
Equation 25. LASER Intensity at Stationary Target ...........................................................143 

Equation 26. Calculation for Total Fluence that can be transmitted over an Engagement 

Window ..........................................................................................................143 
Equation 27. Conversion of atmospheric attenuation from dB scale to normal scale.........144 
Equation 28. Time to effect for approaching target ............................................................144 
Equation 29. Maximum Effective Engagement Range of LASER .....................................144 

Equation 30. Number of Engagements within Kill Window for LASER ...........................145 
Equation 31. Diffraction limited multimode Beam Waist (from Ophir-Spiricon 2010) .....146 

Equation 32. Random Generator for Number of Hits achieved by Missile ........................147 
Equation 33. Engagement Window .....................................................................................148 
Equation 34. Random Generator for Number of Engagements that can be made by 

LASER within the kill window......................................................................148 



 

 

xx 

Equation 35. Random Generator for Number of Type II Engagements achieved by 

LASER ...........................................................................................................148 
Equation 36. Random Generator for Number of kills achieved by guns ............................150 
Equation 37. Mean probability of kill against missile targets, for each round fired by the 

gun within a 2000m range ..............................................................................150 
Equation 38. Mean probability of kill for a specified duration of engagement using the 

gun within a 2000m range ..............................................................................150 
Equation 39. Standard Deviation from the mean value .......................................................231 
Equation 40. 95% Confidence Interval ...............................................................................231 

Equation 41. Objective Cost Estimate .................................................................................236 
 

  



 

 

xxi 

LIST OF ACRONYMS AND ABBREVIATIONS  

AAW Air -to-Air Warfare 

ABL Airborne LASER 

ADS Active Denial System 

AFB Air Force Base 

AMW  Amphibious Warfare 

AOA Analysis of Alternatives 

API Application Programming Interface  

ATFP Anti-Terrorism/Force Protection 

ASCM Anti-Ship Cruise Missile 

ASW Anti-Submarine Warfare 

ATL Advanced Tactical LASER 

AW Anti-air Warfare 

BAE British Aerospace 

BMD Ballistic Missile Defense 

BWO Backward Wave Oscillator  

CAIV Cost as an Independent Variable 

CCR Critical Capability Requirements 

CE Common Era 

CIWS Close-In Weapons System 

CN Cyanide 

CO Carbon Monoxide 

COIL Chemical Oxide Iodine LASER 

CONOPS Concept of Operations 

CPT Captain ï Army and Air Force Rank 

CSAR Combat Search and Rescue 

DDG Arleigh Burke Class Guided Missile Destroyer 

DE Directed Energy  

DEW Directed Energy Weapons 

DF Deuterium Fluoride 



 

 

xxii  

DTA Defense Technology Agency 

EO Electro - Optical  

EM ElectroMagnetic 

ERGM Extended Range Guided Munitions 

FAC Fast Attack Craft 

FEL Free Electron LASER 

FIAC Fast Inshore Attack Craft 

FWHM Full Width at Half Maximum 

FSO Flight Support Operations 

DoD Department of Defense 

EMD Engineering and Manufacturing Development 

Ft or FT Fort 

GINA Global Information Network Architecture 

GUID Globally Unique IDentifier 

HBr [DBr] Hydrogen Bromide [Deuterium Bromide] 

HCl Hydrogen Chloride 

HF Hydrogen Fluoride 

HPM High-Power Microwave 

ICD Initial Capabilities Document 

JHPSSL Joint High Power Solid State LASER 

JMUA Joint Military Utility Assessments 

KW or kW Kilo Watt 

LASER Light Amplification by Stimulated Emission of Radiation 

LaWS LASER Weapon System 

LaWS+ LASER Weapon System Plus 

LCS Littoral Combat Ship 

LNO Liaison Officer 

LOS Line Of Sight 

LT Lieutenant- Naval Rank 

LSF Low Slow Flyer 

LTC Lieutenant Colonel- Army Rank 



 

 

xxiii  

MANA  Map Aware Non-Uniform Automata 

MANA -V Map Aware Non-Uniform Automata - Vector 

ME5 Military Expert Level 5- Singapore 

MIRACL Mid-Infrared Advanced Chemical LASER 

Mk Mark 

MLD Maritime LASER Demonstration  

MODTRAN  MODerate resolution atmospheric TRANsmission 

N9I Warfare Integration, Office of the Chief of Naval Operations 

NASA  National Aeronautics and Space Administration 

NAVSEA Naval Sea Systems Command  

NCO Non Combat Operations 

Nd Neodymium ions 

NPS Naval Postgraduate School 

NTA Navy Tactical Tasks 

O&S Operation and Support 

ONR Office of Naval Research 

OPNAV Office of the Chief of Naval Operations 

PMS Program Manager- NAVSEA 

POE Projected Operating Environments 

PRL Pulse Forming Lines 

PFN Pulse Forming Networks  

R&D Research And Development 

RAM Rolling Airframe Missile 

RET Retired 

RHIB Rigid-Hull Inflatable Boat 

RIM Radar Intercept Missile 

RoE Rules of Engagement 

RPG Rocket Propelled Grenade 

SCAT Small Craft Action Team 

SE Systems Engineer/Engineering 

SEA Systems Engineering Analysis 



 

 

xxiv 

SEAD Suppression of Enemy Air Defense 

SEED Simulation Experiments and Efficient Designs 

SFTM Surface Force Training Manual 

SIPRNET Secure Internet Protocol Router Network 

SM Standard Missile 

SQL Structured Query Language 

SSOI Selected Sources Of Information 

SSL Solid State LASER 

SUW Surface Warfare 

TDSI Temasek Defence Systems Institute 

THEL Tactical High-Energy LASER 

TLS Tactical LASER System 

TOC Total Ownership Cost 

TRAC TRADOC Analysis Center 

TRADOC U.S. Army Training and Doctrine Command 

TRL Technology Readiness Level 

TRW Thompson, Ramo, Wooldridge Incorporated 

UML Universal Modeling Language 

UNCLAS Unclassified 

UAV Unmanned Aerial Vehicle 

UJTL Universal Joint Task List 

UNTL Universal Naval Task List 

U.S. United States 

USA United States of America 

VB Visual Basic 

VRDM Vector Relationship Data Modeling 

WBS Work Breakdown Structure 

YAG Yttrium Aluminum Garnet 

 

 
  



 

 

xxv 

LIST OF TRADEMA RKED COMPANIES  

Several companies are referred to throughout this report. For sake of writing a 

coherent report, the companies are referred to with their common usage name as opposed 

to the official company name. These companies are: 

¶ Big Kahuna Technologies refers to Big Kahuna Technologies Limited 

Liability Company, trademarked in 2007  

¶ Boeing refers to The Boeing Company, trademarked in 1916 

¶ Raytheon refers to Raytheon Company, trademarked in 1922 

¶ BAE refers to British Aerospace (BAE) Systems Public Limited 

Company, trademarked in 1999 

¶ Northrop Grumman refers to Northrop Grumman Corporation, 

trademarked in 1994 

¶ TRW refers to TRW Incorporated, trademarked in 1901. Acquired in 2002 

by Northrop Grumman 

  



 

 

xxvi 

THIS PAGE INTENTIONALLY LEFT BLANK   



 

 

xxvii  

EXECUTIVE SUMMARY  

With conventional weapons nearing their peak capability, the need to identify alternative 

war fighting solutions suggests a look at Directed Energy Weapons (DEWs). The goal is 

to change the means by which warfare is conducted to improve operational efficiencies 

and overall effectiveness. DEW technologies have been paralyzed by runaway budgets 

and suboptimal performance without the emergence of an operational system.   It is the 

purpose of this project to examine how mature directed energy technologies can provide 

the U.S. Government with a ñreturn on investmentò and ñadded valueò in the near term.  

The Naval Postgraduate School Systems Engineering and Analysis Cohort 19 

Team B (SEA-19B) Capstone project team examined how existing directed energy 

technologies can provide performance across multiple warfare area domains and mission 

sub-sets for the U.S. Navy. The aim was to identify and characterize the capability gaps 

with current conventional weapons systems, produce a coherent vision of naval missions 

that incorporate DEWs, and generate a roadmap for a DEW equipped fleet. To 

accomplish this task, SEA-19B developed a custom metamodel using the Global 

Information Network Architecture (GINA) environment, adapted the Map Aware Non-

uniform Automata (MANA) simulation tool to simulate DEWs, and conducted a Monte 

Carlo simulation of multiple combinations of weapons and threats to be simulated in a 

single sequence of engagements. 

GINA is a software metamodeling environment that allows users to describe 

system of systems behavior semantically in lieu of coding software. This ability is 

achieved through a reflexive modeling paradigm that is self-describing and incorporates 

predefined relationship constructs which exist in the environment of project data. The 

flexibility through relationships provides a significant advantage over the conventional 

object orientation paradigm of software development by predefining a finite set of 

relationship types between objects that can be extrapolated to represent any relationship 

between objects of all types and kinds. 
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The reflexive nature of the GINA semantic descriptions and the ability of GINA 

to leverage inherent relationship constructs in GINA allowed SEA-19B to build an 

engagement-centric model, that described relationships between engagements, threats, 

weapons, environments, weapon platforms, warfare areas, and missions. The GINA 

model (herein referred to as the ñmodelò) was fully traceable, built on an iterative 

mapping method that linked the Navyôs Universal Naval Task List (UNTL) to Required 

Operational Capabilities (ROC) and Critical Capabilities Requirements (CCRs), and 

representative of SEA-19Bôs tailored Systems Engineering process. The consequence of 

building the GINA model was that SEA-19B gained the ability to conduct cross-domain 

comparisons of weapon technologies in the context of engagements, missions, warfare 

areas, and environments in technology agnostic terms. The result was a means to 

construct and make a quantitatively and qualitatively objective comparison of DEWs and 

conventional weapons with a custom user interface to view and navigate the model data 

and results. External 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 physics-based equations 

implemented through external calculation software, written by SEA-19B with the 

Microsoft .NET Framework. 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 modelôs 

deterministic nature, two stochastic simulations were used to 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 nominal average times for Type I 

Engagements (traditional óhard killô engagements) at static ranges for targets into 

probability of kill for a static range using MANA. MANA is an agent-based simulation 

tool developed by the New Zealand Defense Force originally for 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 SEA-19B and the NPS SEED Center not for DEW 

applications that need to accumulate energy to show damage effects as the DE beam 

tracks moving targets. MANA 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 

ñlife pointsò and ñdamage memory,ò in which energy gets accumulated on the target in 

discrete packets based on a given range and the original time for a Type I Engagement at 

that range. Using this method of discrete packet damage accumulation on the target, we 

simulated a DEW engagement. These simulations provided insights into potential 

CONOPS for DEW employment on a surface combatant and illustrated the value of 

multiple platforms applying DE beams for defense against swarms and ñhardened,ò 

moving targets. 

SEA-19B built a Monte Carlo simulation in Excel to accommodate multiple 

weapons per agent in a straightforward manner. Whereas, 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 Monte Carlo simulation was used for the multiple combinations of weapons 

and threats. The Monte Carlo simulation allowed SEA-19B to gain insights into the 

interactions between multiple weapon systems and the effect of DEWs on shipboard 

survivability. 

