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ABSTRACT

A MW class free dectron laser cgpable of ddivering energy at the speed of light
can improve ASCM defensive capability for Navy ships. Many design chdlenges must
be overcome to make such a wegpon possble. One such chdlenge is to maintain the
power dendty on laser cavity mirrors a acceptable levels. The use of a short Rayleigh
length to increase beam spot sze a the mirror is studied as a possble solution to this
problem. In this theds, it is shown that by usng a short Rayleigh length FEL, power
dengties a the mirrors are sgnificantly reduced without causng a noticeable reductionin

performance.

For a short Rayleigh length FEL, the resonaor cavity is sendtive to misaignment
and vibration. The effect of mirror tilt due to vibrations is explored and the results show
that as mirror tilt increases, FEL efficiency does decreases. However, a mirror tilt severd
orders of magnitude grester than currently achievable active adignment tolerances is
required before the FEL efficiency is noticegbly affected. In this theds, it is shown that
mirror tilt within achievable tolerance limits will not adversdy affect the performance of
aFEL.



THISPAGE INTENTIONALLY LEFT BLANK



TABLE OF CONTENTS

INTRODUCTION ...ttt se sttt sae e s sesbesresseeseeseesensessessessessesns 1
27N @8 1 €] = LU | TSP 3
A. WHY DIRECTED ENERGY ...cooiiiiiiiiieeeee e 3
1 Phalanx Close —In Weapons System (CIWS) ......coccoevivvciecveecieeen, 5

2. Rolling Airframe Missile (RAM).....ccooiiineneeeeesee s 8

3. AirborneLaser System (ABL) ...ooovieeiececeeceee e 9

B. BASIC DESCRIPTION OF A FREE ELECTRON LASER (FEL)......... 10
1 History of the Free EIectron Laser........cccovvevenineneciciescsesiee 10

2. Electron Laser BasiC DESCription ........ccccevvvereneneneeieniese e 10

3. Other FEL Configurations..........ccccoveveeieeeene e 13

C. FEL FOR MISSILE DEFENSE ......c.ocoiiiieeee e 14
1. Advantages Of tNEFEL ... 15

= TS U] o] o] S 15

b. Tunable Wavelength ............ccoev i 15

C. READIITY. ..o s 15

0. EXNAUSE. ..o s 16

€. Mission FIeXibDility......cccoviiieiiiiie e 16

. OPEratiNg COSt ....ccueeeeiiierierieeie e 16

2. Disadvantages Of the FEL ..o 17

3. Cost Comparison of the FEL vs Other ASCM Defense Systems...18
DETAILED DESCRIPTION OF A FEL c..ooiiiiieiese st 21
A. ELECTRON BEAM CONTROL SUBSYSTEM ....cccceveieeevece e 21
1 V= Lo USSR 22

2. A CCEIEI L0 ...ttt 23

3. BEAM DUMIP ... 23

4, Beam Transport SUDSYSEEM.......ccov e 24

B. LIGHT BEAM CONTROL SUBSYSTEM ....cccooviiirinineeeeniese e 24
1 (O g [0 =1 o S 24

2. Optical ResoNator CaVITY .......cceerereeiierieresie s 25

3. Optical Transport SUDSYStEM........ccccvieieeeecece e 26

C. AUXILIARY SYSTEMS......oooieeseseeesese et s nnes 26
1. Refrigeration SYStaM ... 26

2. Fresh Water Cooling SYyStemM .......cccvcveveeveececeeseee e 26

3. SEIING .. 26

4, Vibration CONEIOl......cccveiiiiee e 27

FEL THEORY oottt bbbttt s nnenne s 29
A. RESONANCE ..ottt st st sresnenne s 29
B. ELECTRON MOTION ...ooiiiiiesieste sttt see ettt sae e e sne s 31
1. SPONtANEOUS EMISSION ..ot 31

2. Electron Dynamics—the Pendulum Equation..........c.ccccccuvevenenee. 32

C. OPTICAL WAVE EQUATION ..ottt 37

Vil



D L€ A SRR 40

E PHASE SPACE ...ttt 43

F HIGH CURRENT GAIN ..ot 45

V. SIMULATION OF A SHORT RAYLEIGH LENGTH FEL ....ccceevvviiireniireenne. 47
A. INTRODUCTION ...ttt s s 47

B. WEAK FIELD GAIN SIMULATIONS......ccoiiieerenieeeese e 51

C. STEADY STATE POWER SIMULATIONS.......ccoiirirreerere e 53

VI.  MIRROR VIBRATION AND FEL STABILITY SIMULATIONS.........ccceevnene 59
A. INTRODUCTION ...ttt 59

B. OPTICAL MODE TILT ittt st 59

C. SIMULATIONS ...ttt st 61

D. g TSRS 62

VIl. POTENTIAL FEL FOR ASCM POINT DEFENSE........ccccoceiiiininineneeeeine 67
A. INTRODUCTION ..ottt st see e 67

B. REQUIRED POWER OUTPUT FOR ASCM POINT DEFENSE........... 67

1. Energy Required to Destroy the Target Missile.........ccocvevenenene 67

2. Propagation LOSSES........ccceeieeiesierieeieseesseeeeseesseesseseesseensesneesseenes 68

a. Absorption and SCattering.......ccecvevieeeieeviieesee e 69

b. Thermal BlOOMING........cccoeiiiiiiiiieee e 72

C. REQUIRED LASER POWER OUTPUT ..ot 73

D. LMW FEL oottt sttt s snenne s 75

VIIT. CONCLUSIONS ... .ottt sb e b e s 77
LIST OF REFERENGCES........oooi oottt st 79
INITIAL DISTRIBUTION LIST .ottt sttt st 81

viii



Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.
Figure 9.

Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.
Figure 18.
Figure 19.
Haure 20.
Figure 21.
Figure 22.
Figure 23.
Figure 24.
Figure 25.
Figure 26.
Figure 27.
Figure 28.

Figure 29.
Figure 30.
Figure 31.
Figure 32.
Figure 33.

Figure 34.
Figure 35.

LIST OF FIGURES

Probability of Missile Fragment Hitting Ship......ccccooevevenenieninieresesese e 4
Phalanx Weapons System (from [10]) ...cc.eecveeeeveeieieereeeeseese e 5
Phalanx Bullet Dispersion at 1000 MELENS.........cceveeiiieeieeiiie e 6
Probability of Hit vs Range for aSingle Bull€t............ccooooieieiieieninineccee 7
OSCIllator FEL CaVily ....ccvccuecieiecieceesie e se e s ee e sae e s nseeaesneeeas 11
FEL Ring Configuration with Energy RECOVENY ........ccccveveeiiieeiieciieeieeciens 12
FEL Linear Configuration with Energy RECOVENY.........ccveriieiieneneneienenins 13
FEL Amplifier Configuration............cocoeeeieeieienene e 14
100 kW FEL System Diagram (after [14]) ...ocooveveveeiereeeeceseee e 21
Injector Cutaway (fter [15]) ...eoveereriereerie e 22
Optical Resonator Cavity and Undulator of FEL (after [16]) .....ccccoveereerereenne. 25
Electron — PhOtON RACE..........ooci i 29
Single Pass Gain (G) versus Initia Electron Phase Velocity (Vo).....ccooevevvenne. 43
Phase Space Plot for aLow Gain FEL, Vo = 0..cceeeevceeieeeceseee e 44
Phase Space Plot for aLow Gain FEL, Vo = 2.6......ccccoveeveeeneesece e 44
High current FEL gain and optical phase Spectra.........cccccevvviieviecciecseeciens 45
High Gain FEL Phase Space EVOIULION..........ccooiiiiininiieeeeeee e 46
Mode Shapes and Mirror Intensities for Various Rayleigh Lengths ............... 49
Three-Dimensional Simulation Results For the TINAF 100 kW FEL ............ 50
Wesak Field Gain vs Initial Electron Phase VEloCity .........ccccveevinieniniicnenne 52
Wesak Field Gain vs Electron Beam RadiUs...........ccccceveevvrceveeneceeseee e 53
FEL Efficiency vs Initial Electron Phase VEOCItY ........ccccoveceeeeieiieieeieene 54
FEL Efficiency vs Electron Beam RadiUS ...........cccceevivivieiieciiccee e, 55
FEL Efficiency vs Rayleigh Length..........ccooeiiiiiininineeceeee e 55
Multimode OsCillation EXamMPIe ........ccceveeieieseee e 56
(@011 o= I\ oo L= 1 L PR 60
Mirror Tilt SImulation RESUILS.........ccoiiieiieeseeee e 62
Efficiency vs Initid Electron Phase Veocity as a Function of Mirror Tilt

0 RSP SRRIN 63
Gaussian mode and Higher Order Optical MOES...........ccccoeeeeieiienenicneneneee 63
Efficiency VS MITTON Till ....ooieeeeeeee et 64
Extinction Coefficients vs Wavelength (from [27]) ....ooovevveieeieeiiceceeeee 70
Percent Transmission vs Wavelength (from [27]) .....ccccooererieieneneneienenens 71
Coefficients of absorption, scaitering, and extinction in a maitime

amosphere (from [28]) ...ecveeeeeece e 71
Transmittable intensity through a maritime atmosphere (from [29]) .............. 72
Energy Absorbed by Missile VS RaNge........cccooiviiiiinineeeee e 74



THISPAGE INTENTIONALLY LEFT BLANK



Table 1.
Table 2.
Table 3.
Table 4.

Tableb.

LIST OF TABLES

COSt ANAYSIS SUMMIBIY......coueiiiiiiesiesiesieeeeee et sbe e sns 19
LIfetime COSt ANAIYSIS ....ccvecieeeeceeie ettt 19
TINAF 100 KW ParameterS......ccccovieeuirienieieesiesiesiesie s sressesseseeseesseseessessessens 48
Percent Power Transmisson as Function of Range a Vaious Viewing

CONAITIONS ...ttt bbbt e bbb e nns 73
Comparison of Size and Weight of Point Defense Systems..........cccceveeeveeneen. 75

X



THISPAGE INTENTIONALLY LEFT BLANK

Xii



ACKNOWLEDGMENTS

| would like to take this opportunity to thank Professor Colson for his guidance
and patience while teaching me about free dectron lasers, and helping me complete this
thess. This has been agreat experience both academically, and professionaly.

| would aso like to thank Professor Crooker, and Professor Armstead, for dl the
helpful suggestions and comments, your time and efforts in proofreading my thess ae
greetly appreciated. Thank you Professor Blau for dl your help while here a NPS.  Alan
Todd at Advanced Energy Systems, and George Nell a JLAb, thank you for dl of your
inputs and help.

To the cave dwdlers in the basement, thanks for dl the good times.  Bill
Ossenfort, thank youfor dl the help and great times. WAR EAGLE!!!

| thank my wife Gina for dl of her support and sacrifices that she has made during
my career. With out you, none of this would have been possble. | love you. To my
three beautiful daughters, Lauren, Emily and Hannah — thank you for al the hugs and

love, you have made the time here more specid than you will ever know.

Findly, | thank God for dl the blessngs in my life and for the opportunities that |
have been given.

Xiii



THISPAGE INTENTIONALLY LEFT BLANK

Xiv



2

o oy 0o

<

mmeo Qo
m('D
(72

m
2

LIST OF SYMBOLS

vector sum of the undulator and optical magnetic fidds
optica magnetic field

undulator magnetic fidd

gpeed of light

specific heat

charge of an electron

electron energy

accelerator output energy
energy required to melt 500 cnt® of Al

opticd dectric fied

accderdion gradient

Pank’s congtant

average FEL current

peak FEL current

optical wave number

undulator magnetic wave number
undulator parameter

undulator length

latent heet of mdting for Al

mass of an electron

number of undulator magnetic periods
optical power a arange

power radiated by an electron

optical power out

bunch charge

resonator length

time

melting temperature

iniid temperature

electron velocity through the FEL cavity
volume

injector gun voltage

extinction coefficient, fine structure constant
non-dimensiond eectron veocity

transverse component of b
axia component of b

Lorentz factor
electron energy spread

XV



Whirror
z

a

Es

€ ms

rrxTeoTy

magnetic period length

optica wave length

undulator extraction efficiency

acceerator efficiency

initid optica phase

density

optica phase

optica spot radius a cavity mirror

electron phase

dimensonless opticd field

opticd fidd amplitude

rms electron beam emittance

normalized electron beam emittance
dimensonlessfilling factor

opticd fidd sngle-passgain

current dendty

dimensionless current dengity

optica wavenumber

undulator wavenumber

undulator length

electron pulse length

number of passes through the undulator
resonator quality factor

electron beam radius

dimensionless mirror radius

dimensonless radius of curvature
dimensonlesstime

pulse repdtition rate

optical mode radius

dimensionless optical waist radius

Rayleigh length

dimendonless Rayleigh length
dimensionless dectron beam radius in x direction
dimensionless dectron beam radiusiny direction
electron beam angular spread in x direction
electron beam angular spread in y direction
electron beam phase velocity

electron beam phase



ABL
ASCM
CIWS
COIL
FAS
FEL
FY
GAO
HEL
HV

IR
MIRACL
PRF
RAM
RF
THEL
TINAF
SRF
uv

LIST OF ACRONYMS

Airborne Laser

Anti- Ship Cruise Missle
Close-In Wegpons System
Chemica Oxygen lodine Laser
Federation of American Scientists
Free Electron Laser

Fiscal Year

Government Accounting Office
High Energy Laser

High Voltage

Infrared

Mid-Infrared Advanced Chemical Laser
Pulse Repetition Frequency
Ralling Airframe Missle

Radio Frequency

Tacticd High Energy Laser

Thomas Jefferson National Accderator Facilities

Superconducting Radio Frequency
UltraViolet



THISPAGE INTENTIONALLY LEFT BLANK

Xviii



l. INTRODUCTION

The U.S. Navy's interest in a high energy laser was expressed by the Commander
in Chief of the U.S. Atlantic Fleet on the 24™ of April, 2001, in a letter to the Chief of
Nava Operations.