In addition to modeling and simulation, SEA-19B conducted a cost analysis of the 

identified alternatives, as well as evaluated the shipboard integration aspects of each 

system type with respect to the DDG-51 class destroyer platform. Instead of conducting a 

total 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 

technologies. After determining the baseline costs, the scope of the project cost estimate 

work was decomposed into smaller discrete components, whereby all required work 

breakdown structure (WBS) sub-elements were identified. For each system, the cost 

estimate was calculated by analogy (with like-kind systems), and based on a cost factors 

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 hand). In terms of shipboard integration, the 

assessment examined primarily size, weight, and power (SWaP) considerations. Weapons 

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 thorough Analysis of Alternatives based on multiple stakeholder 

perspectives with respect to system performance, integration, schedule, 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 surface combatants in the near term and (2) cost/schedule to 

purchase and integrate the system although none of the analyzed DEWs have the 

capability to replace a current conventional weapon.   Additionally, the Active Denial 

System (operating at 95 GHz radiation) was identified as the best option when looking at 

Cost as an Independent Variable (CAIV). The Active Denial System (100 kW 

microwave) provided a niche capability in the Anti-Terrorism/Force Protection (AT/FP) 

mission set which currently lacks a non-lethal standoff weapon.  
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I. INTRODUCTION  

Even today the mere concept of directed energy weapons (DEW) seems cutting 

edge and carries with it a bit of a science fiction undertone. However, in reality the idea is 

not new and has been the subject of research for quite some time. Even before the time of 

Christ, Archimedes experimented with the premise of directed energy. Through an array 

of mirrors he concentrated sunlight in an attempt to set ablaze the ships of the invading 

Roman fleet. It is justifiable to credit him with constructing the first primitive ñdeath rayò 

in 212 BC during the siege of Syracuse (MIT 2.009ers 2005). More recently, Nikola 

Tesla spent nearly 30 years working with charged particle beams, studying their 

characteristics of projection through open air. He first published his work on directed 

energy in 1934 (Tesla Invents Peace Ray 2011). Years later, during the height of the Cold 

War, the Soviet Union conducted experiments on the effects of high intensity 

electromagnetic (EM) radiation on people at least as early as 1973. The Soviets 

determined that a relatively small amount of power at microwave frequencies was 

required to make people physically ill by exposure to EM radiation (Mcree 1980). In the 

roughly 40 years since, countless research and development (R&D) efforts related to 

DEW have been conducted by various nations around the globe. As a whole, the 

combined efforts of various programs over a span of 30 years have resulted in U.S. 

government, as well as private, spending totaling in the billions. To date, no resulting 

ñprogram of recordò has been initiated in the United States. Many promising concepts 

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 report, the terms DE and DEW are both 

heavily utilized. For the sake of clarification, DE refers to the entire gamut of 

technologies that makeup Directed Energy from beams such as LASERs and plasma 

weapons to area effect technologies such as high-powered microwaves and 

electromagnetic pulse bombs, to technologies that appear more like conventional 

weapons like the rail gun. When DEW is used, it refers to a specific Directed Energy 
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Weapon system like the LASER Weapon System (LaWS) or Active Denial System 

(ADS). 

A. PROJECT TEAM  

The Systems Engineering Analysis (SEA) Cohort 19 Team B (SEA-19B) project 

team was comprised of 23 officers and defense professionals from the United States, 

Taiwan, Israel, and Singapore. The varied backgrounds, cultures, and mindsets of our 

team were essential to the overall success of the project. The Surface Warfare Officers 

composed the majority of the SEA-19B members, all having similar professional 

experiences. The addition of personnel from Taiwan, Israel, and Singapore from different 

branches of the military and civilian professions incorporated viewpoints molded by 

unique differences in professional and cultural experiences. These individual viewpoints 

contributed an equally valued approach to achieving our objectives and goals throughout 

the project.   

The team was organized into various roles that included Project Leader, Lead 

Systems Engineer (SE), Speaker, Modeling Lead, Temasek Defence Systems Institute 

(TDSI) Lead, and Team Engineers. The Project Leader worked on the integration task 

and was responsible for the overall management of the team (which included scheduling 

team meetings, monitoring the progress of the project, serving as a liaison between the 

team and faculty advisors, and allocating assignments). The Lead SE was responsible for 

managing the overall SE process of the project and served as the chief editor of this thesis 

paper. The Speaker had the distinction of presenting all briefs in addition to being 

knowledgeable of all facets of the project and participating in all tasks spanning the SE 

portions to modeling. The Modeling Lead was responsible for managing the 

development, execution, and analysis of all computer models and simulations of the 

project, as well as heading the group of engineers who built the four models and two 

simulations. The TDSI Lead had duties that paralleled the Project Leader in terms of 

managing the TDSI students and their assignments for the various Team tasks. Team 

Engineers worked on all areas of the project from SE portions to Modeling. Team 

Engineer duties included research, writing, editing, conducting stakeholder interviews, 

and accomplishing tasks as assigned by the Project Leader, Lead SE, or TDSI Lead.  
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Table 1 contains a list of the team members, their roles on the project, and brief 

professional backgrounds with the number of yearsô experience in that area: 

Table 1. Capstone Project Team 

 

Last First Rank Title Curriculum Community/Specialty

Shene Richard LT Project Leader SEA
Surface Warfare-Gunnery Officer (1 Year) Auxiliaries 

Officer (1 Year) Riverine Detachment Officer-in-

deLongpre Jeffrey LT Lead SE SEA
Surface Warfare-Main Propulsion Officer (3 Years), 

Training Officer (2 Years) Awesome (29 Years)

Ciullo Daniel LT Modeling Lead SEA Surface Warfare-First Lieutenat (2 Years) Navigator (2 

NowakowskiJakub LT Speaker SEA

Surface Warfare-Damage Control Assistant (2 Years), 

Training Officer (2 Years); Nuclear Machinist Mate / 

Engineering Laboratory Technician (7 Years)

Cheng Po-yu CPT Team Engineer SEA Simulator Maintenance Engineer (4 years)

White Rosevelt LT Team Engineer SEA

Surface Warfare -Gunnery Officer (1 Year), Electronic 

Warfare Officer (6 Months), Repair Division Officer (1 

Year) Training Officer (2 Years)

McArthur Sim LTC Team Engineer SEA
Army Officer Field Artillery (11 years), Operations 

Research Systems Analysis (5 years)

Taylor Earvin LT Team Engineer SEA
Surface Warfare-Electrical Officer (2 Years) N4 

Assistant (2 Years)

Teo Harn Chin TDSI Lead
Systems 

Engineering

Singapore (Defense Industry)

Senior Systems Engineer and CAPM (PMI) with 

experience in MALE UAV projects (4 years)

Heng Yinghui Team Engineer ECE Comms

Singapore (Defence Science and Technology Agency)

Communications Systems Engineering and Project 

Manager

Wong Chia Sern Team Engineer ECE Networks
Singapore (Defence Science and Technology Agency)

Networking Engineer and Project Manager

Neo Yong Shern ME5 Team Engineer
Guided 

Weapons

Republic of Singapore Airforce

Weapons Systems Engineer 

Choon Junwei Team Engineer
Guided 

Weapons

Singapore (Defense Industry)

Guidance, Navigation, and Controls Engineer 

Wong Wai Keat CPT Team Engineer Info Assurance
Republic of Singapore Army

Signal Officer 

Phua Yee Ling Team Engineer Info Assurance
Singapore (Defense Industry)

Senior Software Engineer

Lee Hsu Ann Daryl Team Engineer
Secured 

Comms

Singapore (Defense Industry)

Systems Engineer

Sheo Boon Chew Winson ME5 Team Engineer
Systems 

Engineering

Republic of Singapore Army

Logistics & Maintenance Support, Policy and  

Implementation

Soh Sze Shiang ME5 Team Engineer
Systems 

Engineering

Republic of Singapore Army

Artillery and personnel Trained

Personnel Training, Ops and Capability Development

Lim Zhifeng CPT Team Engineer
Systems 

Engineering

Republic of Singapore Army

Infantry Officer

Lee Guan Hock Team Engineer
Systems 

Engineering

Singapore (Defense Industry)

Assistant Principal Engineer in design, commissioning, 

and testing of shipboard systems 

Leo Valentine Team Engineer
Systems 

Engineering

Singapore (Defense Industry)

Asst Manager in design and development in land 

systems (3 years)

Chow Wen Chong Julian Team Engineer
Systems 

Engineering

Singapore (Defence Science and Technology Agency) 

Senior Engineer C4I-Development in Navy C2 Projects 

C2 S/W Developer and Project Manager

Zlatsin Philip CPT Team Engineer Ops Research
Israeli Air Force

Analyst
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B. TASKING STATEMENT  

In recent conflicts, the United States military has relied on superior technology to 

compensate for superior numbers or other advantages of our enemies. The ability for 

insurgents in Iraq and Afghanistan to blend in with the noncombatant population is one 

example of an advantage. Technological advancement in offensive naval weapons has 

outpaced advancement in defensive naval systems, as shown by the great advances to 

strike capability in the form of Tomahawks and experimentation in the railgun and the 

extended range guided munition (ERGM), but with little traction on increasing armor, 

reducing radar cross section, or defensive weapons (some notable exceptions are standard 

missiles and the Close-In Weapons System (CIWS)). It would appear the U.S. Navy has 

long held onto the adage of ñA sudden powerful transition to the offensiveðthe flashing 

sword of vengeanceðis the greatest moment for the defenseò (Clausewitz 1976, 370) or 

more commonly heard as óthe best defense is a good offense.ô  The criticality of offensive 

power has been characterized as well in the Hughesô Salvo Equation (Equation 1) which 

relates the number of ships put out of action by their tactics, number, circumstances, and 

power (both offensive and defensive).  

Ўὄ
ὃ ὦὄ

ὦ
 

Equation 1. Number of force B ships put out of action by force A 

Where Ўὄ is the number of force B ships put out of action,  is the striking power 

of each force A ship, A is the number of force A ships firing, ὦ is the defensive power of 

each force B ship, B is the number of force B ships present, and ὦ is the staying power 

of each force B ship (Hughes 2000, 268). 

There is an analogous equation for the change in force A. Specifically 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 salvo in return. Using this equation, there 

are four interpretations that will result in a reduction in the number of casualties to 

friendly ships (force B). 

¶ Shoot first. If friendly forces fire first, the enemy likely would not be able 

to return fire, thereby reducing friendly casualties. 
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¶ Reduce . Reducing the effectiveness of enemy weapons would reduce 

the number of casualties, but is not something which is realistically 

achievable. 

¶ Increase ὦ. Increasing the survivability of friendly ships would reduce the 

number of casualties through means of increased armor or improved 

damage control systems. Armor although relatively inexpensive to 

implement, increases operational costs by dramatically increasing 

operational costs (specifically fuel). Improving damage control systems 

would help as well, but a missile could still strike a crucial point. 

¶ Increase ὦ. Increasing the defensive power of friendly ships would reduce 

the number of missile hits, thereby reducing casualties. Defensive 

weapons like Standard Missiles (SM) or the Close-In Weapons System 

(CIWS) currently fulfill this task. 

In any conflict short 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 necessity (or may be so depending on the Rules of Engagement 

(RoE) for a specific area or situation). The possibility of taking the first shot coupled with 

the lethality of modern anti-ship cruise missiles (ASCMs), having an inexpensive, 

reliable, and effective defense against the ASCM threat would be a welcome addition by 

improving the survivability of ships. DE has the potential to provide this defense to U.S. 

forces by augmenting or potentially replacing current systems such as the SM family and 

CIWS, thereby increasing ὦ. SEA-19B was tasked with exploring the feasibility of 

deploying an operational DEW on a U.S. Navy ship in the next four years and to 

determine if there is a comparative or augmentation advantage over current conventional 

systems. 

The tasking for the capstone project of SEA-19B was directed by OPNAV N9I, 

the Systems Engineering Analysis curriculum sponsor, through Captain (Retired) Jim 

Eagle, the Systems Engineering Analysis curriculum chairman, and Professor Gary 

Langford, the capstone project faculty advisor. The tasking for SEA-19B was to: 

Design a family of systems 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 programs as the 

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 control, 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 DEW ï Navy forces; and identify and characterize the ñgapò 

fillers. Iterate 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 effectiveness for future 

Navy ships. (Langford, SEA-19B Directed Energy Weapons 2012) 

The key points in this tasking statement are to: 

¶ 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 current and future Naval forces 

¶ Identify and characterize the gap fillers 

¶ Produce a coherent vision of U.S. Navy missions that incorporate DEW 

¶ Provide a roadmap of DEW to improve the effectiveness for future Navy 

ships 

This statement was further refined by the project team with assistance from our 

project faculty advisor, Dr. Gary Langford. These refinements, incorporating external 

restraints and internal constraints, are further discussed in the next section. 

C. PROBLEM DEVELOPMENT  

The problem statement developed by SEA-19B to address the tasking statement 

was driven by two factors. The first is any potential solution must be fielded in the short 

term. While short term was not a defined period of time, the project team specified the 

period to four years. This timeframe capitalized on current DE technology while still 

allowing some time for improvements and modifications prior to deployment. The second 

factor supported the four year period in that only DEW technologies with operationally 

tested prototypes were considered. Testing was required in real-world environments 

against possible targets, vice a laboratory setting. A technology that has not advanced 
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beyond the laboratory stage would not be ready to be fielded in four years due to 

inevitable ñimprovementsò coupled with the requirement for extensive operational test 

and evaluation. Additionally, the funding required for system and platform integration as 

part of the progression from a laboratory to an operational testing environment is 

considerable adding typically 60% of the total costs (National Institute of Standards & 

Technology 2002). The Airborne LASER (ABL) and Tactical High-Energy LASER 

(THEL) are two examples of the time and funding required to make an operational (or at 

least ready to be fielded for additional testing) DEW. The ABL program started in 1996, 

had the prototype fully constructed and ready to fly in 2003, with testing conducted from 

2008 to 2010 (FAS 2010). For seven aircraft, including all development and testing, the 

total cost was expected to be 1.6 billion dollars in fiscal year 2005 dollars (Lockridge 

2001). Similarly, the THEL program started in 1996, was ready for testing in 1998, with 

several tests conducted starting in 2002 (Pike 2011), at a cost of between 150 to 200 

million dollars (Sirak 1999). The two driving factors of conforming to a four year 

timeframe and using operationally tested prototypes shaped the problem statement for the 

SEA-19B Capstone Project. 

1. Problem Statement 

In order to focus the work of the project team, it was necessary 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, DEW technologies 

have been paralyzed by runaway budgets and sub optimal performance without the 

emergence of an operational system, as well as the fact that DEWs are currently being 

pursued by other countries throughout the world.   

Conventional gun systems have not changed significantly since World War II . 

They have become smaller with less range but have greater accuracy and a higher rate of 

fire. The largest guns on current U.S. ships are 5 inch guns with a range of 13 nautical 

miles (United States Navy 2012) compared to the 16 inch guns on the Iowa Class 

battleships with a range of nearly 21 nautical miles (Fischer, et al. 2006). Several 
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programs have attempted to improve conventional guns further, specifically the Extended 

Range Guided Munition (ERGM) but that program failed to field an operational round.  

Missile systems have similarly reached their pinnacle. Missiles can be made faster 

than bullets or more agile, but are still be limited by the laws of physics and properties of 

the materials used in the manufacture 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 multimillion dollar missile (although the need to defend the 

potentially multi-billion dollar unit from the RPG does exist). The Standard Missile 

family continues to be modified and improved from the original SM-1MR put into 

service in 1967. These missiles have been the main air defense weapon on surface ships 

since their development and are now used for ballistic missile defense and anti-satellite 

missions in addition to the traditional air defense mission. The newest Standard Missile, 

SM-6, has a unit cost of 3.64 million dollars in fiscal year 2012 dollars (Oestergaard 

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 operational cost, reduced logistic support, a nearly unlimited magazine, and 

wide area coverage for offensive and defensive purposes. DEW also seem to be at the 

forefront of the next revolution in military weapons (Deveci 2012). Unlike conventional 

kinetic energy weapons, DEWs 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 

threat. The United States must pursue improved technologies to maintain the military 

edge that it has enjoyed and depended on over the years. 

Another problem with DEW is that they are expensive to research and develop. 

Sunk costs associated with current weapons and 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 weapons (McGrath, 

Directed Energy and Electric Weapons Systems (Serial 1) 2012). While these DEW 
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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 decisions to focus 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 provided added 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 DEWs research and development programs (McGrath, Directed 

Energy and Electric Weapon Systems (DEEWS) Serial 3: China 2012). With these 

countries actively pursuing DEW technology, the United States may be at risk of 

suffering technological surprise form the very technologies it originally developed 

(McGrath, Directed Energy and Electric Weapons Systems (Serial 1) 2012). If the United 

States is going to continue their global military preeminence, it must continue to seek the 

military advantage offered by DEWs.  

A concise problem statement was formed considering the limitations for 

conventional weapon improvement, the military potential of DE, and the two 

aforementioned factors from the tasking statement. The problem is: 

Conventional weapons are nearing their peak technical capability. As a 

result, Directed Energy Weapons (DEWs) are the next logical step. In the 

past, DEW technologies have been paralyzed by runaway budgets and 

sub-optimal performance. Several countries are pursuing DEWs, therefore, 

it is important for the United States Navy to maintain the upper hand by 

continuing to research and develop these weapons. However, given the 

increasing budgetary restraints, U.S. Navy leadership must identify viable 

short-term DEW technologies that offer an immediate return on 

investment and the potential for continued development and improvement. 

DEWs offer the U.S. Navy an avenue to maintain a technological 

advantage to help defend maritime platforms. 

2. Scope 

For decades, research has been conducted on the feasibility of employing directed 

energy in the form of weaponry with hopes of achieving both the potential of ñdeep 

magazines,ò as well as the prospect for enhanced ñforce continuumò options. However, 
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the challenges associated with weaponizing directed energy are numerous. They include 

overcoming atmospheric attenuation, power requirements beyond current shipboard 

generating and cooling limits, and R&D roadblocks such as beam director quality, energy 

storage materials (batteries), and cycle time. Since much of the DEW research is very 

broad in nature, and there are dozens of technologies with various maturity levels. It was 

necessary for the project team to limit the scope of the project to a manageable level. In 

the briefest of terms, the scope is to determine the requirements, the concept for 

operations, and 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 in the project, as well as those that would not be addressed. Based 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 adversary. It was the 

intent of the project sponsor and the NPS faculty to provide an initial tasking that would 

focus on a specific warfare area that DEWs could potentially improve, thus reducing the 

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 necessarily explored with 

adequate depth.  

Another feature common across much of the contemporary research is it focuses 

on what DE could be opposed to what it actually is. Therefore, we decided to focus on a 

short term perspective, and concentrate on only those technologies that have reached a 

relevant level of maturity. We achieve this short term perspective by closely examining 

only those systems that have a built and operationally tested prototype. Our goal is to 

offer added value to the warfare commander, as well as a return on investment by 

providing a net result for federal dollars already spent. By added 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 augment how current systems are employed. 

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

operational environment in the near term. 

a. In Scope 

Since the project was scoped to fielding potential DEWs in the near term, 

it was necessary to define a notional timeline to guide the DEW from concept of 

operations to the validation of operational capability. Therefore, the following timeline 

was considered in selecting those technologies that would be selected for further analysis.   

¶ 12 months to the development of concept of operations 

¶ Includes a platform specific integration plan, the co-uses, 

training, logistics, and support 

¶ 24 months to the demonstration of operational utility 

¶ 36 months to initial operational capability 

¶ 48 months to validation of operational capability  

This compressed timeline was the driving force behind identifying only 

those technologies that could potentially be fielded relatively quickly. The project team 

conducted extensive background research through open source documents to identify the 

directed energy technologies that have achieved a Technology Readiness Level (TRL) of 

6 or higher, which represents a system or prototype that has been demonstrated in a 

relevant environment. A 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 strict four year 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 DEWs that 

were discovered during the background research assisted in further scoping the potential 

mission areas described. For example, DEWs were not assessed for their potential 

capability of supporting the Anti-Submarine Warfare (ASW) mission due to high 

attenuation of the electromagnetic spectrum in an underwater environment as shown in 

Figure 1 compared to the atmosphere shown in Figure 2. 
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Figure 1. Attenuation of electromagnetic radiation in sea water (after Harney, 

Combat Systems Volume 1 2004) 

 

Figure 2. Molecular absorption of the atmosphere (after Harney, Combat Systems 

Volume 1 2004) 
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Unlike some conventional weapons, DEWs are limited to line of sight 

(LOS) operations, thus over-the-horizon firing scenarios were not considered. Due to the 

design power characteristics of currently fielded DEW prototypes, the technologies 

designed to provide a Ballistic Missile Defense (BMD) capability were excluded. 

Similarly, we excluded the evaluation of space-based weapons, in this case largely due to 

limitations associated with LASER system optics. Through discussions with the project 

sponsor, the project focus was placed on beams not bombs, and therefore we did not 

consider Electromagnetic Pulse (EMP) bombs or any variant of this technology.   

There are also a number of constraints that have contributed to the scoping 

of the project. Since the project was a multi-national effort, the obtainment of classified 

or proprietary data for these systems fell outside the scope of the project. The project 

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 were excluded to ensure compliance with Protocol IV of Convention on 

Certain Conventional Weapons of 1980 (International Committee of the Red Cross 

2012). In addition, our project assessment did not concern itself with the politics 

surrounding the use and/or employment of DEW in the field; however, due diligence will 

be given to ensure proposed solutions do not violate U.S. or international commitments 

and treaties. 

Due to the inherent size, power, cooling requirements, and limited 

implementation time of the DEW prototypes only surface combatants were considered 

with respect to systems integration. Since directed energy weapons operate LOS, all 

technologies were evaluated and assessed primarily on their ability to provide a defensive 

capability, and each technologyôs offensive capability (as applicable) was not excluded 

from the analysis, but was given secondary consideration. 