...that the Speed of Light weapons can be very effective agang these

gndl high speed threats. Such a laser wegpon would offer our Nava

forces an extremely versatile wegpon to counter numerous soft and hard

targets. A High Energy Laser wegpon can be designed to ddiver energy

that can track, warn, damage, mission kill, and if need be, destroy a threst.

| believe it is exactly this type of wegpon system that our forces need in

the littord environment where, even though the threst may not be as
sophidticated as a highly maneuverable cruise missile. ...

The free dectron laser (FEL) is a possble answer for the Navy's desre for a high
energy laser (HEL) wegpon system. Chapter 1l of this thess presents background
information on why directed energy weapons, and specificdly the FEL, are a posshble

choice as an anti-ship cruise missle defense system.

Chapter Il gives a detalled description of the Thomas Jefferson Nuclear
Accderator Facilities (TINAF) proposed 100 kW FEL. The description includes a brief
overview of FEL components and the parameters used for this particular design.

Chapter 1V presents a basic overview of FEL theory and physics required to
understand the operations of a FEL. The description of how energy is transferred from
the eectron beam to the laser beam is presented along with the supporting theory and
equations.

Chapter V presents smulation results of short Rayleigh length FEL's. A short
Rayleigh length FEL is explored as a possble method to decrease the power density on
laser cavity opticd mirrors, thus preventing mirror damage. Due to the large number of
amulations required for this research, the work was divided among several people with
my contribution condgting of smulations and andyss for Raylegh lengths of Zp = 0 1L
and 0.2L where L is the undulator length. This materid was origindly presented & the



23" Internationd FEL Conference in Darmstadt Germany in August 2001 and has been
published in Nuclear Instruments and Methods in Physics Research [1].

Chapter VI presents smulation results describing gability andyss of the FEL
when operaing with a dight mirror tilt. This is the firg such study of the effect of mirror
tilt on the performance of the FEL. For an FEL usng a short Rayleigh length, the optica
mode may be sengtive to mirror tilt angle due to vibrations. Multiple smulations were
conducted to determine the actua affect on FEL peformance. Agan, due to the large
number of dmulations, the work was divided among severd people, with my contribution
congging of dmulation and analyss of data for mirror tilt angles from O to 400 irad.
This materid was origindly presented a the 24" Internationd FEL Conference in
Chicago, lllinoisin September 2002, and will be published in 2003

Chapter VIl presents an andyss to determine the required power for a shipboard
point defense system FEL. Target kill mechanisms, and atmospheric propagation losses
are consdered to show that a MW class FEL has the potentia to be a successful ASCM
point defense system.



.  BACKGROUND

A. WHY DIRECTED ENERGY

Since the end of the Cold War, the U.S. Navy’s focus has shifted from preparing
for wafae on the open ocean to developing capabilities for conducting combat
operations in the littord waters of the world. The proliferation of increasngly
sophigticated anti-ship cruise missles (ASCM’s) threatens the ability of Navy ships to
operate and survive close to hogtile shores. These missles are low cost weapons that can
inflict serious damage to a ship, and must be accounted for in the ship’'s defensve
capabilities.

Current anti-ship missle defense sysems incude the Phdanx cdose-in wegpons
gystem (CIWS), RIM-116A rdlling arframe missle (RAM), and dandard missle. These
systems provide some measure of defense for the ship againt ASCM’s, but they have
limitations that maeke ships vulnerable to anti-ship missile atacks. These systems ae
based on gunnery and rocketry, and have a time of flight required to get to the incoming
threst and destroy it. There are a limited number of wesgpons available in the magazine
for use, and once they are depleted the ship is defensdess  The limit of defensve
capabilities with these types of defensve wegpons is rgpidly being gpproached while the
technology for ASCM’s has continued to advance. Short range detection of high-speed
thret missles may result in the missles being destroyed in close proximity to the ship.
Dedroying the missle minimizes damage to the ship, but missle fragments may drike
the ship and cause sgnificant damage to unprotected equipment and personnel. Figure 1
shows the probability of missle fragments hitting the ship as a function of range For
this dmulaion, a typicd missle traveling a 400 m/s a an dtitude of 8 m with a spread
of missile fragment Sizes based on known missile break up from wegpons testing is used.
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Figure 1. Probability of Missle Fragment Hitting Ship

ASCM’s have become fagter and more maneuverable, greetly increasing the risk
to US warships. The Russan SS-N-26 Oniks is a Mach 3.5 sea skimming ASCM and is
an example of velocities representative of these new threst missles [2]. As the speed of
the threet missle increases, the reection time a ship has to identify an incoming threet,
track, develop a solution, and launch a defensve wegpon gets shorter. These faster
ASCM’s and shorter detection ranges are stressing current defense systems to ther limit
and the only way to keep up with the threat is to pursue new technologies that offer the
advantages of faster speed. One such technology currently being considered is directed
energy wesgpons. Directed energy in the form of a laser offers “speed of light” capability
and the ability to put large amounts of power onto an incoming missle in a short amount

of time, destroying the target a greater ranges than current wegpons systems. Severd
4
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laser wegpons systems are currently in various stages of research and development. The
arborne laser program (ABL), and tecticadl high energy laser (THEL) systems ae
examples of current projects designed for arborne and ground based applications.
Applying this technology would gregtly enhance the Navy's ability to defend againgt high
end ASCM’s. A closer review of current ship missle defense systems will show that a
directed energy wegpon system will be a postive asst.

1. Phalanx Close—In Weapons System (CIWYS)

The Phdanx dose-in wegpons system, shown in Figure 2 is a rapid-fire 20mm M-
61A1 Gatling gun, which is cgpable of firing up to 4500 rounds'min of depleted uranium
or tungsten armor piercing penetrators at a velocity of 1030 m/s [3a]. The CIWS isa
sdf-contained unit that can search, detect, track, and engage targets, but is typicaly
integrated into a ships combat systems suite for additiona fire control capability.

Figure 2. Phaanx Wegpons System (from [10])

The Phadanx wegpon sysem is effective only a extremdy short-range
engagements, typically on the order of 1000 meters or less. The weapon can be fired for

a limited amount of time before the bards begin to overheat; so that the engagement
5



time for an incoming missle is limited to aout five seconds or less. At the firing rate of
4500 shotgmin, only 375 bullets are fired a the oncoming missle.  Additiondly, the
magazine only holds 1550 rounds and requires several hours of time out of service to
rdoad [3a]. Another problem associated with CIWS is its avalability. Average
operationa availability of CIWS averaged 75% on Navy ships for FY 97, 98, and 99 [5].
That means that 25% of the time a ship would be without its lagt line of defense agangt
an ASCM. While a smdl magazine and limited firing time are Sgnificant, the biggest
disadvantage of the CIWS is tha mogt of the shots fired will not hit the incoming missle
due to the dight disperdon in bullet trgectories from the gun. This smdl disperson
angle trandates to a large error down range as a result, most of the shots miss the
incoming target. Figure 3 shows a typicd bullet disperson pattern a a range of 1000

meters.

Figure 3. Phadanx Bullet Dispersion at 1000 Meters

6



For the smulation shown, a tota of 300 bullets were fred with a totd of 5 hitting
on a typicd misdle cross section of 20 centimeters. This equates to a 1.66 % hit
probability a a range of only 1000 meters.  The probability of hitting an incoming missle
decreases repidly as range increases. A plot of probability versus range is shown in

Figure4.
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Figure 4. Probability of Hit vs Range for a Single Bullet

Lethdlity testing shows that dedtruction of a cruise missle requires multiple hits.
The fird gep in determining the number of hits taken by a missle during its gpproach is
to edimate the number of bullets that the missle will encounter in a 100-meter range of
its flight path. Assuming a missle veocity of 400 m/s and a 75 shot/sec firing rate for
the gun, the bullets encountered in each 100 meter section of path is cdculated to be 26
bullets.

Usng the predicted hit probabilities versus range and the number of bullets
encountered in 100 meter increments, the typica kill range can be determined. Assuming



it takes an average d 6 hits to “kill” a missle, then a typicd range a which a missle will
be destroyed is about 400 meters. The destroyed missle may bresk up into severd
andler fragments, each of which could have sufficient kinetic energy to drike the ship
and cause sgnificant damage to personne and unprotected equipment such as radar and
antennae.  The CIWS is the current last line of defense againg ASCM’s employed by
many US warships. Based on limited engagement time, smdl meagazine capecity, low
probability of killing a missle a ranges outsde of 500 meters, and high probability of
damage from missle debris, the CIWS ability to defend a ship agang technologicaly
improved missles is rgpidy diminishing. A directed energy wegpon would improve
engagement range and remove the disperson problems encountered by the Phaanx
weapon system

2. Rolling Airframe Missile (RAM)

The RAM is a point defense wegpon system designed to engage a threat missile a
intercept ranges out to 9.6 km [3b]. It utilizes a Mach 2 missle tha combines the
infrared seeking of the Stinger missle with the warhead, rocket motor, and fuse from the
Sdewinder missle for ASCM defense [4]. The typicd configuration found on ships is
the MK 49 launcher system, which has 21 missles in cdls reedy to launch. The sysem
recaves input from the ship's fire control sysem. Once the target information is
received, the launcher will line up at the gppropriate direction and eevation and fire a
missle. The missle uses an RF seeker to acquire the target, and when sufficient IR
sgnd is recaived from the target, shifts to IR mode for the termina phase of flight. The
missle is able to rgpidly maneuver (up to a maximum accderation of 20 g's) to counter

evasive measures by the incoming target.

The RAM has a high success rate againg ASCM’s, but it is not 100%. Time of
flight to intercept a target alows range to close rapidly. If a RAM fails to kill the target,
there will be little time to get the next RAM launched and the target will close to a short
range, endangering the ship. Therefore, a preferred tactic is to fire two RAM a an
incoming target to increase kill probability, utilizing the shoot-shoot-look method rather
than the shoot-look-shoot method. This drategy gives a better probability of missle kill,
but causes a rapid depletion of available wegpons munitions and is expensve. The RAM

sysem offers a grester engagement range and a higher hit probability than the CIWS.
8



Both sysems are often used together such that the RAM provides longer range coverage
and CIWS is used for short range defense againgt any missiles that get past RAM.

3. AirborneLaser System (ABL)

The ABL is an example of a directed energy weapon being designed to defend our
forces againg theater bdlistic misdle atacks. The ABL will engage a bdligic missle
during the initid boost phase of flight and destroy the missle directly over, or near the
launch dte. The sysem condds of a megawait class chemicd oxygen iodine laser
(COIL), beam control, trangport section, and beam director. The system is mounted on a
modified 747-400F aircraft with the beam director located in the nose cone section.

The COIL is a continuous beam laser that operates by injecting chlorine gas into a
reservoir of hydrogen peroxide liquid to excite oxygen. lodine gas is then injected into
the excited oxygen to produce excited iodine that decays to its ground date by emitting a
photon of wavelength 1.315 nmm [17]. The photons are amplified in the lasng cavity and
the energy is ddivered through the beam transport system to the beam director. The beam
director contains adaptive optics that use piezodectric actuators that adjust the beam
shgpe to minimize the afects of amospheric digortion. The platform will operate around
45,000 feet to help minimize the amospheric absorption and turbulence, to give the ABL
an effective range of over 400 km [18].

The ABL sygem is evolving rgpidly, and sgnificant advances in laser technology
have reduced the weight of the laser from 5500 Ibs to just over 3000 Ibs [4], not including
the weight of beam control, beam director, or tracking sysems. The program currently
has one modified 747-400F that has the turret nose cone inddled, with laser ingtdlation
in progress. An expected operationd test of the ABL is scheduled for sometime late in
2003, with an engagement of a Scud-like missle[17].