We determined that several of the current ships in the fleet could 

potentially support directed energy weapons, however, by focusing on the mission areas 

of each platform we narrowed our focus to three platforms. We investigated Cruisers, 

Destroyers, and the Littoral Combat Ship. The Cruisers were scoped out of the project 
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because they are approaching the end of their life cycle amid talks to decommission those 

remaining in the fleet in the near term. The 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. LCS has four 750 kW generators, two of which will be online at any 

given time for normal operations (Potts 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 paper, and if required, the mission bay of the LCS could be configured 

to hold the DEW equipment. DDGs 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 the fleet and their CONOPS is tested, 

LCS would be a potential candidate in the future. Therefore, we focused our attention on 

the integration of these technologies on the Arleigh Burke (DDG-51) Class Destroyer as 

this appears to be the most probable choice to implement these weapons in the fleet in the 

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. Sometimes certain unique 

capabilities within a mission capability set are gapped. These gaps need to be identified 

and equipment or doctrine needs to be developed to fill the gap. This project addresses 

both completing mission areas currently fulfilled by conventional weapons as well as 

mission areas which do not have a current conventional solution and are therefore 

gapped. 

The lack of standoff non-lethal options within the use of force continuum, 

particularly applicable to the force protection mission, is one such gap. Current forces 

have numerous lethal weapons with long (greater than 100m) standoff range such as 

rifles and crew-served weapons, and several non-lethal options with either short (less 

than 30m) or no standoff range. Rubber bullets and beanbags fired from pistols and 

shotguns respectively are the non-lethal option with a short standoff range, while 

chemical sprays and batons have no appreciable standoff range. Fire hoses can be used in 

a force protection situation, but greatly lose effectiveness beyond the range of the rubber 
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bullets and beanbags. It should be noted that these weapons are usable against individuals 

or small groups of people while no non-lethal weapon is in the U.S. Navy arsenal 

effective against vehicles. 

In this non-lethal case, a ñgapò exists in the proportional list of responses 

available to the combatant commander since there are no alternatives options between 

ñwarnò and ñkill.ò  Combatant commanders are forced to either do without, or improvise 

with respect to these gapped capabilities. As a result, the goal for our research 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 unreasonable expectations. Iron Man is a 

recent example. Developing game-changing technologies would be ideal, but should 

never be expected in a short period of time. When game-changing technologies are 

evolutionary, they must be built upon from seemingly less significant technologies. 

Evolutionary development is the same approach many successful civilian corporations 

are taking with respect to product development. Staying competitive means not only 

having the foresight to anticipate trends, but also possessing the ability to evolve current 

technological capability over time (Burrus 2012). With regards to DE, it is important to 

remember that directed energy ñis what it is,ò and more importantly it ñis not what it is 

not.ò 

Through our research we have identified a short list of technologies with already 

constructed and operationally tested prototypes. This list was determined by broadly 

researching numerous DE technologies from chemical LASERs like ABL and THEL, to 

Microwave Amplification by Stimulated Emission of Radiation (MASERs), to plasma 

beams and Electromagnetic Pulse (EMP) weapons. Using this large list, the team 

removed items that fell outside the scope of the project like EMP and sonic weapons. The 

team then further researched remaining technologies to determine what prototypes have 

been built and operationally tested at least to some extent. The four technologies which 

remained were Chemical LASERs (CL), Solid State LASERs (SSL), Free Electron 

LASERs (FEL), and High Powered Microwaves (HPM). Our objective is to analyze 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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II.  BACKGROUND  

A. STATE OF CONVENTIONA L WEAPONS 

The concept of skilled aimed fire remains a treasured ability on the modern 

battlefield. Every new weapon when first introduced must be trained on to hone the skill 

needed to be employed in battle (Eshel 2012). Precision fire has long been the underlying 

principle to the exploitation of gunpowder. The Chinese standardized the formula for 

gunpowder in 1044 CE. However, many innovations were implemented before simple 

muskets could be used as the standard weapon for most armies. Over the course of six 

centuries, innovations such as tapered projectiles, advances in the gunpowder formula, 

and rifling made gunpowder a necessity in every armory (Needham 1986). 

Guns continued to advance in terms of accuracy, range, rate of fire, and 

destructive potential. Increasing the caliber generally increased both the range and 

destructive potential of a round, while more technological approaches were required for 

improving the accuracy and rate of fire. Cannons 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 into rifles by rifling the barrels greatly improving accuracy and 

interrupted screw which dramatically improved rate of fire. These upgrades were 

integrated into their large projectile brethren and made artillery the focus of many land 

armies and dreadnaughts the prized ship in any fleet throughout most of the 20
th
 century. 

The pure destructive potential and ability to turn the tide of battle led many historians to 

regard artillery as the ñKing of Battleò (McKenney 2007).  

Missiles were the next major evolution in trying to create a more destructive 

weapon. Early missiles in development during World War II helped to add a new 

dimension to the battlefield (Zaloga 2003). The one major use of rockets was in 

bombarding London with V-1 and V-2 rockets with limited success. The rocket attacks 

killed 6,184 people compared to the bomber raids during óThe Blitzô which killed over 

43,000 (Cleary 2011). Due to the unreliability of the technology, both Axis and Allied 

forces continued the more dangerous (from the point of view of the attacker) practice of 

bombing from aircraft vice long range rocket attacks. Using aircraft risked not only 
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bombers, but fighter escorts and the crews for all the planes as well. At that time, aircraft 

were a much more dependable method compared to long range rocket attacks of 

delivering the massive amounts of ordnance needed (Corvisier 1994). Leveraging 

technology from the space program, missile technology greatly improved in terms of 

speed, payload, and accuracy, making missiles the preferred method of long distance 

ordnance delivery for current forces (North 2001). 

B. STATE OF DIRECTED EN ERGY WEAPONS 

There are numerous examples of functional DEW projects in that have been built 

and ñoperate as designed.ò  Although some of the technologies have achieved significant 

milestones such as having prototypes built and achieving operational demonstrations such 

as the ABL and THEL, DE has never been able to attain priority status with respect to 

conventional weapons in their designated roles in military operations. 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 this of systems which had 

traction due to the ballistic missile defense (BMD) gap. From the perspective of plug and 

play, a lack of mission needs, misguided expectations, or conventional systems that just 

perform better have stood in the way of successful DE programs. For example in the 

1980s, President Ronald Reaganôs Strategic Defense Initiative, more commonly referred 

to as ñStar Wars,ò nearly brought directed energy technology to the forefront of 

weaponry research. Legal complications coupled with a diminishing Soviet threat caused 

the program to be canceled and resources diverted to other priorities (Correll 2012). 

Unfortunately, ñReagan did not understand the science of missile defense and the quality 

of advice he was getting as spottyò (Correll 2012). Concurrently, the U.S. Air Force had 

been working on a revolutionary ABL Laboratory project, putting a chemical type 

LASER aboard a wide-body airframe with the objective of shooting down enemy 

missiles.  ñIt had to face numerous operational challenges, such as the need to fly above 

hostile territory waiting for target missiles to be launched and to focus its LASER at a 

single point on a moving missileò (Collina and Davenport 2012). Appropriations 

shortfalls, poor test results, and significant doubts as to Star Warsô operational viability 
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resulted in significant concerns over the programôs future. Eventually, the 16-year and $5 

Billion effort was cancelled (Collina and Davenport 2012). 

The lesson learned from numerous failed DEW programs is that both a clearly 

identified need and reasonable expectations based on credible scientific knowledge are 

necessary precursors required to generate momentum for DEW projects. In addition, 

technologies must be relevant to the current trends prevalent throughout the services, the 

Navy in the case of this project. After initial background research was conducted on 

various DE programs, four technologies were deemed as plausible for shipboard use by 

the project team. Solid State LASERs (SSL), Chemical LASERs (CL), High Powered 

Microwaves (HPM), and Free Electron LASERs (FEL) were identified as either having 

current prototypes in testing (several SSLs and HPM), programs which were successfully 

tested but canceled (several CL), or programs which are nearing the operational prototype 

phase (FEL). These four technologies and specific programs are detailed below. 

1. Solid State LASER (SSL) 

a. Technology History 

Solid state LASERs have evolved over the years and several uses have 

been found for military application. The first LASER was built in 1960 by T. Maiman 

and utilized a synthetic ruby rod with mirrors on both ends (one semitransparent) pumped 

with a helical xenon flash lamp surrounding the rod. The result was an intense pulse of 

coherent red light at 694nm. This early ruby LASER system output contained irregular 

spikes that stretched over the duration of the pump pulse. This problem was improved in 

1961 by R.W. Hellwarth with a method called Q-switching which concentrated the output 

of the ruby LASER into a single pulse. However, the Q-switch consisted of a cell filled 

with nitrobenzene and required very high voltages. The 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 resonator. One of the earliest applications 

was in LASER range finding, which operated by measuring the time-of-flight of LASER 

pulse reflected from a target and calculating the distance (Koechner 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. Nd:YAG has a low 

threshold of excitation which permits continuous operation, and the host crystal has good 

thermal, mechanical, and optical properties. High Purity Nd can be grown with relative 

ease (Koechner and Bass 2003). Since its discovery, Nd:YAG remains the most versatile 

and widely used active material for solid-state LASERs and immediately replaced the 

ruby in the military rangefinder application (Koechner and Bass 2003). 

During the 1970s, efforts were concentrated on engineering 

improvements, such as an increase in component and system lifetime and reliability. The 

early LASERs often worked poorly and had severe reliability problems. At the 

component level, damage resistant optical coatings and high-quality LASER crystals had 

to be developed; and the lifetime of þash lamps and arc lamps had to be drastically 

improved (Koechner and Bass 2003). On the system side, the problems requiring 

solutions were associated with water leaks, corrosion of metal parts by the cooling þuid, 

deterioration of seals and other parts in the pump cavity due to the ultraviolet radiation of 

the þashlamps, arcing within the high-voltage section of the LASER, and contamination 

of optical surfaces caused by the environment (Koechner and Bass 2003). Also during 

this time, improvements were made in the performance of diode LASERs. Solid State 

LASERs started moving out from being research tools in laboratory settings into 

industrial use as machining tools and medical instruments (Koechner and Bass 2003). 

During the 1980s with the discovery of alexandrite, titanium-doped 

sapphire, some solid state LASERs became tunable between 660 and 980 nm. 

Improvements to diode LASERs provided devices with longer lifetimes, lower threshold 

currents and higher output powers, and were capable of continuous operations at room 

temperatures. Since the early LASER diodes were very expensive, their use as pump 

sources could only be justiýed where diode pumping provided an enabling technology. 

Therefore, the ýrst applications for diode-pumped Nd:YAG LASERs were for space and 

airborne platforms, where compactness and power consumption is of particular 

importance (Koechner and Bass 2003). The evolution of diode pumping solid state 

LASERs offers signiýcant improvements in overall systems efýciency, reliability, and 

compactness (Koechner and Bass 2003). 
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The evolution of the solid state LASERs over the past several decades has 

resulted in the design and weaponization of these LASERs for military use. A SSL DEW 

contains four major components: a tracking subsystem, a LASER subsystem to contain 

the medium which generates the LASER beam, a beam director with stabilizer through 

which the LASER is fired, and a fire control computer interface. While some programs 

have been cancelled for various reasons, several still exist and possess the potential to 

change how the United States fights and wins our Nationôs wars. 

b. Programs 

(1) LASER Weapon System (LaWS). The LASER Weapon 

System (LaWS) was built by Raytheon and has reached a technology readiness level 

(TRL) of 6 and has been operationally tested (O'Rourke, Navy Shipboard LASERs for 

Surface, Air, and Missile Defense: Background and Issues for Congress 2012). A 33kW 

continuous wave (CW) operational prototype shown in Figure 3 is currently installed on 

the USS Dewey (DDG-105) and has achieved a near perfect record in shooting down 

UAVôs and stopping small boats. The Navy stated the following regarding tests of LaWS: 

In June 2009, LaWS successfully engaged five threat-

representative UAVs in five attempts in tests in combat-representative 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, LaWS successfully engaged four threat-

representative UAVs in four attempts in combat-representative scenarios at a range of 

about one nautical mile in an over-the-water setting conducted from San Nicholas Island, 

off the coast of southern California. LaWS during these tests also demonstrated an ability 

to destroy materials used in rigid-hull inflatable boats (RHIBs) at a range of about half a 

nautical mile, and to reversibly jam and disrupt electro-optical/infrared sensors 

(O'Rourke, Navy Shipboard LASERs for Surface, Air, and Missile Defense: Background 

and Issues for Congress 2012). 
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Figure 3. Photograph of LASER Weapon System (LaWS) Prototype (from 

O'Rourke, Navy Shipboard LASERs for Surface, Air, and Missile Defense: Background 

and Issues for Congress 2012) 

While there is discussion that the LASER may be capable of 

conducting ASCM, the capability has yet to be proven. The Navy has envisioned LaWS 

being used for operations such as disabling or reversibly jamming electro-optical (EO) 

sensors, countering Unmanned Aerial Vehicles (UAVs) and EO guided missiles, and 

augmenting radar tracking (O'Rourke, Navy Shipboard LASERs for Surface, Air, and 

Missile Defense: Background and Issues for Congress 2012). The systemôs unclassified 

operating characteristics are 5 sec on/5 sec off for 4 minutes followed by a 16 minute 

recharge down time and uses the shipôs electrical plant to charge in normal underway 

power configuration of two generators (O'Rourke, Navy Shipboard LASERs for Surface, 

Air, and Missile Defense: Background and Issues for Congress 2012). The 33kW 

prototype currently utilizes lead acid batteries, although the goal is to go to lithium ion 

which will reduce the overall battery size by 2/3 making shipboard integration easier 

(Chernesky 2012).  

According to the Deputy Program Manager of the Naval Directed 

Energy Program Office PMS-405, this program has been given the green light by 
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NAVSEA 05 and a 125ï150 KW LASER has been determined to be technically feasible 

to be fitted onto a DDG-51 class ship, and integrated into LCS-4 and LCS-5 classes 

(Chernesky 2012). All blueprints and technical drawings currently exist to facilitate this 

installation with both lead acid and lithium ion batteries. The system is comprised of 95% 

Commercial off the Shelf (COTS) technology (Chernesky 2012). 

(2) Maritime LASER Demonstration (MLD). The Maritime 

LASER Demonstration (MLD) (Figure 4) is the marine variant of Northrop Grummanôs 

Joint High Power Solid State LASER (JHPSSL) the ñFirestrike.ò  The JHPSSL was 

funded in 2006 for Phase 3 of the project by the Office of the Assistant Secretary of the 

Army for Acquisition, Logistics, and Technology, Office of the Secretary of Defense ï 

High Energy LASER Joint Technology Office, Air Force Research Laboratory, and the 

Office of Naval Research. Program execution was conducted by the U.S. Army Space 

and Missile Defense Command / Army Forces Strategic Command. The U.S. Navy 

awarded Northrop Grumman with a $98 million contract for the Maritime LASER 

Demonstration and it has reached a technology readiness level (TRL) of 7 (O'Rourke, 

Navy Shipboard LASERs for Surface, Air, and Missile Defense: Background and Issues 

for Congress 2012). 

 

 
Figure 4. Photograph of the Maritime LASER Demonstration (MLD) (from Angell 

2012) 
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The MLD combines the electric LASER module technology from 

the JHPSSL with a purpose designed beam-control and fire-control system. The MLD 

module technology consists of stackable 15kW units that can be phase controlled and 

combined into a single beam to increase the output power. In 2009, Northrop Grumman 

became the first U.S. company to reach the 100kW power level threshold with this 

LASER, which measured at more than 105kW by stacking seven 15kW units. Although 

mission dependent, many consider power requirements of 100kW or greater to classify 

the LASER as weapons grade (O'Rourke, Navy Shipboard LASERs for Surface, Air, and 

Missile Defense: Background and Issues for Congress 2012). There is no open source 

data detailing the maximum number of 15kW LASERs that can be stacked, but this could 

affect the scalability of the system. The following are the test and evaluation milestones 

of the Maritime LASER Demonstration. 

¶ In July 2010, the ability of MLD to track small boats in a marine 

environment was tested at NSWC Port Hueneme, CA (O'Rourke, Navy 

Shipboard LASERs for Surface, Air, and Missile Defense: Background 

and Issues for Congress 2012).  

¶ In late August and early September 2010, MLD was tested in an over-the-

water setting at the Navyôs Potomac River Test Range against stationary 

targets, including representative small boat sections (O'Rourke, Navy 

Shipboard LASERs for Surface, Air, and Missile Defense: Background 

and Issues for Congress 2012). 

¶ In November 2010, an at-sea test of the system against small boat targets 

reportedly was stopped midway because one of the systemôs components 

needed to be replaced. The test was resumed in April 2011 (O'Rourke, 

Navy Shipboard LASERs for Surface, Air, and Missile Defense: 

Background and Issues for Congress 2012). 

¶ On April 6, 2011, the system successfully engaged a small target vessel. 

According to the Navy, this was the first time that a LASER of that energy 

level had been put on a Navy ship, powered from that ship, and used to 

counter a target at range in a maritime environment (O'Rourke, Navy 

Shipboard LASERs for Surface, Air, and Missile Defense: Background 

and Issues for Congress 2012). 

¶ In May 2011, Northrop stated that it could build the first unit of a full-

power engineering and manufacturing 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 test 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 shipôs radar and navigation systems, as well as 

the shipôs electrical system. The MLD demonstrated the ability the disable a small boat in 

actual maritime conditions of 8 ft. waves, 25kt winds in both rain and fog (Northrop 

Grumman 2012). 

(3) Tactical LASER System (TLS). The Tactical LASER 

System (TLS) has a beam power of 10kW and is designed to be added to the Mk 38 25 

mm machine guns installed on the decks of many Navy surface ships. A rendering of the 

TLS mounted system is shown in Figure 5. TLS would augment the Mk 38 machine gun 

in countering targets such as small boats and could also assist in providing precise 

tracking of targets (O'Rourke, Navy Shipboard LASERs for Surface, Air, and Missile 

Defense: Background and Issues for Congress 2012). The TLS program is a collaborative 

effort between Boeing and BAE where full system testing was expected to take place in 

the summer of 2012. This test was intended to target surface and air targets but 

permission was not granted in time for the targeting of UAVs. The test resulted in 

successful engagements of the surface targets at ñseveral thousands of metersò but was 

not tested against air targets (O'Rourke, Navy Shipboard LASERs for Surface, Air, and 

Missile Defense: Background and Issues for Congress 2013). 

 

 

Figure 5. Rendering of Tactical LASER System (TLS) Integrated on Mk 38 

Machine Gun Mount (from 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. Technology History 

Chemical LASERs were first conceived over fifty years ago. Canadian 

chemist J.C. Polanyi (Superstars of Science 2011) first proposed the idea of chemical 

based LASERs in 1961 (Lin 1983). The hypothesis was that a chemical reaction of 

excited elements would create an infrared LASER. The chemicals could be excited by 

light, heat, or electricity. A reaction of hydrogen atoms with ozone or chlorine could be 

used to create an infrared LASER. Then that LASER could be amplified to create a 

useable beam (Lin 1983).     

The first chemical LASER demonstration would come 3 years later in 

1964. Jerome Kasper and George Pimentel were able to optically pump Hydrogen 

Chloride (HCl) to create a suitable LASER. Pimentel and others continued their 

experiments throughout the 1960s to expand the chemicals that could produce a LASER. 

Hydrogen Fluoride (HF) and Deuterium Fluoride (DF) were quickly demonstrated as 

viable as well (Pimentel 1965).  

Through continued experimentation other elements were found to be able 

to produce LASERs such as the Chemical Oxide Iodine LASER (COIL). The following 

chemicals also produced LASER: Cyanide (CN), Nitric Oxide (NO), Carbon Monoxide 

(CO), and Hydrogen Bromide [Deuterium Bromide] (HBr [DBr]) (Lin 1983). The most 

reliable forms for chemical LASERs are HF, DF and COIL (Kopp 2008). There are three 

types of initiation for a chemical LASER: 

¶ Vibrational:  The oldest and most established method of making a 

LASER. Mixing the elements in a cavity to create a reaction. Sometimes 

using a pump to vibrate the elements. Then focusing that reaction to create 

the LASER (Lin 1983).  

¶ Rotational:  Here the elements are in a chamber that rotates to mix them. 

Just like with vibrational, the mixing creates a reaction. And the reaction is 

focused to make a LASER (Cohen, et al. 1986).  

¶ Electronic:  The newest method of creating a LASER. Elements are 

bombarded by electrical impulses. The product of the electrical reaction 

creates the LASER (Basov, et al. 1989). 
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Chemical LASERs currently have the capability to deliver kilowatts of 

power over long ranges. There is potential for delivering megawatts, but is unrealized at 

this time. The weapons focus has been achieving kilowatts of power that will destroy 

targets at a distance. The one major difference between a SSL and a CL DEW is the 

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

b. Programs 

(1) Mid-Infrared Advanced Chemical LASER (MIRACL) . 

Mid-Infrared Advanced Chemical LASER (MIRACL) is a DF LASER that was 

developed by the U.S. Navy and has been operational since 1980. It was cancelled by the 

Navy in 1983, but since 1990, U.S. Army Space and Strategic Defense Command has 

maintained the MIRACL (Sherman 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 and can lase for 70 seconds 

continuous on a single target. It has been tested against both flying drones including the 

BQM34 and missiles such as the VANDAL missile (Sherman 1998). 

(2) Airborne LASER (ABL). Airborne LASER (ABL) is a 

COIL in a 747 developed for the Air Force by Boeing in 1996. The first flights were 

conducted in 2003 with the entire systems configured. From 2008 to 2010; Boeing 

conducted testing using the system (FAS 2010).  

The ABL was created to be used against missiles. It operates at 

1.315 microns wavelength (FAS 2010). It can lase its target for three to five seconds on 

the target after a solid state LASER acquires the target. The COIL has been tested against 

an NC-135E (Grill 2007). It has also been tested against missiles with great success 

(Cadena and Selinger 2009) (MDANews 2010). 

(3) Airborne Tactical LASER (ATL) . Advanced Tactical 

LASER (ATL) is a COIL in an AC-130 aircraft developed for the Air Force by Boeing in 

1996. The first flight testing was conducted in 2005. In 2009, it was adapted to fit into a 

MV-22 aircraft as well. The testing for the ATL was conducted from 2005 -2010 (Global 

Security 2011). 
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 The ATL was created to attack ground targets. It operates at 1.315 

microns wavelength (Alexander 2003). The ATL can generate between 100ï300 kW for 

five seconds (Global Security 2011). When there is not excessive attenuation, the range 

can increase to 20 kilometers (Hambling, New Scientist 2008). ATL has been used to 

defeat ground targets (Wallace 2009). 