Advances in technology do not come chegply. The estimated totd program cost
for the ABL, to include the firg two arcraft, is over Sx hillion dollars with esch
additiona arcraft cogsting in excess of $500 million [18]. In addition to the system cog,
the ABL has an estimated cost per engagement in the range of severd thousand dollars a
shot. The ABL does have limitations on the amount of chemica fud that can be carried

9



but current estimates are that the system will be capable of firing the wegpon a minimum
of 20 times, with that number likely to grow in the future,

This program shows that directed energy weapons are becoming a redity. There
are severd wegpons systems in various stages of development.  Some other examples are
the tacticd high energy lasr (THEL), and mid-infrared advanced chemicd laser
(MIRACL). High energy laser (HEL) wegpons are likely to become a key component in
combat systems over the next few decades. These new wegpons provide speed of light
capability with reduced time to kill and confirm that a target is destroyed. The &hility to
engage and kill anti-ship missiles a a greater range than current sysems s a redidtic god
with the use of a directed energy weapons. Directed energy weapons will provide greater
protection for the ship, and diminate collaterd damage to the ship from missle debris
griking the ship. One type of directed energy wesgpon being consdered for missle
defense is the free dectron laser (FEL).

B. BASIC DESCRIPTION OF A FREE ELECTRON LASER (FEL)
1 History of the Free Electron L aser

The concept for the free dectron laser was first introduced by John Madey in
1971 [6], and in 1976 he demondraed the firsd successful experiment usng an FEL
amplifier [7]. Interest in development of the FEL increased repidly and by the 1980's
research was heavily funded by the Strategic Defense Initistive.  Development of FEL
desgns and technology have continued to the point where high power FEL's are now
being conddered for wegpons applications again, including anti ship missle defense.
Thomas Jefferson Nationa Accderator Facility (TINAF) in Newport, Virginia has an
operational FEL that has demonstrated an average power output of over 1kW and is
currently being upgraded to 10 kW. Future plans include modifying the laser to achieve
an average output power of 100 kW with a projected demonstration in 2005 [9]. The
technology for the FEL has advanced rapidly to the point where a shipboard FEL missile
defense system is possible within the next decade.

2. Electron Laser Basic Description

The free dectron laser operates by passing a rdativistic eectron beam through an
undulator that produces a periodic magnetic field developed by a series of opposing
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magnets. The spatidly oscillating magnetic fidd causes the dectrons to follow snusoida
trgectories. The accderation of the eectrons in the transverse direction causes them to
emit radiation dong he axis of the undulator. The light is contained between two mirrors
that make up the optica resonator cavity. One mirror is patidly transmissve to dlow for
light to escgpe the optical cavity and be used for the designed application of the laser.
Hgure 5 shows abasic FEL cavity.

Linear Eleckon Beam D;lceEIerat-:-r
' eam
Accelerator el

Output Laser Beam

Totally reflecting Semitransparent
resanator mirrar reszanator hdirror
Figure5. Ogcillator FEL Cavity

As the light is reflected between the mirrors, it sets up an opticadl mode that is
traveling in the same direction as the dectron beam. The dectron beam is not a
continuous beam, but rather a series of pulses separated by a specific distance. This
sepaation dlows an dectron pulse to enter the undulator in synchronism with the
reflecting light pulse.  As the dectron pulse travels through the undulator in the presence
of the light pulse, the dectric fidd of the light interacts with the eectrons causng
dimulated emisson of more light. Over many passes, this creates a coherent light beam
that continues to grow as the light reflects between the mirrors and interacts with more
electron bunches. As the light intendfies in the cavity, saturation is reached where the
output of the light isequd to the light creeted in the cavity.

The undulator and optical resonator cavity are where the laser beam is produced,
but they are only a samdl pat of the system that makes up the complete FEL system.
Figure 6 shows atypica FEL system in aring configuration with energy recovery.
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Figure 6. FEL Ring Configuration with Energy Recovery

The eectron beam path is shown in blue, except where it overlaps the laser beam
path shown in red. The eectrons ae generated in the injector by photoemisson or
thermionic emisson, depending on the type of injector used, and accederated to
goproximately 10 MeV by a strong dectric field set up a the photo injector gun. The
electrons are produced in a series of short pulses, typicaly on the order of millimeters in
length, a a pulse frequency that is typicdly in the 100's of MHz range. The dectron
pulse leaves the injector and enters the linear accelerator where severa hundred MeV of
electron energy is gained. The accderator uses radio frequency (RF) cavities to produce
large dectric fidds that accderate the dectrons to their find energy, which can be as
large as severa hundred MeV. The dectron beam is then drected into the undulator by a
sries of bending magnets. Ingde the undulator, a few percent of the energy in the
electron beam is converted into radiated energy in the form of laser light. The dectron
beam then leaves the undulator and is directed back into the linear accelerator. The
electron beam enters the accelerator 180 degrees out of phase with the RF fied in the
accderator and gives a large portion of its energy back to the cavity while the beam is
decelerated by the RF fidd. The low energy eectron beam exits the accderator and is
then directed to the beam dump, where the remaning energy of the dectrons is
dissipated.
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This energy recovery technique has two pogtive affects on the sysem. Firdt, it
increeses the overdl efficiency by regaining energy from the dectrons before dumping
them. Second, it reduces the éectron energy to less than 10 MeV, which is lower than
the energy required for neutron generation; this prevents neutron irradiation from causng
activation of materidsin the beam dump and minimizes shieding requirements.

3. Other FEL Configurations

The proposed FEL for shipboard defense is an oscillator configuration with
energy recovery. There are several other types of FEL configurations that may be used
for other gpplications. The linear oscillaior FEL with energy recovery, shown in Figure
7, removes the need for bending magnets. To accomplish energy recovery, a second
linear accelerator and beam injector are used to inject eectrons in the opposte direction
of the fird accdlerator. The linear accelerators are postioned such that eectrons coming
out of the undulator are 180 degrees out of phase and give up energy into the rf cavities.
With two opposing accderaors, the light beam is amplified in both directions due to the
interaction with eectron bunches from both accderators. The additiond space required
for a second linear accderator make this configuration impracticd for shipboard
goplication.

Ll Undulator Injector

——— Dptical Resonator Cavity |

Figure7. FEL Linear Configuration with Energy Recovery

Figure 8 shows an amplifier FEL configuration that is a dngle pass high gan
design which extracts as much energy from the eectron as possible during the pass. The
disadvantage with the amplifier design is that due to dectron beam disperson from large
energy remova, energy recovery is not possble. The higher energy dectrons cregate
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higher radiation levels a the beam dump and will have sufficient energy to cause neutron
production and subsequent irradiation of materia in the beam dump.

Injector

Figure 8. FEL Amplifier Configuration

In addition to the configurations discussed above, there are many other possible
desgns.  Smilar sysems without energy recovery are common, but advances in
technology have made energy recovery more dtractive based on the increased efficiency
of the system.

C. FEL FOR MISSILE DEFENSE

The current missle defense sysems aboard Navy ships are rapidly fdling behind
the developments in gedth and gpeed of anti-ship cruise missle technology. A high
energy laser (HEL) system, such as a FEL, would be a podtive asset for many reasons.
The delivery of energy a the speed of light to a target reduces the range that an incoming
threat missle can close on a ship before being destroyed. Figure 1 showed that the
father away a missle is destroyed, the less probable it is that a missle fragment will
drike the ship. In addition to reduction in time of flight to the target, a HEL system
dlows for ingant verification of a target kill and then alows for rgpid reassgnment to a
different target if necessary. There are many types of HEL systems that are currently
being developed for gpplications in the battles spaces of the future, but the FEL offers
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many advantages for shipboard applications that other HEL systems are not capable of
maiching. The FEL dso offers advantages over conventiond type wegpons such as
RAM, and CIWS.

1 Advantages of the FEL
a. Supply

Future plans for dl-dectric drive ships will make lage amounts of
electricd power avalable for weapons gpplication. With this dectricd energy avalable
for use by the wegpons system, a high power FEL would be able to operate and engage
targets for as long as the ship's eectrical system can supply power. Conventiona anti-
ship missle defense sysems that rdy on an inventory of missles or ammunition, and
chemicd laser systems that require a chemicd source, face the problem of running out of
the required munitions and require an out of service period for rdoading. The FEL
would be never have to be removed from service to undergo reloading operations,
meaking it much more religble.

b. Tunable Wavelength

The FEL operaing wavdength is tunable, which gives the &ility to
exploit waveength-dependent  amospheric  propagation  windows. By  minimizing
atmospheric absorption, the effective range is increased and the time required to damage
a target is decreased. Other types of lasers such as the chemica laser, eximer lasers, and
solid date lasers can only operate a only one specific wavdlength. One example of a
non-tunable laser is the MIRACL system, a deuterium-fluoride laser that operates a 3.8
mm [8]. The wavelength (I ) is determined by the energy leves excited in the chemicd
reections of the lasing process making it impossble to change the wavedength of the laser
to minimize amaospheric absorption.

c. Reliability

The FEL desgn requires a minimum amount of maintenance since there
ae no moving pats. The components are dl dectricd, with the exception of some
support equipment such as the refrigeration/cooling units and the beam director. The
FEL a TJINAF is currently undergoing an upgrade to 10 kW and is projected to have
10,000 hours of continuous operation before a scheduled maintenance period. This type
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of reliability will be a great improvement over current exiging systems that require more
frequent periodic maintenance and repairs.  The Phdanx CIWS is, on average, only
available 76 % of the time for a variety of reasons that include hydraulic problems, lack
of onboard repair and preventive maintenance parts, and overhauls [5]. In addition to
sysem rdiability, the FEL offers another didtinct advantage over missle sysems. A
beam of light has very little chance of suffering a catasrophic falure before getting to its
desgnated target, but a missle has many falure mechanisms tha may prevent it from
reeching the target. The FEL, with minimd mantenance requirements and high
reliability, will grestly improve anti-ship missle defense capabilities.
d. Exhaust

The FEL converts energy from an dectron beam into a high energy light
beam without the use of a chemicd fud. There are no noxious gases or plumes that must
be vented off ship, unlike a chemica laser or missle sysem. This minimizes controls for
hazardous materias and diminates the need for expensve cleen up in aess that are
exposed to hazardous chemicals.

e. Mission Flexibility

The FEL is an adaptable wegpons system capable of taking on many roles.
Unlike other defensve wegpons systems like the CIWS and RAM that are specificdly
desgned only for missle defense, the FEL would be cgpable of defending againgt many
other threets such as smdl ships, arcraft, and jet ski's. In addition to a defengve role,
the FEL can dso be used for precison drike cgpability in littord waters. The ability to
target and destroy key equipment and assets with no collaterd damage make the FEL an
atractive dterndive to a missle drike. The precison drike cagpability would naturaly be
limited to line of dght targets that are located close to the coadtline so that they would be
within the range of the FEL. But there are now dudies that consder usng relay mirrors
to re-direct the laser beam to the bettlefield

f. Operating Cost

The cost per engagement for a FEL is much less than that of other
wegpons systems. The only cost incurred for firing the wegpon is the cost of the fud
required to generate the energy used by the FEL, less than $2.00. In comparison, the cost
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of one RIM-116A Ralling Airframe Missle (RAM) is $273000 and one RAM is
$444,000 [4]. A detaled cost andyss for the FEL is presented in section C. 3. of this
chapter.

2. Disadvantages of the FEL

The FEL has many advantages as a wegpons system, but there are dso some
disadvantages compared to other wegpons systems. The first disadvantage is the high
initid cog for the sysem, cruddy edimated around $50 million. Cogt andyss for the
FEL is presented in section 3.

The other disadvantages of the FEL are related to beam propagation through the
amosphere.  As mentioned in the advantages section, the atmosphere absorbs energy as
the light beam travels through it. Although the FEL’s ability to tune the wavdength can
minimize amospheric absorption, it can't eiminate it.  Atmospheric absorption can
change dradticdly based on environmental conditions. Fog, raindrops, and suspended
aerosols cause additional scattering and absorption.  As the particle dendity increases, the
amount of absorption and scattering increase, resulting in a much lower beam intensty at
the target. Fog, rain, dust, smoke, and other suspended aerosols greetly reduce the
effective range of the FEL and may reduce intengty to the point that the wegpon may be
ineffective.  Fortunately, these same adverse conditions affect the sensors on the threat
missle

Another beam related disadvantage is thermd blooming, which occurs when a
section of the atmosphere absorbs a smdl amount of energy and begins to dightly
increase in temperature.  The refractive index of ar is a function of temperature, and as
the temperature dianges in the center of the column of air being heeted by the laser beam,
it begins to act as a diverging lens and causes the beam to diverge. This problem is made
worse with higher amospheric absorption and beam intendtiess.  Therma blooming
modeds use a criticd blooming time, t. , that estimates the time it takes for a column of
ar to be heated to the point that therma blooming occurs. By ensuring that the beam
does not heet a section of ar for longer than the criticd blooming time, therma blooming
can be avoided. Cross winds and dewing rate of the beam hep to prevent therma
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blooming by changing out the volume of ar in the beam. This is known as channd
clearing. Therma blooming will be discussed in more depth in alater chapter.
3. Cost Comparison of the FEL vs Other ASCM Defense Systems

A cost andyss of the FEL againgt current ASCM defense systems shows that the
FEL sysem is a feasble dternative that may offer long term cost savings. The codt
andydsis broken into two different areas: initial weapon cost and cost per engagement.