(4) Tactical High Energy LASER (THEL). Tactical High 

Energy LASER (THEL) is a truck and trailer based weapon developed for the U.S. and 

Israel by TRW (now part of Northrop Grumman) in 1996. The THEL was ready for use 

in 1998. It was tested in 2002 (Pike 2011).  

The THEL was created to defend against missiles, rockets, artillery 

shells, and aircraft. The THEL operates at 3.8 microns wavelength. The THEL has lased 

long enough to destroy Katyusha rockets, artillery shells, and mortar shells (Kopp 2008). 

3. High-Power Microwave (HPM) 

a. Technology History 

Research into the use of microwaves began with studies of radio 

frequency technology, specifically for communication purposes (Morrison 2008). 

Microwaves were artificially created by Heinrich Hertz in 1888. The invention of gridded 

tubes brought about the use of radios in the early twentieth century. Using resonant 

cavities connected to electrical circuits, researchers discovered how to create higher 

frequencies (Benford, Swegle and Schamliglu 2007). Higher frequencies were sought 

after once it was discovered that they are more advantageous in terms of the amount of 

information they could carry (T. 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 frequency (Harney, Combat Systems Volume 1 2004). 

Early physicists believed that electromagnetic waves could be powerful 

sources used to take down aircraft. Research in this field led to the creation of radar 

systems in the 1930s (Guoqi, Benqing and Lu 2005). During World War II, 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 High-Powered Microwaves (HPM) 

occurred from the investigation of nuclear power effects, specifically in regards to the 

interaction of waves and particles.   

Part of the future generation of abundant nuclear power involves 

controlling the nuclear fusion (as opposed to fission) process. Research into how 

electromagnetic wave stimulation could support the fusion process fostered a better 

understanding of how waves and particles interact in the production of thermonuclear 

power (Benford, Swegle and Schamliglu 2007). This fusion research coincided with 

developments of pulse power technology with focus on generating and emitting strong 

electronic beams (Guoqi, Benqing and Lu 2005).    

In terms of weaponry, HPM roots are traced back to the technology race 

between the Soviet Union and the West. Development has gone from first 

electromagnetic bomb testing in 1962 to more recent developments in crowd control 

technology (Weinberger, High-Power Microwave Weapon Systems Start to Look Like 

Deadend 2012). 

HPM weapons are designed to exploit parts 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 effects. HPM weapons consist of three main components. 

These components are a pulse power source, a high power microwave source, and an 

antenna (Benford, Swegle and Schamliglu 2007).   

The pulse power source drives the HPM weapon by generating a highly 

amplified electronic pulse. There is a variety of pulsed power types which include 

modulators, Marx-generators, pulse forming lines (PFL), pulse forming networks (PFN), 

and inductive energy storage in combination with opening switches. Normally, the pulse 

components are connected in series with other pulse components, i.e., a Marx-generator 

in series with a PFL (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, specifically into 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 HPM are not properly matched then power losses 

could occur. As a result, this interface determines the size and mass of the overall system 

(Benford, Swegle and Schamliglu 2007). The HPM source has other components 

designed for support, such as vacuum pump, magnet, a collector for capturing the beam, 

and cooling system. Finally, the antenna is the physical interface between the atmosphere 

and the microwaves. The antenna directs the beam at targets. Source parameters influence 

the connection to the antenna, most notably the waveguide mode (Benford, Swegle and 

Schamliglu 2007).   The waveguide mode is responsible for transmitting the 

electromagnetic waves. Characteristics of the antenna such as frequency, power, 

directivity, and gain influence the output beam propagation. These characteristics 

determine the bandwidth, signal strength, power efficiency, and the amount of beam 

spreading (antenna-theory.com 2011).  

 These components come together to produce a system that uses 

directed energy to produce weaponry capable of engaging targets in a non-lethal manner. 

Traditional non-lethal weapons use kinetic energy (rubber rounds or bean bags for 

example) which still have chance to kill or permanently injure the target if hit in specific 

areas (eyes or throat for example). HPM poses a lower risk of accidental lethal exposure 

compared to kinetic non-lethal weapons. However, HPM weapons affect personnel in the 

same manner and have a greater range than most small arms which can be useful in open 

areas (DOD Non-lethal Weapons Program 2007). 

b. Programs 

The Active Denial System (ADS) is designed as a nonlethal crowd 

dispersal weapon. The system works by focusing wave energy in the form of a beam. 

This beam produces a powerful heat sensation when directed at targets causing them to 

move away instinctively. The beam is composed of millimeter waves at a frequency of 

95GHz. These waves are able to penetrate human skin up to 1/64 of an inch which is 

roughly about three sheets of paper. Due to this shallow penetration, there is minimal risk 

of severe permanent injury (although lasting minor injuries to nerves, fat cells, and ducts 

are possible). In addition, the effects of the weapon cease when a target moves out of the 

way of the beam (Air Force Research Laboratory 2006). 
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Operational testing of ADS involved a series of Joint Military Utility 

Assessments (JMUA) conducted over an 8 month period beginning in 2005 (LeVine 

2009). The first JMUA tested the system 1 version of the technology which is composed 

of the HPM weapon system attached to a Humvee. Personnel from the Marines, Air 

Force, Coast Guard, Army, and Border Patrol operated the system in a series of urban 

terrain and entry control point scenarios in order to evaluate its performance  (LeVine 

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 shots due to the 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 

scenarios. This JMUA test resulted in 1473 hits off of 979 shots  (LeVine 2009). And, the 

third JMUA conducted tests of the system in port and harbor environments. JMUA 3 was 

conducted in 2006 at Santa Rosa Island, Eglin AFB FL and focused on force protection 

missions in port. Scenarios included boat-on-water iterations and pier side security 

demonstrations. JMUA 3 was the first time the ADS system carried out live fire scenarios 

over water. JMUA 3 resulted in 474 hits off of 305 shots. 

In all three assessments, the consensus by operators and test evaluators 

was ADS has military utility and is highly effective as a non-lethal counter personnel 

weapon  (LeVine 2009). Following these assessments the ADS system was certified for 

deployment with hopes of it being used against insurgents in Iraq. Eventually, it was 

deployed to Afghanistan in 2010; however, the weapon was not used due to potential 

public scrutiny issues (Fortin 2012). 

4. Free Electron LASER (FEL)  

a. Technology History 

In 1971, John Madey invented and developed the Free Electron LASER (FEL) 

that generates a relativistic electron beam in an open optical cavity resonator. Madey, at 

Stanford University, measured gain from an FEL configured as an amplifier at 10-µm 

wavelength, which was an important step in FEL development. This experiment, and the 

successful operation of the same FEL configured as an oscillator in 1977 at 3-µm 
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wavelength, created a large interest in FEL research. Two important FEL attributes, 

tunability and design flexibility, were demonstrated by these two experiments at 

significantly different wavelengths using the same apparatus (National Research Council 

1994). FELôs differ from conventional LASERs in that they use an electron beam as the 

lasing medium rather than a gas or a solid. The FELs are usually based on the 

combination of a linear electron accelerator followed by a high-precision 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 together more 

tightly than usual (also known as microbunching). Over the 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 conventional LASERs. Because the microbunches are so spatially small, 

the light generated presents as in ultrashort pulses that can be used for strobe-like 

investigations of extremely rapid processes. Current FELôs cover wavelengths from 

millimeter through infrared and are nudging into the visible (Jefferson Lab 2005). 

b. Programs 

FEL currently has a technology readiness level (TRL) of 4 which is 

defined as component and/or breadboard validation in a laboratory environment 

(O'Rourke, Navy Shipboard LASERs for Surface, Air, and Missile Defense: Background 

and Issues for Congress 2012). There are numerous FEL facilities across the U.S., with 

the Thomas Jefferson National Accelerator Facility having the most advanced FEL 

technology. The Office of Naval Research (ONR) is currently overseeing the 

development of FEL technology. 

C. DIRECTED ENERGY AND CONVENTIONAL WEAPON COMPARISON 

Dating back to the 1950s, science fiction films captivated audiences with tales of 

futuristic weapons that had unlimited capability. These weapons could project beams of 

light capable of disintegrating intended targets as in 1951ôs The 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 became real, 
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although unweaponized (Salisbury 1999). Past fantasies of futuristic weapons are soon 

becoming reality due to advancements in DE technology namely increased power levels, 

tracking abilities, and miniaturization. These advancements along with advantageous 

aspects of DEWs make them attractive alternatives to current conventional weapon 

systems.   

DEWs can provide multiple benefits to the warfighter. Speed of light 

engagements and deep magazines are the two most eye catching capabilities of DEWs. 

DEWs have the potential to equip the U.S. military with the ability to have a high depth-

of-fire with speed of light delivery, allowing a more powerful means of self-defense. 

Moreover, the variability of the energy level provides graduated lethality with minimum 

collateral damage and a low cost-per-engagement when compared to the projectile and 

logistics support costs of conventional explosive or kinetic munitions. Against specific 

low-value, light-armored targets (UAVs or small boats for example) DEWs have the 

potential to be an effective alternative to the use of expensive missile systems. 

Ultimately, DE weapons can provide speed-of-light and precision engagements against 

high speed vessels, complex ASCMs, swarm attacks, and slow speed aircraft.  

Despite the benefits of DE weapons, there are some drawbacks to their 

employment. Due to the technology being relatively new, there are still concerns over the 

reliability of DE weapons in an operational environment. Conventional gunpowder 

weapons have been reliable since the advent of percussion caps in the mid-1800s. For this 

reason, many military decision makers are hesitant to replace current conventional 

systems with unproven DEWs. In addition, conventional weapons currently have a 

greater range than directed energy weapons due to not being constrained by line-of-sight 

and do not require nearly the power levels of DEWs. Due to atmospheric attenuation, the 

range of directed energy weapons can be considerably degraded, especially in poor 

weather conditions. Although weather affects current radar and targeting systems, kinetic 

rounds are not hampered by rain. As a result of atmospheric attenuation, there is no 

guarantee that the DE impinging on the target will be of sufficient intensity to cause 

expected damage despite being projected at the speed of light. Furthermore, many DEW  

must be charged prior to use (SSL or the cooling requirement of HPM for example) 
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which requires a significant power source compared to conventional weapons which must 

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

Despite the aforementioned drawbacks to DEWs, it is worthwhile to the U.S. 

military to achieve DEW superiority on the battlefield. The capability of having a near 

limitless magazine and the ability to conduct speed of light engagements are very 

enticing. Additionally, since DEWs are still in their infancy, there are considerable 

opportunities for improvement. On the other hand, conventional weapons have reached 

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

Table 2 shows many of the advantages and disadvantages of the various LASER 

technologies considered for this project. Additionally, power efficiency can be a problem 

with large scale DEWs. SSLs have power efficiencies between 20ï30% with LaWS at ~ 

25. For LaWS to achieve the current output of 33kW, 130kW would have to be provided. 

Table 2. Comparison of LASER Types (from Deveci 2012) 

Type of Laser Wavelength Advantages Disadvantages 

HF 

2.7 - 3.3 

µm 
Most Developed                            

Megawatt level 

Size and Weight         

Safety requirements            

Sophisticated logistics DF 

3.3 - 4.2 

µm 

COIL 1.3 µm 

SSL 1.06 µm 

Less complex                                                         

Compact                                                            

Less sensitive to shock                      

Low electric energy 

requirements                                                

High efficiency 

Cooling problem                                                  

Kilowatt level 

FEL Tunable Selectable wavelength 

Most complex                         

Kilowatt-level limits                        

Large Systems 

 

 



 

 

35 

III.  SYSTEMS ENGINEERING PROCESS 

A. APPROACH 

The approach to solving the problem of defending maritime platforms with DEW 

previously identified in Chapter I started with identifying what the U.S. Navy is required 

to do. We used the Universal Naval Task List (UNTL) as a way to identify key needs at a 

general level for the Navy. The UNTL is a functional decomposition of warfare areas, 

which can be mapped back to the Department of Defense-wide Universal Joint Task List 

(UJTL). In order to determine the Naval Tasks that might be applicable to DEWs, the 

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 concurrently). By only considering the theoretical physical limitations of 

DEWs, 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 mission requirements that rolled up into the warfare area requirements 

also had to be determined. For example: the UNTL lists ñattack air targetsò as a 

requirement, which includes shooting down missiles and aircraft. This UNTL 

requirement is the Navyôs 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 Navyôs Required Operational Capabilities (ROC) and Projected 

Operating Environments (POE) document as well as the Surface Force Training Manual 

(SFTM) for Anti-Terrorism/Force Protection (AT/FP) Critical Capability Requirements 

(CCRs), where the ROC/POE was silent in that regard. Like was done with the UNTL, a 

determination of which missions had potential DEW applicability (only based on the laws 

of physics, the specific abilities of current DEW prototypes would come later) was made 

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

 Figure 6 describes the process of mapping needs to tasks to missions. This 

process was an iterative process due to revisions to 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 analyzed. These iterations in scoping the 

project required several re-evaluations of the described mapping process in order to 

ensure that the mapping process continued to match the problem statement and project 

goals.   

 

 

Figure 6. Navy Needs to Weapon Mapping Concept  

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

theoretical impact (based on the laws of physics) is shown in the following mapping: 

¶ NTA 3: Employ Firepower 

o NTA 3.2.1 Attack Enemy Maritime Target 

Á NTA 3.2.1.1 Attack Surface Targets 

¶ SUW 1.6 Engage surface ships with DEW 

¶ SUW 1.10 Conduct closeïin surface self-defense using 

crew operated DEW 

¶ SUW 2.2 Conduct SUW to support surface forces 
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¶ SUW 2.3 Engage surface targets with assigned anti-surface 

sector 

o NTA 3.2.2 Attack Enemy Land Targets 

Á AMW 14.3 Conduct direct fire 

o NTA 3.2.3 Attack Enemy Aircraft and Missiles 

Á AW 1.1 Provide area defense for a strike group 

Á AW 1.2 Conduct air self-defense using DEW 

Á AW 1.4 Provide area defense for a convoy or underway 

replenishment group 

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

in the amphibious objective area 

Á AW 1.6 Provide area defense for a surface action group 

Á AW 1.7 Engage air targets during joint/group operations 

Á AW 1.10 Provide sea-based theater BMD for Navy area 

Á AW 1.12 Provide air defense for non-combatant evacuations 

operations 

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

operations 

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

Á AW 9.1 Engage medium/high altitude, high-speed airborne threats 

with DEW 

Á AW 9.3 Engage low altitude threats with DEW 

Á AW 9.4 Engage low/medium altitude airborne threats with DEW 

Á AW 9.5 Engage airborne threats using installed anti-air weapons 

Á AW 9.6 Engage airborne threats utilizing soft-kill weapons 

systems (e.g., chaff/decoys) 
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o NTA 3.2.4 Suppress Enemy Air Defenses 

Á AMW 14.3 Conduct direct fire 

Á IO 2.2 Conduct electronic jamming of target acquisition/target 

tracking/fire control/missile seeker radars 

Á IO 2.3 Conduct electronic jamming of communications/data link/ 

identification systems 

o NTA 3.2.5 Conduct Electronic Attack 

Á NTA 3.2.5.1 Conduct C2 Attack 

¶ 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  

o NTA 3.2.9 Conduct Non-Lethal Engagement 

Á ATFP CCR 12 Pier Demonstration/Passive Protest Exercise 

Á NCO 19.6 Conduct seizure of noncombatant vessels 

Á NCO 19.9 Conduct drug traffic suppression and interdiction 

operations 

Á NCO 19.13 Support enforcement of fisheries law and treaties 

Á NCO 19.15 Support drug traffic suppression and interdiction 

operations 

Á NCO 19.16 Support illegal entry suppression operations 

Á NCO 33.1 Operate as chokepoint patrol unit 

¶ NTA 6: Protect The Force 

o NTA 6.1 Enhance Survivability 

Á NTA 6.1.1 Protect against combat area hazards 
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¶ NTA 6.1.1.1 Protect Individuals and Systems 

¶ NTA 6.1.1.2 Remove Hazards 

o NTA 6.1.1.2.1 Conduct Explosive Ordinance 

Disposal 

o NTA 6.2 Rescue and Recover 

Á NTA 6.2.2 Conduct Personnel Recovery 

¶ NTA 6.2.2.2 Perform Combat Search and Rescue 

o FSO 6.1 Support/conduct combat/noncombat SAR 

operations by fixed or rotary wing aircraft 

o FSO 6.2 Conduct combat/noncombat SAR 

operations by surface ships 

¶ NTA 6.2.2.3 Conduct Tactical Recovery of Aircraft and 

Personnel 

o FSO 6.1 Support/conduct combat/noncombat SAR 

operations by fixed or rotary wing aircraft 

o FSO 6.2 Conduct combat/noncombat SAR 

operations by surface ships 

o NTA 6.3 Provide Security for Operational Forces and Means 

Á NTA 6.3.1 Protect and Secure Area of Operations 

¶ NTA 6.3.1.1 Establish and Maintain 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 

o NCO 33.1 Operate as chokepoint patrol unit 

¶ NTA 6.3.1.4 Protect Lines of Communication 

¶ NTA 6.3.1.5 Establish and Enforce Protection Perimeter 
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¶ NTA 6.3.1.6 Conduct Surveillance Detection Operations 

o NCO 45.8 Conduct surveillance and interdiction 

operations of swimmers/swimmer delivery vehicles 

Á NTA 6.3.2 Conduct Military Law Enforcement Support (Afloat 

and Ashore) 

¶ NTA 6.3.2.2 Maintain Law and Order 

o NCO 19.6 Conduct seizure of noncombatant vessels 

o NCO 19.9 Conduct drug traffic suppression and 

interdiction operations 

o NCO 19.13 Support enforcement of fisheries law 

and treaties 

o NCO 19.15 Support drug traffic suppression and 

interdiction operations 

o NCO 19.16 Support illegal entry suppression 

operations 

o NCO 33.1 Operate as chokepoint patrol unit 

¶ NTA 6.3.3 Combat Terrorism  

o ATFP CCR 2 Deter, detect, defend against, and 

mitigate Terrorist Activities 

o ATFP CCR 4 Entry Control Point (ECP)Threat  

o ATFP CCR 8 Pier side Small Boat Attack Exercise 

o ATFP CCR 9 Terrorist A/C Attack Exercise 

o ATFP CCR 12 Pier Demonstration/Passive Protest 

Exercise 

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

Anchor 

A second mapping of potential mission areas appropriate for a DEW was 

conducted after the problem statement had been refined. This revision of the missions 

appropriate for a DEW was based on what was thought to be implementable within four 

years. This revision also incorporated technologies which had been operationally tested 

and were still funded: 

¶ NTA 3: Employ Firepower 

o NTA 3.2.1 Attack Enemy Maritime Target 

Á NTA 3.2.1.1 Attack Surface Targets 

¶ SUW 1.6 Engage surface ships with SUW weapons 

¶ SUW 1.10 Conduct closeïin surface self-defense using 

crew operated weapons 

¶ SUW 2.3 Engage surface targets with assigned anti-surface 

sector 

o NTA 3.2.3 Attack Enemy Aircraft and Missiles 

Á AW 1.1 Provide area defense for a strike group 

Á AW 1.2 Conduct air self-defense using DEW 

Á AW 1.4 Provide area defense for a convoy or underway 

replenishment group 

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

in the amphibious objective area 

Á AW 1.6 Provide area defense for a surface action group 

Á AW 1.12 Provide air defense for non-combatant evacuations 

operations 

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

operations 
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Á AW 9.1 Engage medium/high altitude, high-speed airborne threats 

with DEW 

Á AW 9.3 Engage low altitude threats with DEW 

Á AW 9.4 Engage low/medium altitude airborne threats with DEW 

o NTA 3.2.9 Conduct Non-Lethal Engagement 

Á ATFP CCR 12 Pier Demonstration/Passive Protest Exercise 

Á NCO 19.6 Conduct seizure of noncombatant vessels 

Á NCO 19.9 Conduct drug traffic suppression and interdiction 

operations 

¶ NTA 6: Protect The Force 

o NTA 6.3 Provide Security for Operational Forces and Means 

Á NTA 6.3.3 Combat Terrorism  

¶ ATFP CCR 4 Entry Control Point (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 15 Nighttime Small Boat Attack at Anchor 

 This second evaluation of the needs to mission mapping also scoped out anything 

that was not shipboard. Although the tasking statement directed the project team to 

ñintegrat[e] DEW into Naval forcesò (Langford, SEA-19B Directed Energy Weapons 

2012), the team further scoped the project to strictly naval ships (and eventually solely 

the DDG-51 class) for several reasons, chief among them being that at the time that this 

mapping had been done, the prototypes to be evaluated had been selected and none of the 

selected prototypes were deemed able to fit on existing ship-borne aircraft. Shipboard 

platforms seemed to be the only suitable platform for short term fleet integration. This 

was determined due to the current space and excess power available on many classes of 

ships in the fleet. Analyzing 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 strategy (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 DDG-51, it will be effective onboard another class assuming the other ship can 

support the DEW logistical requirements in terms of power, space, and cooling). 

Additionally, further background research by the project team and preliminary analysis of 

the selected DEW prototypes revealed that missions related to theater-wide missile 

defense or ballistic missile defense (BMD) was unrealistic for the systems 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 this chapter. Finally, several missions that were similar or duplicates were 

eliminated (an example being SUW 1.6-Engage surface ships with SUW Weapons and 

SUW 2.2-Conduct SUW to support surface forces). SUW 2.2 was eliminate as the core 

task of engaging a surface ship is covered under SUW 1.6. With the final list of missions 

applicable for the use of DEW determined, it was possible to map missions to threats and 

weapons (see Appendix A). 