Initid cogt of the RAM system is $17.2M and includes $7.9M for the launcher
and $9.3M for 21 missiles a $444,000 each [3b.][4]. This cost only provides for one
launcher on the ship and does not provide for any additional missiles other than those
loaded into the launcher.  The initid cogt for the Phadanx CIWS is $3.8M and includes
the cost for one mount and 5000 rounds of ammunition [3a]. The current estimate of a
MW class FEL is $55 million [9]. While the initid cog is dgnificantly more than the
initid cogt of the Phdanx or RAM sysems once the FEL is inddled, there are no

additiona cogts for ammunition, missiles, or sockpile and storage of these munitions.

Cogt per engagement is based on a single engagement of an ASCM. Based on
wegpons doctrine, the norma tactic is to launch 2 RAM a an incoming threst missle.
Totd cost for two RAM is $888,000. For the CIWS, an average of three (3) seconds
firing time is assumed to kill the incoming threst missle, which equates to 225 rounds of
ammunition.  Total cost for 225 rounds is $13500 [3a]. The FEL requires
approximately five seconds lasing time to put required energy on target to destroy it. For
a FEL efficiency of 10%, this requires 50 MJ of energy from the ships dectricd system.
One gdlon of fud contains 113.5 MJ of energy. Take as an example, an LM2500 turbine
which converts fud to mechanicd energy a a rate of 0435 Ibs fud/HP-HR. For a
generator with a 90 % converson efficiency from mechanica to dectricd power, one
pound of fue will yidd 554 MJ of energy. To get the required 50 MJ of energy for the
FEL, 9 Ib, or 1.2 gdlons of fud are consumed. Using an average price of $1.40 per
gdlon, the tota cost per engagement for the FEL is only $1.68. This low cost per
engagement gives the ability to use the weapon for live fire tesing and training a low
costs. The other two systems are rarely used for training due to large operating costs, so
personnd training is accomplished by smulaions or wak through of procedures. Based
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on the low operational cost for the FEL, savings over decades of use make the system
cog effective and in line with other weapons sysems. Table 1 shows a summary of the
cost comparison for the FEL, RAM and CIWS.

FEL RAM CIWS
Unit Cost $55M Launcher - $7.9M Mount - $3.2M
Missles- $9.3M Ammo (10,000) - $0.6M
Totd - $17.2M Totd - $3.8M
Cost per 2 Seconds fue 2Missles 225 rounds
engagement $1.68 $888,000 $13,500
Table 1. Cogt Analyss Summary

Although the FEL is more expendve than RAM and CIWS for initid ingalation,
over the lifetime of the weapon system, the FEL’s low cost per engagement coupled with
the advantages liged above make the FEL a vaduable assat that will greatly improve
protection for ships against ASCM’s.

A sysem lifetime total cost is presented in table 2 using an assumed 20 year life

with an average of 10 launches per year.

FEL RAM CIWS
Initial Cost $55M $17.2M $3.8M
+ + + +
Ammunition 200 * $2.00= 200* $888,000= 200* $13500=
Cost $400 $178M $2.7M
Total Cost » $55M »$190M »$6.5M
Table2.  Lifetime Cod Andyss
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II1l. DETAILED DESCRIPTION OF A FEL

The FEL a TJINAF is currently being upgraded to an average output of 10 kW.
Additiona modifications are expected to increase that power output to 100 kW by 2005.
These rapid advances in design and technology make a FEL with an average power of 1
MW appear possible in the future. Simulations and modeing for the 100 kW FEL design

at TINAF are presented in this paper. Figure 9 is a diagram of the proposed 100 kW FEL
system at TINAF [14].

Linear Accelerators Injector

Mirror
.ﬁ'

Mirror Mirror

IR Undulator — UV Undulator

Figure 9. 100 kW FEL System Diagram (after [14])

There are two magor subsystems to condder for the FEL: the eectron beam
control subsystem and the opticad beam control subsystem. There are dso additiond
auiliaay sysems asociated with the FEL such as refrigeration, cooling water, and
shidding.

A. ELECTRON BEAM CONTROL SUBSYSTEM

The €ectron beam control subsysem is composed of the injector, linear
accelerators, beam dump, and beam transport subsystem. The eectron life cycle can be
traced in Figure 9. The dectrons are generated in the injector, accedlerated to high
energies in the accderator modules, pass through the undulator where they give up a
smal amount of their energy to create the coherent laser beam, pass back through the

liner accelerators where they give up the mgority of their energy, and ae then
dissipated in the beam dump.
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1 I njector

The proposed injector design for the 100 kW FEL a TINAF is a superconducting,
500 kV DC, photocathode electron gun with a GaAs cathode that is driven by a green
laser [15]. Figure 10 isacutaway view of the proposed injector.
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i N Endc
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Drive e B Y L R N Vessel - Space
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Figure 10. Injector Cutaway (after [15])

The injector generates the dectrons in short periodic pulses by photoeectricaly
exciting the eectrons off the cathode using a pulsed green laser. Once the eectrons are
removed from the cathode, they are rapidly accelerated by a strong dectric fidd set up by
the high voltage (HV) column. It is important to rgpidly accelerate the beam as it exits
the cathode to minimize space charge effects due to Coulomb forces. The space charge
forces cause the dectron beam quality to degrade by causing the beam to spread in the
transverse and longitudind directions. The beam leaves the HV column and enters a
series of three accelerator cavities that raise the energy of the electrons to greater than 7
MeV before exiting the injector.
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The gun is designed to operate with the following parameters to provide a high
quality electron beam input to the superconducting RF (SRF) accelerators [12]:

Pulse Repetition Rate wW 750 Mhz

Peak Current lok  270A

DC Voltage Vgun 500 kV
Electron Energy Ein >7MeV
Energy Spread DE <10%rms
Transverse Emittance (normalized) €n <3 p mmmrad
Electron pulse Length le 0.1mm

2. Accelerator

After leaving the injector, the dectron beam enters the linear accderators and is
accderated to redividic energies. At such high energy, the space charge forces become
indgnificant and can be neglected in later cadculations. The dectron beam enters the
accelerator at energies of gpproximatdy 7 MeV and is accelerated to a final beam energy
of 210 MeV. The dectrons enter the acceerator in phase with the RF fidd and are
accelerated as they pass through the cavities. After leaving the accderator the beam is
directed to the undulator, where it gives up a smal amount of its energy to the optica
beam. After passng through the undulator, the electrons are returned to the accelerator
180 degrees out of phase with the RF fidd, causing the eectrons to decelerate by giving
energy back to the RF field.

The design parameters for the SRF accelerators are:

Pulse Repetition Rate w 750 MHz
Accderation Gradient (DE/L)acc 20 MeV/m
Number of Modules 3
Output Energy Ep 210MeV
Accderator Efficiency hyf 60%

3. Beam Dump

The decelerated electron beam leaves the accelerators with less than 10 MeV of
energy and enters the beam dump where the dectrons and their energy are disspated. By
recovering the dectron beam energy, the overdl efficiency of the FEL is gredly
increased. Due to degradation of beam qudlity, the eectron beam can not be used for

more than one pass through the undulator.
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The beam dump consds of a block of meta into which the eéectron beam is
disspated, and a cooling system that removes the generated heat from the metal to a hesat
snk. Radiation shidding of the beam dump is required due to the production of gamma
rays from Bremssrahlung (breking radiation) produced as the energy of the eectron
beam is disspated [13]. One advantage of the energy recovery system is that the find
energy of the dectron beam has been reduced below the energy required for neutron
generdtion. The low energy gammeas require less shidding than would be required for
neutrons, which would activate adjacent materids and create additiond radiation.

4, Beam Transport Subsystem

The beam transport system consists of piping and bending nagnets. The dectron
beam must be contained in high vacuum (10 Torr) to prevent interaction with ges
paticles. The beam is guided by a series of bending magnets that force the eectron
beam to change directions due to field interactions. The acceleration of the eectrons due
to these directional changes causes synchrotron radiation projected into a narrow forward
radiaion cone much like aflashlight [ 13].

B. LIGHT BEAM CONTROL SUBSYSTEM

Laser light from the FEL is transported to a beam director an the deck of the ship
that sends the beam to the intended target. The magor components of the light beam
control subsystem are the undulator, optical resonator cavity , and transport subsystem.

1 Undulator

The undulator, dso cdled the wiggler, is contained in the optica cavity and is the
heart of the FEL. Figure 11 shows a detailled drawing of the optical resonator cavity and
undulator [16].
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Figure 11. Optica Resonator Cavity and Undulator of FEL (after [16])

The eectron beam is directed into the undulator where an oscillating magnetic
fidd is set up usng a series of dternating permanent magnets. The parameters of the

undulator are:
Undulator Length L 2.88m
Undulator Waveength l o 0.08 m
Number of Undulator Periods N 36
Undulator Parameter K 1.7

2. Optical Resonator Cavity

The optical resonator cavity is comprised of two mirrors that are spaced a distance
goat so that the reflecting opticd pulses interact in phase with the sequence of pulses
from the eectron beam. As the dectron pulses trave through the undulator in the
presence of a light pulse, dimulated emisson of light occurs.  The resulting coherent
laser beam continues to be amplified by each successive dectron pulse passng through
the undulator.

The mirrors are a key comporent in the FEL desgn and must be capable of
withgdanding high power dengties. Based on an opticad coupling output of 20 %, the

power incident on the mirrors will be 500 kW to generate the 100 KW output.  Power
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dengty a the mirrors is wel within limits for this power, but could become a factor when
incressing power output of the laser. Use of short Rayleigh lengths to increase mirror
oot sze, and therefore minimize power dengties a the mirrors, is discussed in section
V. One of the mirrors is @tidly transmissve to dlow a percentage the light beam to
escape and become the output of the laser. The length of the optical resonator cavity (S
is32m.

3. Optical Transport Subsystem

The opticd trangport subsystem is similar to the beam trangport subsystem. It
consggs of pipes and mirrors that transport the light beam from the FEL to the beam
director for use. In a weapon system, the light beam will be guided to a beam director
that will am and send the light beam to the intended target.

C. AUXILIARY SYSTEM S

The FEL requires severd support sysems and an adequate power supply for
continuous operation. Some of the required systems are the refrigeration system, fresh
water cooling, shielding, and power supply. A brief description and purpose of each
system follows.

1 Refrigeration System

The refrigeration system is required to provide liquid helium to the injector and
accelerator. Cooling of the accderator cavities to 2 K is required to eliminate resstance
losses that would occur in the cavity wdls with such high dectric fidds.  Supercooling
the cavities makes them superconducting, thereby diminating 1° R losses.

2. Fresh Water Cooling System

The fresh water cooling system is required to remove excess heat generated in the
beam dump. The energy deposited in the beam dump must be removed to prevent
overheating and damage to the beam dump.

3. Shidlding

Operation of the FEL presents a radiation hazard that requires shelding.
Bremssrahlung radiation is generated in the beam dump and synchrotron radigtion is
generated in the areas where the eectron beam direction is changed. The gamma rays

26



generated during FEL operation must be shidded to minimize radidion leves in the
generd area.

4. Vibration Control

Vibrations due to coupling with externd sources can cause mirror vibrations and
motion of precisdy digned equipment. To reduce the effects on the system, vibration
isolation mounting is used. The FEL resonator mirrors require very precise dignment
and must be maintained within a few microns for proper FEL operation. An active mirror
dignment system is required to mantan dignment of the laser cavity and optica

transport mirrors.

27



THISPAGE INTENTIONALLY LEFT BLANK

28



V. FEL THEORY

The free dectron laser uses a rddivisic eectron beam, an undulator, and an
optica resonator cavity to produce a high power, coherent, laser beam. Early theoretica
descriptions of the FEL utilized quantum eectrodynamics, but the devdopment of a
classcd approach later proved to be both accurate and easy to understand [19]. The
classca FEL theory will be described in the following sections.

A. RESONANCE

In order for an FEL to have gain, a net trandfer of energy from the eectron beam
to the opticd wave must occur. The optimum energy exchange between an opticd fied
and eectron occurs when one wavdength of light passes the eectron in one undulator
period. This is caled the “resonance condition” and can be demongtrated as a race down
the undulator between a photon and an dectron where the photon wins the race by one
optical wavelength. Figure 12 shows a diagram of the dectron-photon race [21]. The
opticd waveength | is shown in blue, the éectron is red, and the undulator waveength

DTy by Ay

Figure 12. Electron — Photon Race

The redionship between the undulator wavelength and the opticadl waveength

can be developed from the resonance condition. For a given reference eectron, a
waveength of light will travd a disance | ahead of the electron over one undulator
period. Take Dt to be the time it takes an dectron to travel through one undulator
wavdength | o a speed v, This is equa to the time required for the photon to go a
distancel o+ at the gpeed of light ¢, so that
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D= o:I0+|

Vi (4.1)
Solving for | with b, = v,/c gives the resonance condition,
220 (4.2)
&b, 5°
The Lorentz factor is
! = ! (4.3)

:Jl- b?- b2 _\/1- b?- K?/g?

where K= e B, | ¢ /(2 p me ¢?) is the dimensionless undulator parameter and b, = Kig.
(to be derived later in the dectron dynamics section). Inserting K/g for b~ into equation
4.3 and solving for b, we get

2
b, = f1- KD THKE (4.4)

z 2

9°

The lagt approximation is made usng the binomid expanson snce K is of order
unity and ¢ >> 1. Inseting equation 4.4 into equation 4.2, the opticdl wavelength
becomes

ae efl+K2

= & el+K2LD o- (45)

8%?35

Since 1+K?/29® << 1, the denominator is » 1 and the resonance condition can be
written as

2

a&a+K’0

| = WBI 0- (46)
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Equation 4.6 demondrates that for a given undulator, the wavelength of light
becomes a function of the dectron energy E. = g mc? and the undulator magnetic fid B,
through K.

B. ELECTRON MOTION
1. Spontaneous Emission

The dectron trgectories in the undulator determine the character of FEL
interactions [19]. Initidly, there is no optica fidd in the resonator cavity; it is created by
gpontaneous emisson from the dectrons traveling through the undulator.  Spontaneous
emisson of the eectron occurs when the dectron is acceerated - in this case the
electrons ostillate transversely due to interaction with the magnetic fiedd of the undulator.
The power radiated by the reatividic eectron, Pe , is given by the rddividic Larmor
formula[21]:

5.2 e’ g*b?2

: 3c (4.7)

where b, = Kkoc/g is the transverse accdleration, ko = 2p/l o, and e is the charge of an
electron [20]. The photons emitted by the dectron will have an energy E = hc/l where h
is Planck’s congtant. By using the resonance condition for |, ko = 2p/l ¢ , and equation
4.7, the energy of the emitted photon can be written as

_ 2hck, g’

The number of photons emitted spontaneoudy by one dectron in one pass
through the undulator, W, , can be determined from the power emitted by the eectron, the
energy per photon emitted, and the tota time the photon is in the undulator

W = Pe[l
¢ E (4.9

2pNaK?@+K?
w, = 2P a3(+ )

(4.10)
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where a = €*/hc » 1/137, is the fine structure constant. For a typical FEL with N»10?

and K»1, an éectron emits gpproximately one photon per pass in the undulator into a
narrow forward cone of solid angle ¢*. However, not al of the photons are emitted into
the coherent opticd mode. Only a smdl percentage of the photons emitted into the o
cone are within the smdler solid angle, 1/Ng” determined by the coherent optical mode
[19]. The number of photons emitted into the coherent opticd mode during one pass
through the undulator is then

W, »a K?(1+K?) . (4.11)

The tota photon energy emitted by the electron is many orders of magnitude less
than the totd energy of the dectron, therefore, the momentum recoil has a negligible
effect on the eectron’s path. The process of spontaneous emisson from the eectrons will
not generate large power outputs, but it is necessary for the start-up mechanism in the
FEL. In atypicad FEL, the number of dectrons in a pulse is on the order of 10%°. The
number of photons emitted into the coherent opticd mode during the first pulse through
the undulator is sufficient to edtablish a dasscd opticd fidd that is amplified through
stimulated emission of subsequent eectron pulses.

2. Electron Dynamics—the Pendulum Equation

Now that an optical field has been developed in the FEL, the interactions of the
electrons with the dternating satic magnetic fidd of the undulator, B., and the moving

electric and magnetic fields of the optica wave, Bs and Es, can ke anadlyzed. The fidds
for ahelicd undulator can be written as [21]:

B. = B, (cos(k, 2), sin(k, 2), 0) (4.12)
Bs = E, (sin(Y), cos(Y), 0) (4.13)
Es = E, (cos(Y), -sin(Y), 0) (4.14)

in cgs units where Y = (kz-wt+f) is the phase of the optical wave, k = wic is the optica
wave number, and f istheinitid opticd phaseat =0and z=0.
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The forces acting on the dectrons are given by the Lorentz force equation, and the
equation for the change in eectron energy Ee,

F—:dp:-e(€+5' B) (4.15)
95 e WE.. (4.16)
ot

Using the relations, p=gmv=b g mc, and Ec = g m?, equations 4.15 and 4.16 can

be rewritten,
digbh) _ _e (E+b" B) 4.17)
dt m c
d9_._¢ 5.&. (4.19)
dt m, c

Subdtituting the fields into equation 4.17, the transverse components can be written as

dgh) . e (= .~.= .« .=
dt _-WLC(ESX+bZ B”y+bz BSV)

digb,) ___e (E,- b,)cos(Y) - B,b,sin(k, 2)) (4.19)
adt m, ¢

and

digb,) _ e (Esy+62' Bu+b,’ E;SX)

dt m c

dgb,) _ e ..
a meC( E(- b,)sin(Y) +Bb, cos(k, 2).  (4.20)

For relativigtic dectrons, 1- b, <<1, equations 4.19 and 4.20 can be smplified, and

written together as

d(gdtBA) =®BD: gn 2, costk, 2,00 . (421

m C

Integrating equation 4.21 gives (assuming condants of integration are zero for perfect
injection into the helicd orbits)
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— _ -eB, 1,

b, = > (cos(k, 2), sin(k, z), 0). (4.22)
gmc 2p

Defining the dimensionless undulator parameter as K= e B, | ¢ /(2 p me %), equation 4.22
becomes

b, :-g—K(cos(kO 2, sin(k, 2), 0). (4.23)

The transverse motion of eectronsin the helical undulator is described by equation 4.23.

Subdtituting the dectric fidd from equation 4.14 into equation 4.18, the second Lorentz
equation becomes

d___e .
t e (b, b, b,)XE,(cosY,-sinY,0). (4.24)

Inserting equation 4.23 for b, into equation 4.24 and using the trigonometric identity
cos(a+ b)=cos(a) cos(b) — 9n(a) In(b), equation 4.24 becomes

dg _eKE
dd gmc

cos(k, z+Y)

g9 _j :_: KE cosz +f) (4.25)

where z = (k+kp) z- w t isthe dectron phase.

By rearranging equation 4.4 and taking the time derivative, a reationship between
g and b, can be developed,

d/.2 2y _ 2
50 K)=1-b])

-297°g (1+K?*)=-2b, b,

_g°b, b,
(1)

Taking thefirg time derivative of the dectron phase, z, we get

9 (4.26)
g
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Z =(k+k,)v, - w = (k+k )cb, - w, (4.27)

and the second derivativeis

z'=(k+k,)cb,. (4.28)
Solving for b, yidds
_z
vy (4.29)

Substituting equation 4.29 into equation 4.26,

2

g°b,z
(1+K2)(k+k0)c

(4.30)

Q |©.

Usng the resonance condition (equatiion 4.6), (k+ko)c » kc=w snce ko << k for

relativigtic dectrons, and solving for g , equation 4.30 becomes

g=29 (4.31)

where wo=Kko ¢ = 2p/l o.

Equations 4.25 and 4.31 can be combined and solved for z-

- 29_¢eKE cos(z +f)
2w, gmc

eZK = cos(z +f). (4.32)

g mec

zZ =2Ww,

Equation 4.32 is the dectron equation of motion and describes dectron phase dynamics
in the foom of the pendulum equaion. This eguation can be written usng the
dimensionless time paameter t = ct/L, where t is the time and the undulator length is L.

In a single pass through the undulator, t goes from O to 1. For clarity, derivatives with

respect to dimensionless time will be indicated as dX/dt = X and the second derivative
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will be X, where X can be any parameter. The pendulum equation can be rewritten as a

second-order differential equation with respect tot as

2 .
CRE &9 cosiz +f), (4.33)

:2W02—
g mceCyg

where the L?%/c? term comes from the subtitution of d’t=(L/c)> d’t. The group of termsin
front of the cosne can be written as one vaiable defining the magnitude of the
dimensionless opticd fidd a = ca ¢df. After some smplifications, it can be shown that
thefiddis

_4pNeKEL

El g (4.34)
S0 that the pendulum equation can be rewritten as

z=v= |a|cos(z +f ). (4.35)
where the dimens onless e ectron phase velocity v isequd to

v=z = Lgk +k)b, - kj. (4.36)

Equation 4.36 governs the phase-space motion of eectrons traveling through the

undulator interacting with an opticd wave of magnitude |a|. The cogne term determines

if the dectron gains or loses energy to the opticad field. The dectrons with phases from
-p/2top/2 gan enegy from the opticd fiedd while those with phases from

p/2to /2 transfer energy to the optica fidd. As the eectrons in the pulse interact
with the optical fidd, they bunch over the opticd wavelength. The opticd fidd srength
determines the rate of eectron bunching. For |a| < p, the fidd is week and the bunching

issmall, whilefor [a|> p, thefield is strong and bunching is strong.
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C. OPTICAL WAVE EQUATION

The pendulum equation describes how eectron motion is affected by the presence
of an opticd fidd. This section will develop the equations to show how the opticd fidd
is affected by the electron beam. The wave equation that governs the propagetion of the
optical waveis

1 4p -
2 = TJA (4.37)

('D-OZ§B

T o
¢’ t* g
where A is the vector potentiadl for a circularly polaized plane wave and J, is the

transverse current dendty. For a dowly varying amplitude and phase of the opticd beam,
the vector potentia can be written asafunction of zand t,

A(z,1) =£ E, (sin(Y ),cos(Y ),0) (4.38)

and

B.=N" A. (4.39)

S

The transverse directions are neglected usng the assumption that the eectron beam
radiusis smal compared to the optical mode. The spatid and time derivatives of 4.37 are

1°A_21E, " o _ 1 qf 0
Z Kz ?+EB(COS(Y)’-S|n(Y)’O)+EE (- sin(Y), - cos(Y), 0)?“ i
(4.40)
and
1%?‘%%?%—2 g(COS(Y),- SirI(Y),0)+%E (- sin(Y),- cos(Y ), o)gé%—ft WZ
(4.41)

Usng the assumption of a dowly varying optical phase and amplitude in time and Spece,

E<< kES , TE << kf ﬂfs <<WE , and ﬂ:{ts << wf
V4

1z it
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the second order derivatives become negligible and are dropped from equations 4.40 and
4.41. Using equations 4.40 and 4.41, equation 4.37 can be written as

a%lz 1 ﬂ ?" zaeﬂE 1ﬂE o)
& My &1 c o
Af 1f ¢

+2E 8E+E_tﬁ( cos(Y ),- sin(Y),0) =

=(co(Y),- sin(Y),0)
(4.42)

i
(o

Equation 4.42 can be smplified further by usng a coordinate transformation z,= z + ct,
and dimensonlesstimet = ct/L sothat

T
z ct
transformsto
I
cft Lt
making equation 4.42 become
881 ﬂE ,0) +2E, gelf_ (- cos(Y),- sin(Y),0) = - 4p X J,. (443

The transverse current density J. is the sum of the individual electron currents

J. =-ecq b.d’(%- T) (4.44)

where d*(...) is the three dimensiona Dirac delta-function and F, is the position of the "

electron. Inserting equation 4.24 for b, into equation 4.44, we get

3 -g—K(cos(K) 2), sin(k, 2), O)d (% - 7). (4.45)

Equation 4.43 can now be decoupled into two separate equations,

“ﬂ'tfs =. ZPZLK & d(x- T)gcos(Y).- sin(Y),0) - (cos(ky)sin(kyd) O (4.46)
and
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%z'a;:'("é d*(x- F)g- cos(Y),- sin(Y),0) - (cos(k,z),sin(k,2),0)g. (4.47)

S

Upon completion of the dot product of the terms insde the brackets, the equations
become

TE, _ 2pelK a d3(%-rF)cos(z +f), (4.48)
fit g i

and
It _- ZpeKLé_ d3(x- T)sin(z +f) (4.49)
Mt 9k,

where z = (k+kop)z-wt.