C. TAILORED SYSTEMS ENG INEERING PROCESS 

We evaluated the relative net worth of a DEW by developing a unique systems 

engineering (SE) process with emphasis on needs, mission, weapon, performance, cost, 

and integration mapping. This tailored SE process was created to provide context to the 

analysis comparing potential DEW to current conventional weapons. A context driven 

approach is critically important to avoid the failures of the ABL program. The ABL 

program, which had a hefty price tag and spent a long time in development, was changed 

from an acquisition program to a research and development (R&D) program and the 

second aircraft cancelled in 2009. Then Defense Secretary Robert Gates made this 

change to the ABL program due to ñsignificant affordability and technology problems, 

and the programôs proposed operational role is highly questionableò (Gates 2009) before 

it was ultimately canceled in 2012. According 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 intercept. Although the ABL was effective at shooting down 

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

Conversely, our process required that in order for a weapon to be effective, it 

must fill some mission gap or improve upon current capabilities using an appropriate 

concept of operations. The utilization of the UNTL to map weapons to missions was 

extended as shown in Figure 7. The larger systems engineering process for the project 

evolved out of the approach of ensuring a need was being fulfilled while using the 

method of mapping needs to missions to weapons and threats described above. A strongly 

iterative waterfall process with feedback loops was tailored to accommodate the mission 

mapping process, the extrapolation from various sources of data for DEWs, and the 

consolidated analysis using several modeling and simulation tools. 

 

 

Figure 7. Tailored Systems Engineering Process (Tailored Waterfall) 
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D. STAKEHOLDER ANALYSIS  

With this project carried out at the unclassified level and with the inclusion of 

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

companies developing the prototypes that we analyzed. The decisions by these companies 

to acknowledge our work but not participate limited the stakeholders of this project to a 

select few as shown in Table 3. This table represents the different stakeholders along with 

their needs, goals, and concerns. Stakeholders are those individuals or entities that have a 

vital interest in the outcome of the project. Primitive needs are the basic necessities 

expressed by the stakeholders while effective needs are the needs of the stakeholder in 

the context of DE and this project. Concerns are issues the stakeholders view as being 

critical to their needs. Goals are the outcomes stakeholders desire pertaining to the DE. 

Table 3. Stakeholders 

Stakeholder Primitive 

Needs 

Effective 

Needs 

Concerns Goals Type 

NPS Provide high 

quality 

education  

for Armed 

Forces and 

government 

civilians 

Foster 

research that 

supports 

development 

of DE 

Potential 

roadblocks 

of research 

and 

education 

Increase 

combat 

effectiveness 

of Armed 

Forces 

through 

research and 

development 

of DE  

Educational 

Institution 

N9I Enhance 

naval 

warfare 

capability   

Ensure 

development 

of integrated 

DEW for 

Naval 

Forces  

Integrated 

warfare 

requirements 

of DEW 

Successful 

integration 

of DEW on 

naval 

platform 

Naval 

Division 

Operator Accomplish 

mission 

Use DEW 

System to 

accomplish 

mission 

objectives 

System 

performs as 

intended and 

is user 

friendly 

Fulfill 

mission 

requirements 

using DEW 

system 

User 
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Naval Postgraduate School (NPS) is a higher learning institution responsible for 

educating graduate-level personnel across not just DoD, other U.S. governmental 

agencies and defense industry professionals, but members of Allied nationsô 

corresponding agencies as well. Part of providing an education is fostering the 

intellectual growth of students and faculty through research. This research is invaluable 

to the increase of combat effectiveness throughout the Armed Forces. As a stakeholder of 

this project, NPS desires to advance the combat effectiveness of the Navy through 

supporting the study of DEW and its integration onto a naval vessel. Concerns of NPS 

include any potential roadblocks that may impede this study.   

N9I is the Warfare Integration Division of the Navy and the sponsor of the 

project. The purpose of the division is to integrate warfare goals and objectives with force 

requirements, resulting in enhanced warfare capability. N9I is therefore concerned with 

the successful integration of DEWs on naval platforms and that this integration fulfills 

battle force requirements. 

Operators are the individuals (Sailors) who will utilize the system. Users have 

requirements to meet and employ the system in order to fulfill a given mission. For this 

reason, itôs important that the system performs as intended or the mission could be 

jeopardized.   

  Although interests in the outcome of this project involve many other agencies 

and businesses, the unclassified nature of the project has led to little acceptance among 

those entities as previously discussed. The project team has spent a considerable amount 

of time formulating workarounds to this reluctance to cooperate. This workaround led to 

a gap in the amount of data received which the project team augmented by utilizing open 

source information, applying the physics based solutions to the characteristics of the 

weapons, and using analogist information in cost and integration issues where 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 OF INFORMATION (SSOI)  

DEWs are produced and studied by a host of businesses, agencies, and research 

facilities all of which could have served as potential sources of information. However, 
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due scoping the project to those systems which could feasibly be integrated onto naval 

platforms within a four year timeframe, sources of information were narrowed to those 

entities that supplied DEW technologies at TRL 6 or above. 

The SSOI Distribution shown in Figure 8 represents the various selected sources 

of information (SSOIs) that are associated with the project. SSOIs are those individuals 

and entities that can provide information that pertains to the project. The SSOIs are 

mainly contractors that supplied DEW prototypes for testing. Raytheon supplied the 

LASER Weapon System (LaWS) and the Active Denial System (ADS). Northrop 

Grumman supplied the Maritime LASER Demonstration (MLD). Boeing and BAE 

developed the Tactical LASER System (TLS). Some other SSOIs include PMS-405, the 

Navyôs Directed Energy Program Office, 129
th
 Rescue 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. 

  

 

Figure 8. Selected Sources of Information (SSOI) Distribution 

As with the stakeholders previously, the SSOI as potential stakeholders have the 

same categorical needs, concerns, and goals. These needs, concerns, and goals are 

fundamentally different than the stakeholders as any public company is responsible to be 

profitable for their respective stockholders. Also, as these SSOIs 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 SSOIs are detailed in Table 4. 

Table 4. Selected Sources of Information (SSOIs) 

SSOI 
Primitive 

Needs 

Effective 

Needs 
Concerns Goals Type 

Boeing, 

BAE, 

Northrop 

Grumman, 

Raytheon 

Gain 

substantial 

market share 

Sell their 

DEW 

System 

Customers 

deeming 

systems worth 

purchasing 

Obtain 

contract for 

producing 

DEW 

Contractor 

Brand 

recognition 

Build cadre 

of experts 

DEW is 

sufficiently 

tested 

Obtain 

contract for 

supporting 

DEW 

Attract new 

employees 

Employ 

premier 

workforce 

Sufficient 

systems are 

sold to recoup 

R&D money 

and make 

profit 

Obtain 

contract to 

develop next 

DEW 

Attract new 

shareholders 
      

Secure future 

R&D money       

 

Contractors are businesses, and businesses need to make revenues and profits. In order to 

gain a substantial portion of the market, the above contractors desire to sell their 

respective DEW to the government or any other entity which desires them and can legally 

buy the DEW. Gaining market share is accomplished through gaining contracts, having 

their brand recognized by potential users, and having a high quality workforce that will 

allow them to manufacture, supply, and potentially maintain units. In general, contractors 

are focused on providing systems that meet the requirements of their customers, with the 

expectation that the customer provides clear requirements (which accurately address the 

needs of the customer preventing requirement creep during development) and then 

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

There are numerous challenges to developing directed energy technology 

including R&D roadblocks, high power requirements, and mission effectiveness. As 

might be expected, the potential benefits are significant as well. The possibility of ñdeep 

magazinesò and expanded ñuse of force continuumò opportunities has long 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. Navy. We then factored in current 

fleet structures, as well as currently funded programs. Next we developed the associated 

concepts of operation. From here we were able to evaluate the potential technology gaps 

for not only directed energy weapons, but also for their integration into U.S. Naval 

forces. This process for formulating a technology gap resulted in our conclusion to only 

consider DEW technologies that currently have an operationally tested prototype. The 

technology must be both feasible and applicable to the current U.S. Navy mission. In 

addition, deployment of a DEW must have the ability to comply with the four year 

timeline previously discussed. 

In determining which of the four technologies identified in the background 

section (Solid State LASERs (SSL), High-Powered Microwaves (HPM), Free-Electron 

LASERs (FEL), and Chemical LASERs (CL)) deserve further analysis, each technology 

was measured against three criteria. The technology has to be capable of working 

successfully in the established four-year timeframe, has to improve the mission 

effectiveness of the ship, and has the ability to be integrated onto a ship. Based on these 

criteria, FEL and CL were removed from further consideration in the project. 

Although a FEL has tremendous potential as a DEW with the ability to modify the 

wavelength as required and the high power output, the drawbacks of the technology are 

prohibitive of a shipboard environment and do not have the potential to be implemented 

in four years. These drawbacks include large size, radiation hazard, high power 

requirement, and large weight. CL were also eliminated from further consideration. 

Although CL are the most technologically mature of any of the potential DEWs as shown 

with the ABL and THEL programs, the requirement of a logistics train providing (and 
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removing after firing) toxic chemicals does not reduce (and would likely increase) the 

reliance on the logistics train. This elimination of FEL and CL from further consideration 

constrains the project to two technologies, HPM and SSL. Each of the remaining two 

technologies provides 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 context of a mission, we built a meta-model and two simulations. The 

meta-model aggregated different engagements into a single, searchable database and 

provided an interactive mapping of that engagement to weapons, threats, missions, 

warfare areas, environments, and weapon platforms. The simulations would help to gain 

insights in what combination of weapons would be best, how DEWs could affect ship 

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

With the mission requirements evaluated 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 within a model to evaluate each 

weaponôs effectiveness within those mission contexts. We chose an engagement centric 

view around which to construct the model. A visual representation of the model of the 

model parameters for an engagement between a ship and its target are depicted in Figure 

9. An engagement centric view was chosen because a directed energy weapon is not 

equally effective against all threats and in all environments. Therefore, we needed to 

place a weapon into a specific context, evaluate its performance in that context and 

environment, and then aggregate all of the weaponôs engagements. Weapon performance 

would be aggregated in a database, with meta-tags embedded in the engagement file to 

link that engagement to all of the objects that are represented in that specific 

engagementôs context. The aggregated engagement results for all weapons can then be 

compared on a one-to-one basis, comparing conventional, LASER, and microwave 

weapons in equivalent, quantifiable terms, to determine the exact advantages and niches 

for each weapon.  

The model is based on the following assumptions. For 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 threat speeds remained constant (no acceleration, no drag). Assuming 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 at an altitude of 0 meters relative to mean sea level). Assuming no drag or 

acceleration was necessary because unclassified weapon and threat cross-sectional areas 

were unavailable and provided a counter weight for conventional weapons against DEWs 

being able to instantaneously move to the next target without delay. Upon 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 delay (i.e., no instantaneous kill or damage). We 

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 context. Finally, we assumed that 

the vital area radius was mission specific and that the threat detection slant range was 

engagement specific. Each vital area radius represents that distance by which a threat 

must be successfully engaged or the model assumes that the engagement is a failure. This 

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 regardless of a successful intercept. Also, 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 result in an unrealistically high number of 

successful engagements. 
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Figure 9. Model Engagement Diagram 

B. GLOBAL INFORMATION N ETWORK ARCHITECTURE (GINA)  

In order to realize the true potential of the output of the Systems Engineering 

Process for this project, it was determined that Global Information Network Architecture 

(GINA) was the best tool available for complex meta-modeling. Team members 

interviewed the Chief Technology Officer of Big Kahuna Technologies, LLC,   Mr. 

Frank Busalacchi, who developed GINA and the U.S. Army Corps of Engineers, 

Engineer Research and Development Center (ERDC) liaison officer (LNO) to TRAC 