Assuming a condant dendgty of dectrons over the smdl volume dement being
consgdered, and usng the average phase of the potential over the volume, the summation

over i dectrons can be written as

a d°X-)cos(z +f) =r (cos(z +f)), (4.50)

a d°(X-)sin@z +f)=r (sinz +f)), (4.51)

where the average is denoted by (..) and r e is the dlectron density. Using these relations,

equations 4.48 and 4.49 become
ﬂﬂ'fs =. 2P eLK e ooz +1)), (4.52)
and

EE:_ZPGKLH

- . (sin@ +f )). (4.53)

These two equations can be formed from the red and imaginary parts of
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il iy 2p eKLr,, 4
ﬂ—t(ES ef)_-T@ ). (4.54)

Multiplying both sides of equation 4.54 by 4peNKL/gPmc? gives

falpeNKLE eif('_i_ 8p?e NK?*L*r, e"z>

L= 4.55
e o'md p o'mc (459
By defining the dimensionless opticd fidd, a, and the dimensionless current, | as
: 4p eNKL . _8p* e NK?Lr
a=ae" , |a|= P — = and j = P — e
g mc gmc
equation 4.56 can be rewritten as the optica wave equation,
1a:<;1=-j<e'iz>. (4.56)
1t

The optical wave equation shows that the opticd wave is dependent upon both current
and average dectron phase.  With no current and/or no eectron bunching, the optica

wave will not change.
D. GAIN

The FEL oscillator exchanges energy from the eectron beam to the opticd beam
over many passes, and can operate a low gain. Gain G is the fractiond power change in
the optical field per pass through the undulator,

(4.57)

where &g is the optical fidd drength a the beginning of the undulator ¢ = O)and a; is the
opticd fidd a the end of the undulator ¢ = 1). The eectron beam must lose energy to
the opticd wave to achieve gain, thus one method to andyze gain is to determine the
change in energy of the eéectrons. The energy of an dectron is proportiond to the
electron phase velocity v given in equation 4.36 as

v=z =(k+k)bc-w (4.36)

or usng dimensonlesstimet where it =(c/L) 1t,
40



v=z = L[(k+k,)b, - K]. (4.58)
Usng the goproximation that k+ko » k (snce ko<<k), the change in the eectron phase
veoaty is

Dv=L k Db, . (4.59)
Using the resonance condition of equation 4.6, one can obtain the relation

2 .
ov=2p No 2 Opp,. (4.60)
el+tK g

By using eguation 4.26 in a difference form , and solving for Db, we get

oo, = 20K 1)

z 3

g° b,

Subdtituting into equation 4.60 and usng the gpproximetion that b, » 1, we get a
relationship between Dv and Dg ,

Dv=4p ND9 (4.62)
g

The number of dectrons in a smdl volume dV of an opticd wave is given by
Ne=r cFdV where F is the filling factor. The filling factor is defined as the cross-sectiond
area of the dectron beam divided by the cross-sectiond area of the optical beam. Using
equation 4.62, the average change of energy for an dectron ingde the undulator is

gm c((v)- %)

D m, ¢ » 2o N (4.63)
The energy contained in the volume dV is given by [21]
deg e = E—st : (4.64)
4p
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Using the above rdations, gain in the optica fidd is

G o e e (roFdV)g m c*((v)- v,)/(4p N) (465)
d€s. e 2EZdV/ (8p) '
Using the dimensionless parameter |, equation 4.65 can be smplified to
2F |
G="L (v, - v). (4.66)

In week fidds, the changes in the eectron phase, opticd phase, and opticd fied

ae sndl so we can use the agpproximation that é » 0. Usng the initid conditions
v(0) = vo, a(0) = ay, and gpplying perturbation theory, it can be shown that

v=y, + B [sin(z, +yt ) - Sn(z,)] +
L K (4.67)
%¢é 1 cos(2z, + vt )- cos(2z,)+ cos(2vt )- 1- vt sin(z,)cos(z, +vt)H

v084

To second order, the time average of the phase velocity is
2
(V) =V, +%[2005(v0t )- 2+ vt sinvt )] . (4.68)
0

Subdtituting into equation 4.66, we arrive a the low gain equation
2Fi vy -v)= P 1 acos(ut ) +2- vt sinvt ). (4.69)
a Vo

In the week fidd, low current approximeation, the gain is shown to be primarily a function
of j and the initid eectron phase velocity vo. Figure 13 shows a plot of the gain spectrum
for the range of phase velocities from —12 to 12 in a weak optica field. The curve is anti-
symmetric about vo = 0 with a pesk gain near 13% & an initid phase velocity vo » 2.6.
Theinitid opticd fiddisag = 1, and dimensionless current isj=1.
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cain 13%
0.0
-13%
-12 Yo 12
Figure 13. Single Pass Gain (G) versus Initid Electron Phase Ve ocity (Vo)

It should be noted that at the resonance condition vo = 0, there is no net gain. The
FEL must operate dightly off resonance to have gain.
E. PHASE SPACE

The electron phase space is a plot of the eectron’s phase velocity v versus the
electrons phase z. Phase space evolution is helpful in showing the evolution of the
electron as it moves through the undulator fromt = 0to t = 1. The z axis represents a
section of the eectron beam that is one optical wavelength long and is traveling a the
resonance velocity vo. The plotted electrons move forward (or backward) based on their

relative velocity in relation to the resonance velocity.

Figure 14 shows a phase space plot for 20 sample dectrons with an initial phase
veocity vo = 0 and ther evolution in phase space as they travel through the undulator.
The dectron postion changes in color from yelow to red as he eectron travels dong the
undulator. For this smulation, the dectrons sart out a the beginning of the undulator ¢
= 0) equdly digributed in phase with an initid eectron phase veocity vo = 0 (Yéelow).
The phase-gpace postions of the eectrons at the end of the undulator ¢ = 1) are the
find red dots for each dectron. In this example, 10 sample dectrons between -p/2 and
p/2 increase their phase velocity (gain energy from the opticd field) while the other 10
electrons between p/2 and Jp/2 decrease in their phase velocity (lose energy to the optica
fidd). The net result is that there is no net gain G in opticd fiedd srength as shown in the
upper right plot of Figure 14. It is clear that the eectrons begin to bunch around z = p/2,
which drivesthe opticad phasg, f, shown in the lower right plot.
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Figure 14. Phase Space Plot for aLow Gain FEL, vp =0

As shown in Figure 13, the pesk gan for a lon-gain FEL occurs when the initid
electron phase velocity is vp » 2.6. A phase space plot with vo = 2.6 is shown in Figure
15. The phase space plot shows bunching of the dectrons near z = p and shows that on
average, the eectrons have lowered in phase velocity thus giving a podtive gain of

G» 13%.
5 G(t) 0.2
>,
v
i &
-5 LLr e r e rarrrereigl
-x/2 4 3n/2 0 T 1
Figure 15. Phase Space Plot for aLow Gain FEL, vp = 2.6



F. HIGH CURRENT GAIN
Equation 4.66 for a low gan FEL is only valid for wesk fidds |a|<< p and low

curent j< p. In high currents j>> p, the opticad phase amplitude and phase change
rgpidly. Therefore the low current, low field gpproximation where |a| is held congtant

and ?:t:O can not be usad for deriving the gain. The change in the optical fidd and gain
in ahigh current FEL become exponentia and are given by [19]

& ¢/%3

a(t)| »% 2o 2 (4.70)
and
a_91/3‘/_
G(t)»é & (4.71)

Equation 4.71 describes high gain a resonance as a function of dimensonless
time t and current j, and is only valid for wesk fieds |aj<< p with high current j >>p.

Figure 16 shows typica high current FEL gain and optical phase spectra

#*%% Gain and Phase Curves *#%#%
j=200 a =1 N=20

350

'

=1t

-12 Ve 12

Figure 16. High current FEL gain and optica phase spectra
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A phase space plot is useful in showing what happens in a high current FEL.
Figure 17 shows a typical phase space evolution for a high gain FEL. An dectron beam
with an initid dectron phase veocity np = 0 begins to bunch near the z = p/2 just asin a
low current FEL. The bunching shifts the opticd phase f reallting in a shift of the
separatrix back in relationship to z as shown in the phase space plot. As a result,
maximum opticd amplitude growth occurs, and gan is exponentid through the
remainder of the undulator. Very high gains are possible in high current operations of the
FEL. A gan of G~350 is shown in Figure 17 as a result of an initid current j=200 in a
week fidd of ap=1.

*** FEL Phaze Space Ewvolution ***
j=200 a°=1 'v°=ﬂ HN=20

0g=0.5 n=0.3% Av=10
1n (1+G)

-n/2 L 3n/2 0 T 1

Figure 17. High Gain FEL Phase Space Evolution
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V. SIMULATION OF A SHORT RAYLEIGH LENGTH FEL

A. INTRODUCTION

In a low gan FEL, the cavity mirrors determine the fundamenta optica mode,
typicaly a Gaussan shape. At the narrowest part of the opticad beam, the beam waist
radius Wy is typicdly only a few millimeters and is usudly located a the center of the
undulator [23]. The beam radius will spread due to diffraction as it propagates in the z
direction according to

ez 60
W2 =W’ 1+Q—_ (5.1)

g 2 o
where z is the displacement from the beam waist dong the undulator axis, Zo = W/l is
the characterisic spreading distance, cdled the Rayleigh length, and is the distance from
the waist over which the beam wais area doubles. Transverse dimensons are normdized

to ,/LI /p and longitudind dimensions normdized to undulator length L. Thus the
normdized Rayleigh length is zp = Zo/L and the dimendonless was w = W,/LI /p

Equation 5.1, written in dimengonlessterms, wherez = (t - 1/2)L, becomes

W=z, +(t-12)?/ 7. (52)

The FEL is cgpable of producing extremely high average and pesk power
densities. The average eectron beam intensities can be hundred's of MW/cn? and the
intengity of the opticd beam in the FEL can approach these intengties [22]. No mirror or
opticd materid can withgand such high power densties without extensve damage.
Therefore, the optical beam radius W must expand before reflecting on mirror surfaces to
decrease the intensty on the cavity mirrors to acceptable levels. As shown by equations
5.1 and 5.2, the spot sSize on the mirrors can be increased by either lengthening the optical
cavity, and/or by shortening the Rayleigh length. For gpplications where space is limited,
ashort Rayleigh length is an atractive dterndive to lengthening the cavity.
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The TINAF proposed 100 kW FEL will operate with an eectron beam power of
14 MW, thus requiring an extraction efficiency of 0.7% to reach the 100 kW outpuit.
Table 2 lists the proposed parameters for the 100 kW FEL.

Parameter Symbaol Vdue
Electron Beam Ee 210 MeV
Energy
Pulse Reptition W 750 MHz

Rate
Peak Current ok 270 A
Electron Pulse le 0.1 mm
length
Electron Beam le 0.3mm
Radius
Undulator l o 8cm
wavelength
Undulator Periods N 36
Undulator length L 288 cm
Undulator Parameter K 1.7
Opticd Wavelength | » 1um
Cavity Length S 32m
Resonator Quality Q 4.2
Factor

Table3.  TINAF 100 kW Parameters

The resonator quality factor Q = 4.2 corresponds to a mirror transmisson output
of /Q »20 %. Thus for a 100 kW output power there are 500 kW of optica power
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impinging on each mirror. The power dengties on the mirrors were caculated for the
TINAF FEL with dimensonless Rayleigh lengths of zp = 0.1, 0.2, 0.3, 0.4, and 0.5.
Figure 18 shows the opticd modes and mirror power dengties on the mirrors for these
different Rayleigh lengths. Reducing the Rayleigh length from 3 = 0.5 to 3 = 0.1 lowers
the power density on the mirrors by 500 %.
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Figure 18. Mode Shapes and Mirror Intensties for Various Rayleigh Lengths

In support of the proposed 100 kW FEL upgrade for TJINAF, numerous
multimode smulations were run to model and study the opticadl mode interaction with the
electron beam. As the Rayleigh length changes, the opticd mode shape changes. Due to
resulting changes in the filling factor F, gain and steady-state power of the FEL may be
affected. Usng the pendulum eguation to describe the dectron motion and the opticd
wave equation to describe the optica fidd, three-dimensond (x, y, t) FEL smulaions,
were used to study these effects. Dimensionless parameters are used in the program to
generdize results so they can be applied to FEL's of various specific desgn parameters,
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minimize numerica erors, and reduce equations by combining corgtants into meaningful
variables.

Figure 19 presents a three-dimensgond dgmulation with a table of the
dimensonless parameters for the smulation shown in the upper right hand block.

FEL WAVEFRONTS

) |a(x,n) | 33l lalx,v) |

1nil+G[n}} L

32-n/2 ( 3m/20 n 32

n

Figure 19. Three-Dimensiond Simulation Results For the TINAF 100 kW FEL

The dimengonless eectron beam radius in the x and y dimengons is sy = sy = 0.4.
The dimensonless betatron frequency is wp= KkolL/g =1 over the undulator length with
the eectron beam focused in the middle of the undulator a t, = 0.5. Betatron motion
describes the eectron motion over many periods in the undulator with no light present
andisgiven as

y(t) =y, cos(wbt )+%sin(wbt ) (5.3)

b
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where yp and gy are the initid postion and injection angle of the eectron as it enters the
undulator reletive o the undulator axis z[23] The beam’s angular spread Sqx = Sqy = 0.16
(rounded to 0.2 in figure) is determined using the matching requirement that s =w/. s’
and is comparable with congant emittance resultss The Raylegh length for this

gmulationisz = 0.2
The plot in the upper left of Figure 19, |a(x,n)|, tracks the development of the

opticad mode over =32 passes and shows how the optical mode develops in the cavity.

The top center plot, |a(x,y)|, presents the wavefront cross-section as it exits the

undulator & t = 1, and shows the eectron beam (red) centered in the wavefront. The

center plot, |a(x.t )|, is a cross-section of the optical mode in its findl pess. The electron

beam is shown in the undulator a each program iteration. In this Smulationto reduce
computation time, the mirror separation was shortened to three times the undulator length
indead of the actud separation of 11 times the undulator length. This does not change
the result as the additiona resonator length does not contribute to the opticd fiedd. The
lower left plot, f(v,n), presents the eectron phase velocity distribution and how it changes
over 32 passes. The find dectron phase-gpace plot is presented in the lower center plot
and shows a find spread of Dv = 24.5 which corresponds to an energy spread of Dg/g =
54% . The bottom right hand corner shows the development of gain G(n) and optica
power P(n). Gan and power evolution are the parameters of interest for the smulations
presented in the next two sections.

B. WEAK FIELD GAIN SIMULATIONS

Week fidd gan smulations give indght into how a FEL will sart up from a cold
cavity. Smulaions were conducted for the proposed TINAF FEL with variations of
Rayleigh length from 2z, = 0.1 to 0.5, électron beam radius from sy = sy = 0.1 to 0.5, and
initid eectron phase velodty from vp = 1 to 15. Due to the large number of smulations
required, the work was divided among severd people, my contribution congging of al
gmulations for Rayleigh lengths zp = 0.1, 0.2 and anadlysis of data Figure 20 shows a
plot of gan G versus initid dectron phase velocity vo for the Rayleigh lengths of z = 0.1,
0.2, 0.3, 04, and 0.5 with an eectron beam radius of sy = sy = 0.3. Pesk gain for
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Rayleigh lengths 7z = 0.1 to 0.4 occurred at an initid eectron phase velocity of vp = 4 and
the peak for zp=0.5was at vo = 3.
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Figure 20. Weak Fidd Gain vs|nitid Electron Phase Vdocity

The generd trend of decreasng gain a higher phase veocities was broken for
shorter Rayleigh lengths due to multiple opticd modes that supported increased gain a
higher phase velocities. Similar results were obtained for eectron beam Szes sy = sy =
0.1,0.2,0.4, and 0.5.

Figure 21 shows a summary of wesk field gain versus dectron beam radius at the
optimum eectron phase velocity for Rayleigh lengths of zo= 0.1, 0.2, 0.3, 0.4, and 0.5.
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Figure 21. Wesk Fidd Gain vs Electron Beam Radius

As the dectron beam radius is increased, gain decreased in dl cases due to the
increesed number of eectrons being outsde the opticd mode, reducing the gain. The
combination of a smndl dectron beam radius and short Rayleigh length increases the
electron beam dengty causng amplification of the opticd mode and increasing the gain.
Reaullts from these smulaions show that shorter Rayleigh lengths with smdl edectron
beam radius do not adversdly affect wesk field gain — in fact, they enhance it.

C. STEADY STATE POWER SIMULATIONS

The week fidd gan smulations showed tha the short Rayleigh length FEL has
good gan and therefore will build opticd power from the initid cold cavity with no
initid opticd fiddld. The next dep is to determine the find deady Sae power P
achievable and the corresponding FEL efficiency h.  Simulations for the proposed
TINAF 100 kW FEL were conducted by varying the Rayleigh length from z, = 0.1 to 0.5,
the eectron beam radius from sy = sy = 0.1 to 0.5, and the initid eectron phase velocity
from vo = 1 to 15 to determine find power and efficiency reached for each of the
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combinations. These sSmulations use a drong initid opticd amplitude to shorten
program run time. It has dready been shown in the last section that wesk field gains will
build the opticd fidld from cold cavity. Figure 22 is a plot of the FEL efficiency h versus
initid eectron phase veocity vo for five different Rayleigh lengths ranging from zp = 0.1
to 0.5.
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Figure 22. FEL Efficency vsinitid Electron Phase Veocity

To understand how the dectron beam radius affects efficiency, the highest pesk
power for each vdue of Rayleigh length (at the optimum initid phase veocity for thet
Rayleigh length) was plotted against the electron beam radius. Figure 23 shows a plot of
the FEL efficiency versus the eectron beam radius.
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Figure 23. FEL Efficiency vs Electron Beam Radius

Figure 23 shows that the FEL efficiency increases as the eectron beam radius

decreases. This increase is due to concentration of the eectrons within the optica mode.
Figure 24 shows the maximum efficiency obtained for each Rayleigh length.
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Figure 24. FEL Efficency vs Rayleigh Length
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In Figures 23 and 24, it is clear tha the maximum efficiency for the FEL occurs a

a Rayldgh length of zp = 03. This agrees with the predicted optimum filling factor

occurring  at

z,=1/(2/3)» 0.3 due to optimization of mode volume [19].

The

maximum efficiency was 2% with a dimensonless dectron beam radius of sy = sy = 0.1,
and the initid eectron phase velocity v = 11 for zo = 0.3.

With a dhot Rayleigh length and smdl

dectron beam

radius, multimode

ocillations were observed with steady-state power oscillating as much as 20%.
25 shows a short Rayleigh length smulation exhibiting multimode oscillations.
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Figure 25.

FEL WAVEFRONTS
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oxillating power at dSeady date conditions.

oscillations, is dtill greater than the required 0.7% for an output of 100 kW.
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Based on the smulations an FEL utilizing a short Raylegh length provides
aufficient gain and efficiency for 100 kW and greater operation, and alows for the power
dengty at the mirrors to be reduced, thus preventing mirror damage. A short Rayleigh
length design may be a step towards a compact high power FEL suitable for use as a
shipboard weapon system.
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VI. MIRROR VIBRATION AND FEL STABILITY SIMULATIONS

A. INTRODUCTION

In the previous section it was shown that short Rayleigh length FELs could
operate with sufficient gain and efficiency to produce an output of 100 kW or greater for
the proposed TINAF FEL. The short Rayleigh length option appears to be a step in the
right direction for increasing the power of a FEL to a MW class sysem. But operation of
an FEL a dhort Rayleigh lengths introduces additiond problems that need to be
conddered. The short Rayleigh lengths are possible only when the mirrors of the optica
cavity are in a nearly concentric configuration. This arrangement may meke the system
vey sendtive to mirror vibraion and misdignment. A sndl angular change in the
mirror position could possbly drive the opticd mode to rotate such that it may reduce
interaction with the eectron beam reducing gain and power.

To determine the effect of mirror vibration on the performance of the FEL,
gdmulations were conducted for a proposed 1 MW FEL design. The parameters are
gamilar to the 100 kW parameters presented in Chapter IV with the following changes.
The dimensonless current is j = 210, corresponding to an eectron beam energy of 185
MeV with apesk current 1 = 3.2 kA. The dectron pulse remains 0.1 mm long with a
pulse repetition rate of W = 750 Mhz. The resulting power in the electron beam is 143
MW, so that an extraction efficiency h = 0.7% is required to achieve a 1 MW output.
The dimersonless Rayleigh length is zp = 0.03 with an undulator length of L = 0.6 m and
cavity lengthof S=12 m. The opticd wavdength for thisdesgnisl =1 mm.

The smulations are conducted with the mirror a a fixed rotation gsm. A Static
condition can be used for the mirror since the mirror vibration frequencies are on the
order of kHz, but the light only interacts with the mirror on the order of microseconds.
Thus, the mirror gppears to be sationary to the light pulse.

B. OPTICAL MODE TILT

For a mirror that is tilted off the cavity’s optical axis by an angle q, the optica
mode will tilt by an amount j . A corresponding shift in the mode spot on the mirror is
given by dyd (S 2)j . If the opticd mode rotation is such that the mode no longer
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contains the eectron beam, the laser will not operate. Figure 26 shows a diagram of
mode tilt and corresponding spot shift a the mirrors. When the spot center shifts on the
order of the mode radius (dy»w), the opticd mode will rotate | =] max outside the electron
beam and the laser will no longer function.
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- P . d_,_-"
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Figure 26. Opticd Mode Tilt

For dy»w, and using the geometric estimate of dy = (S§2)j max and equation 5.1, it
can be shown that

e
J e »E ligﬁz—zg . (6.2)
S\p é zZg
With z=252 and z< < S, equation 6.1 reduces to
J (62)
max pzo "

The opticd mode tilt as a function of mirror tilt for a cold cavity (no eectron

beam present and thus no gain) is well known. Mirror tilt as a function of opticd mode
tilt isgiven as[26]

Ay =(1+9)] (6.3)

where Qe is the predicted mirror tilt for a cold cavity and the resonator parameter
0=1-SR where R=S/2+272/S is the mirror radius of curvaure,
Zo<< S, equation 6.3 becomes

In the limit that
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a8Z: 6
e »g?zfa : (6.4)
e 2

Using the parameters for the proposed 1 MW design Zp = 0.018 m and S= 12 m, we see
that gec = 18x10° j . Thus a smdl change in the mirror tilt agle q should result in a

large change in the optical modetilt.
C. SIMULATIONS

The computer smulation used to modd the mirror tilt effect on FEL performance
is the same three-dimensond FEL smulaion used for the power and gan smulations
presented in Chapter V. The same dimensonless parameters were used in these
amulaions and the program was modified to incorporate a tilt to one of the mirrors by a

dimensionless amount gm =a/(l /pL)Y2.

The dimensonless mirror tilt angle qm, and the initid eectron phase velocity vo
ae vaied in the smuldaions with the extraction efficiency h being recorded for each
combination of gqn axd vo. Fgure 27 shows a sample dmulation output for a
dimensionless mirror tilt angle of gy, = 0.25, and initid eectron phase velocity of vo = 10.
The actud mirror tilt angle for the Smulation is gsm = 200 nrad with the corresponding
optical mode tilt angle j sm = 2300 nmrad. The output plots shown in Figure 27 are the
same types of plots that were described in Chapter V. The opticd mode rotation can be
seen clearly in the center plot. Note that the axes are not to scae since the y axis covers
about 10 mm and the t axis covers 1.8 m. Thus, the opticd mode rotation angle is

grecily exaggerated. The opticdl mode rotation can aso be seen in the top-middle plot
where it is apparent that the eectron beam is no longer centered in the opticad mode

wavefront at the end of the undulator t = 1. The extraction efficiency h for this extreme
example of rotation was h = 1.3%, and is greater than the required 0.7% for a 1 MW
output.
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Figure 27. Mirror Tilt Smulation Results

D. RESULTS

Figure 28 is a plot of efficency h as a function of initid phase velocity vo for
mirror tilt angles g, = 0, 0.0825, 0.167, and 0.25 (q = 0, 0.06, 0.12, and 0.18 mrad).
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Efficiency vs. Initial Electron Phase Velocity
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Figure 28. Efficiency vsInitid Electron Phase Vdocity as a Function of Mirror Tilt gm,

For amdl mirror tilt angles, efficiency goes up as the initid €ectron phase
veodity vp increases until vo » 10 where there is a sharp drop in FEL €fficiency. The
drop in efficiency is due to a change in the opticd mode shape going from a roughly
Gaussan mode to a more complicated higher order mode Sructure.  For larger mirror
tilts, the drop is not as sharp and a more gradua change between modes was seen in the

smulations,

la(y.,T) |

Figure 29. Gaussian mode and Higher Order Optical Modes
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Figure 29 shows two cross sections for a mirror tilt of angle gn = 0.0825. The
upper plot is for vp = 11.33 and shows a higher order optica mode at the mirrors with an
extraction efficdency h = 0.47 % (less than the required 0.7% for a 1 MW output). In
contragt, the lower plot for vo = 1 shows a near Gaussan optical mode with a greater

effidency h = 1.06 %, than for the higher-order mode case.

A comparison of the predicted maximum mirror tilt angle for a cold cavity Qe and
the smulaed maximum mirror tilt angle gsm based on the same opticd mode tilt |
showed that the cold cavity theory predicted a much smaler mirror tilt would produce a
given opticd mode tilt j o (i.e gee<<Qsm). For an optica mode tilt of j = 2300 nrad, the
cold cavity theory predicts a mirror tilt g = 0.04 mrad , while our Smulations actualy
gave gsm = 180 nrad. This shows that the optical mode is much less sensitive to mirror
tilt than cold cavity theory predicts, indicaing that the eectron beam plays a dominant
role in determining the find opticd modetilt.
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Figure 30. Efficdency vs Mirror Tilt

Figure 30 shows the FEL efficency as a function of mirror tilt. As expected,

efficiency decreases as the mirror tilt increases. For very smdl tilt, dmost no change in
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efficiency was noted. As the tilt continued to increase, the efficiency began to decrease.
Even for mirror tilts as large as 290 nrad (Qm = 0.4), the efficiency was grester than the
0.7% required for a 1 MW output. Current technology using active dignment techniques
dlows mirrors to be held stable to a tolerance of less than 0.1 nrad. Within this range
there is dearly no noticesble change in FEL efficency. Similar results were obtained in
smulations conducted for the proposed 100 kW FEL a TINAF [24]. Based on the
results of the 1 MW and 100 kW amulations, mirror dability for a short Rayleigh length

FEL does not appear to be an issue for operations when mirrors are dabilized to a
maximum tilt of lessthan 0.1 prad.
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VIl. POTENTIAL FEL FOR ASCM POINT DEFENSE

A. INTRODUCTION

The research conducted for this thess has shown that a high-power FEL usng a
short Rayleigh length may be posshble in the future.  The need for an improved ASCM
point defense wegpon system was motivated in the first chapter and the advantages of the
FEL over other conventiona weapons systems and types of lasers were discussed.

The FEL lasr community is currently investigeting high-power FEL's for
shipboard agpplication and taking steps to raise achievable FEL power. The TINAF is
upgrading its exising FEL to 10 kW average output and will follow up with another
upgrade to a system capable of 100 kW’s of average power. Severa designs for scaling
up to a MW class laser have been proposed and are currently being studied. There is ill
the question of how much power will be required b provide an adequate defense againgt
ASCM'’s?

B. REQUIRED POWER OUTPUT FOR ASCM POINT DEFENSE

Severd factors must be taken into account to determine the required output power
for a ASCM point defense wegpon, these include (but are not limited to) the energy
required to destroy the target missile, acceptable dwell time on the target (length of time
lasr must remain on target to ddiver sufficient energy to destroy it), and the losses due
to beam propagation through the atmosphere. A logicd way to determine the required
laser power isto start at the target and work back to the ship.

1. Energy Required to Destroy the Target Missile

Determining the energy needed to destroy the target is not as easy as it sounds.
There are saverd ways that the missle can be “destroyed”, by which it is meant that the
missile or missile debris will not be able to drike the ship.  Possble kill methods include
warhead detonation, fud tank detonation, structurd damage, and sensor/guidance system
interruption.  Warhead detonation, fuel tank detonation, and dtructurd damage are
classfied as “hard kills’ because the missle is destroyed. Sensor and guidance system
damege is dassfied as a “soft kill” gnce the missle is 4ill flying, but may be unable to
deiver its payload. While a soft kill will generdly require less energy, a hard kill will be

used as the basis for determining the energy required to destroy the target missile.
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There are many different kinds of threst missles that the FEL system must be
designed to destroy, and they al may have different areas of vulnerability. The warheads
and fud tanks are located in different areas for different types of missles and there are
different types of explosve and fud used. To samplify the andyss, the required energy
will be based on causng dructurd damage to the missle and alowing aerodynamic
forces to destroy the missle To cause sufficient dructurd damage so that the missle
becomes ungtable and breaks up due to aerodynamic forces, it is assumed that 0.5 liter of
materid mus be mdted. Many maerids are usad in the condruction of modern missiles,
but duminum is often used and will be assumed in thee cdculdions. The energy
required to melt the materid is given by

Epe = F Vo (C(T,,- T,)+DH,), (7.2)

where r , is the materid dendty, Vi, is the volume meted, C is the specific hedt, Ty, is the
meting temperature, Tp is the initid temperature, and DH, is the latent heat of mdting.
The vaues for duminum are r, = 2.7 glen?, C = 896 Jkg-K, T=855K, and DHp, =
4x10° Jkg. Assuming an initid temperature of Tp = 400K, the energy required to
dedroy the missle is Emet »2. MJ. This cdculation should be treated as an order of
magnitude esimate.

The edimated energy of 2 MJ agrees with experimenta data collected in
conjunction with the MIRACL program, showing that tens of kWicn? are required to
destroy a missile with a dwell times of a few seconds [25]. For an average spot Size on
the missle of 100 cn?, this gives energy in the MJ range. It will be assumed for the
remainder of the calculations that about 2 MJ of energy deposited in a 100 cnt spot size
is sufficient to destroy a missle. This is by no means an exact number, but it gives a
balpark estimate for discusson.

2. Propagation L osses

As the laser beam travels through the atmosphere, it can lose energy in severd
different ways. The energy can be absorbed by the atmosphere, or get scattered in
different directions, or, if the column of amosphere that the beam is going through heats

up enough, therma blooming can occur.
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a. Absorption and Scattering

Absorption and scattering of the laser beam are related to amospheric
conditions and will be consdered in this section. The amount of energy received at the
target is a fraction of the energy that is transmitted from the ship and can be described by
the equation Etarger = T Esnip, Where T is the atmospheric transmittance. The atmospheric

trangmittance T is given by
T=g%* (7.2)

where a. is the extinction coefficient and z is the distance the light must propagate. The
extinction coefficient is a sum of the absorption and scattering coefficients a, =a_ +a,
and is a function of wavelength. The scattering and absorption coefficients are dependent
on the concentration and types of particles that are in the atmosphere and therefore vary
greatly with different amospheric conditions. The mgor contributors are CO,, 0zone,
water, and suspended aerosols. Figure 31 is a graph of the absorption and scattering
coefficients of some of the mgor contributors to losses as a function of waveength [26].
(Figure 31 uses the symbol s for the coefficients indead of a which is usad in this
paper.)
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Figure 31. Extinction Coefficients vs Wave h (from [2
g

Figure 31 does not include the scattering and absorption due to water or
CO2. When the effects due to water and CO; are included, it becomes apparent that some
wavelengths propagate much better than others.  Figure 32 includes the effects of CO,
and water and shows transmisson windows where certain waveengths have a much
greater percent transmission than others[27].
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Figure 32. Percent Transmisson vs Wavelength (from [27])

The ability to take advantage of these amospheric windows of transmisson using the
tunability of the FEL is a great advantage over other types of lasers. For any high power
laser to successfully ddiver lethd amounts of energy to a target, it must operate within
one of these transmisson pesks. Figures 31 and 32 are for a typicd aimosphere over
land. A maritime atmosphere contains a much larger concentration of aerosols than the
amosphere presented in figures 31 and 32. Figure 33 shows a plot of absorption,
scettering, and overdl extinction coefficient as a function of wavdength for a typica
maritime amosphere [28]. The lowest extinction coefficients occur a waveengths of
1.62, 1.25, and 1.06 mm.,
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Figure 33. Coefficients of absorption, scattering, and extinction in a maritime amosphere
(from [28])
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The graphs presented in this section are for a typicd atmosphere in clear
westher a sea levd. These graphs present only a smdl fraction of possble conditions
and can not be used to satisfactorily describe the amospheric absorption and scattering
losses for dl conditions in dl areas of the world. Based on current avalable data for
scattering and absorption, the best propagation windows in order of preference appears to
be the 1.62, 1.25, and 1.06 nm wavelengths, but another factor must aso be consdered,
therma blooming.

b. Thermal Blooming

Thermd blooming occurs when the column of air through which the laser
is propagating is heated causng the ar to act as a diverging lens. The onset of thermd
blooming is a function of the power dengty of the beam, absorption coefficent of the
amosphere, and the time tha the laser beam is acting on the same column of ar. For a
given power dendty and amosphere, the time until the onset of thermd blooming in a
column of ar is known as the criticd blooming time t.. The column of ar through which
the laser is propagating is continudly changing due to cross winds and the dewing rae of
the beam moving through the amosphere to day on target. One edtimate used to
cdculaie the criticad blooming time shows that the criticd blooming time is inversdy
proportiond to the one third power of the product of the absorption extinction coefficient
and beam intensity, t. pl/(aa 1)Y3. Figure 34 shows the pesk transmission intensity as a
function of wavdength incduding the effects of absorption, scattering, and thermd
absorption for a crosswind of 10 m/sto account for channe clearing [28].
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Figure 34. Tranamittable intengty through a maritime atimaosphere (from [28])

72



Figure 34 shows that the optimum transmission is a a wavedength of 1.06
mm. Refering back to Figure 33, we find a vaue for the tota extinction coefficient is ae
= 0.144 km* for 1.06 nm wavelength. Figure 33 assumes a “standard clear” visihility of
235 km. Changes in the amospheric vishility will cause significant changes in the vaue
of a. For vighilities of 60 km (exceptiondly dear day) and 8 km (light haze) the
extinction coefficients are 0.042 km* and 0.340 km' respectively. Table 3 shows the
percentage of transmitted power from the ship (% Rrang) that arrives at a target based on
ranges of 1, 5 and 10 km for three different viewing conditions a the optimum
waveength of 1.06 nm.

Viewing Conditions % Prrans (1km) % Pirans (5 km) % Prans (10 km)
Exceptiondly Clear

(vishbility = 60 km) 95.9 81.1 65.7
Standard Clear

(vighility = 235 km) 86.6 48.7 23.7

Light Haze

(vighility = 8 km) 71.2 18.3 3.3

Table4.  Percent Power Tranamission as Function of Range a Various Viewing Conditions

The table &bove demondraes how amospheric conditions can
ggnificantly affect the peformance of the FEL. These predictions may radicaly change
for different environments. Many maritime amospheres contain different types and
concentrations of aerosols making the propagation profile completely different than these
models. The tunability of the FEL makes it ided as a directed energy wegpon in order to
adjust to these propagation windows and deliver maximum energy to the target.

C. REQUIRED LASER POWER OUTPUT

To determine the required laser power output from the ship, severd isseus must
be consdered. What kind of dwell time is acceptable? What is the closest that | want a
missle to get to the ship? How many missles per engagement should be consdered?
The lig goes on. To determine the laser power a the ship, the following engagement

scenario and assumptions were used:
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1. Engagement of two Mach 35 missles with a detection range of 12 km and
engagement beginning at arange of 10 km.

2. Standard clear day, a = 0.144 kmi* corresponding to avisihility of 23.5 km.

3. 2MJof energy “kills’ the missle.
4. 0.5 seconds required for retargeting after the first missile is destroyed.

5. The last missle must be destroyed a 1000 m so that there is a less than 5%
chance of fragments hitting the ship.

For the scenario listed above, the power of the laser a the ship would have to be a
minimum of 1 MW. At 1 MW the firs missle would be destroyed at 4.4 km with a tota
dwdl time of 5 seconds to ddiver the required 2 MJ of energy. The second missile will
be destroyed a a range of 1km with a totad dwel time 25 seconds. The difference in
dwell times is due to the decreasng amospheric losses as the missle gets closer. Figure
35 shows a plot of the energy absorbed by each missle as a function of range for a1 MW

lasey.

Energy Absorbed vs Range

N
o

= Missile #1

\ — Missile #2

N
v

Energy Absorbed (MJ)
o I

o

-0.5

Range (km)

Figure 35. Energy Absorbed by Missle vs Range

It should be noted that there are many assumptions used in meking this find
determination of the required power for a shipboard laser. This is only intended to show
order of magnitude requirements for this gpplication, and indicates how a MW class laser
is a probable solution for the growing ASCM threst.
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D. 1MW FEL

The previous section showed that a 1 MW FEL could be a potentid ASCM
defense sysem.  The system would be smilar to the 100 kW FEL described in Chapter
[1l incdluding the eectron beam control subsystem, light beam control subsystem, and
auxilialy sygsems. However, the sze of the FEL will have to scde down while power
will need to scde up from current FEL’s. There are severd proposed MW class lasers
being consdered for the future. One such design was introduced in Chapter VI and
smulations indicated a power output would be greater than 1 MW.

For a weapon sysem design to be feasble on a Navy ship, it must meet certain
volume and weght limits. A compaison of the volumes and weights of three point
defense wegpons sysems shows that the FEL is comparable in weight and volume to
other sysems. Table 4 shows a sze and weight comparison for a FEL, Phdanx CIWS,
and RAM system with a MK -49 launcher [2,3,4,9,10].

FEL PHALANX RAM system
(2 Beam Directors) (2 unity) (2-MK49 launchers)
Sze |FEL:9%n? 57 m® each 26 m® each
Beam Diredor, Total: 114 r? Totdl: 52 nt
Total:128n7
Weight 23,000 kg 6,170 kg each Missles 42 @ 78.5 kg
(estimate) Tota: 12, 340 kg 3300 kg
Launcher: 2 @ 6117 kg
12230
Totd: 15530 kg

Table5.  Comparison of Sze and Weight of Point Defense Systems

Based on the advantages a FEL offers, the estimated sze and weight comparisons,
and the posshility of being able to engage multiple ASCM’s successfully, the MW FEL
is an excdlent choice for an improved point defense wegpon and shows promise as a

wegpon system for the future.
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VIIl. CONCLUSIONS

Rapid advances in free eectron laser technology are making high power FEL’s
possble.  With the current upgrade of the TINAF FEL to a 10 kW output scheduled for
firg light in March 2003, and another upgrade to an output of 100 kW scheduled to begin
in 2005, high power FEL's are becoming a redity. To be a feasble weapons system
capable of being deployed on Naval Combatant’s, Sze and weight redtrictions must be
adhered to. One of the limiting factors for Szing condderations is the power dengty on
the opticd mirrors. To maintain the power densty on the mirrors at acceptable levels,
the optical cavity must be long enough to dlow for diffraction. Alternatively, a short
Rayleigh length may be used to cause repid spreading of the beam.  Simulations
presented in Chapter V showed that by usng a short Rayleigh length FEL, power
dengties a the mirrors ae ggnificantly reduced with no dgnificant reduction in the
power output of the FEL.

For a short Rayleigh length FEL, the resonator cavity mirrors are in a nealy
concentric  configuration and are sendgtive to misdignment and vibration. Sl
vibrations of the mirror may be sufficient to cause a decrease in the performance of the
FEL, and if severe enough in magnitude may prevent operation of the FEL. Simulaions
presented in Chapter VI showed that as mirror tilt angle increased, the FEL efficency
decreased.  However, it takes a mirror tilt severa orders of magnitude grester than the
active dignment tolerance of 0.1 nrad before the FEL efficiency is noticegbly affected.
Mirror tilt, vibrations, and misdignment within achievable tolerance limits will not
adversdy affect the performance of a FEL.

A MW class FEL appears possible in the near future. Designing a wegpon system
cgpable of providing quicker reaction time, and speed of light ddivery of lethd energy
will prove to be a vauable asset for the Navy, giving ships an improved ASCM defensve
cgpability dong with surgicd drike cgpability in the littoras.  Continuation of this
research is needed to advance FEL technology to the point that a shipboard weapon
system is possble.
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