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ABSTRACT

As the Navy’s role as peace enforcer in support of ground troops draws Névy
combatants into the littoral warfare environment, surface combatants Wili have to deal with
decreased reaction times while engaging ever-faster anti-ship missile threats. The Phalanx
Close-In Weapon System (CIWS) does not offer sufficient accuracy or engagement ranges to
fight these threats,. and conventional chemical lasers, which operate at fixed wavelengths, lack
the tuﬁability to operate in a dynamic ocean environment.

The Free Electron Laser (FEL) offers the wavélength tunability, fast reaction ﬁmes, ‘
and the pinpoint accuracy necessary to ensure protection of Navy surface combatants into the
future. In support of this goal, the Navy is funding a vproposed 20 kW FEL at Thomas
Jefferson National Accelerator Facility (TINAF) in Newport News, VA. This FEL will
feature a klystron undulator, designed to improve gain in weak optical fields, and a loop that
will féed electrons back to the accelerator. .Simulations in this thesis vary ﬁe dispersive
section strengths of the klystron undulator and desynchronism between the optical and
electron pulses in order to ﬁn'd_ dispersive strength and desynchronism values that optimize the
effects on final power and weak-field gain, while maintaining an electron energy spread less
than TINAF's goal of 6% to ensure propér feedback of electrons to tﬁe accelerator. Results
sh(;w TINAF’s 20 kW FEL design will reach a final power of 19.2 kW with an energy spread

of 6% at desynchronism of d = 0.03 using a conventional undulator.
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I. INTRODUCTION

A. INADEQUATE SHIP SELF-DEFENSE

With the demise of the Soviet Union and the subsequent collapse of communism,
the world’s military power structure has been altered. | In the past, a bipolar world with a
single adversary gave the United States Navy a well-defined mission based on strong and
effective strike capabilities. However, in the current world order often descﬁbed as
multi-polar, there is no longer a well-defined enemy basgd simply on national borders or
ideology. In addition, the United States has been drawn into more and more small
conflicts where the navy is called upon to act as a regional peace enforcer while
simultaneously supporting ground forces. These peacekeeping missions close to shore
often place the navy at risk from sea or land-based anti-ship missiles.

At the same fime, many of the former communist countries have seen their
economies take a downWard turn and in a desire to strengthen the economies, many
countries have sought to sell surplus weapon systems to third world countries and
paramilitary groups. While many of these weapons are highly sophisticated, often the
launch platforms necessary for these systems are inexpensive, small, and highly mobile.
Unlike the Cold War, where overwhelming strike capabilities were considered an
effective deterrent, a single anti-ship missile launched from shore or small boat can now

. destroy a ship and severely alter naval operations within that area. This means that with
these capabilities, a third-world country with a weaker military force possesses military
weapons capable of challenging United States naval forces. These weapons often utilize

older technology, yet they are still able to seriously alter our military and national



strategy in areas such as the Middle East and Persian Gulf.

The Navy has responded by altering its strategy from “blue-water” or open-ocean
warfare to the littoral warfare environment, where these weapons, often using less-
advanced technology, have taken on increased lethality due to the shorter distances and
decreased reaction times. As anti-ship missile technology increases and these missiles
become faster, more maneuverable, and invisible to radar, the Navy’s standard anti-ship
missile defense system, the Phalanx Close-In Weapons System (CIWS) has not kept pace
and fails to provide adequate ship defense. Additionally, with a 2000-meter maximum
range, the CIWS is unable to engage these missiles at-sufficient range to destroy them. In
fact, computer simulations have shown that effective CIWS engagements occur at ranges
of only 100 to 200 meters. Even if CIWS is able to engage a supersonic missile closer to
maximum range, there is still a strong possibility that missile fragments would impact the
ship and cause serious damage.

To counter the anti-ship missile, defensive missiles have been proposed.
However, to successfully defend against anti-ship missiles, these defensive missiles will
require guidance systems and maneuverability technology superior to that of anti-ship
missiles. With the current mindset of downsizing and cutbacks, expensive defensive
missiles may not be the answer. The United States Navy needs to consider alternatives to
defend against anti-ship missile attacks.

An alternative weapon system should have a detection range that extends to the
horizon, and engagement ranges must be far enough to ensure no missile debris impacts
the ship. With many anti-ship missiles achieving supersonic speeds, weapon systems
must have rapid reaction times and pinpoint accuracy. Decreased military budgets and an
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ever-increasing number of joint operations means this weapon must also be relatively
inexpensive to maintain and operate and its mission applicable across service boundaries.
With anti-ship missile detection limited to the horizon at best, which means target
engagement at even shorter distances, this new weapon system must deliver lethal energy
to a target at the speeds in excess of .the most advanced missiles to ensure the adequate
defense of our ships.

B. THE FREE ELECTRON LASER (FEL)

The answer to the Navy’s anti-ship missile defense may be the Free Electron
Laser (FEL). While kinetic energy weapons (such as missile and projectiles) require a
finite time to reach a target and, if contact is made, destroy it instantly, an FEL can
deliver its energy at an impressive 186,000 miles per second, but does take a finite time
to destroy a target.‘ The high-energy laser concept has been tested with positive results
using the MIRACL (Mid-lnfrared Advanced Chemical Laser) at White Sands Missile
Range, New Mexico. MIRACL was able to successfully engage supersonic
Talos/Vandal missiles at sufficient ranges to validate the effectiveness of a high-energy
laser system [1]. Based on tests at White Sands, the cost per lethal éngagement was
estimated to be 10 to 15 thousand dollars, which is small when compared to the cost of
surface-to-air missile exercises. [2]

It has been shown that an FEL could be integrated into DDG 51 Arleigh Burke
class destroyers in a space comparable to the forward gun mount [3]. In fact, the4 FEL
weighs the same as a 32-cell VLS launcher while only occupying half the volume. The.
FEL would not cause an adverse effect on displacement or center of gravity, and most

important, could use the available gas turbine main engines for power.



There are many environmental factors that can affect the propagation of the laser
energy to the target, including atmospheric scattering, absorption, and turbulence.
Scattering is caused by water molecules in the air and can be overcome by increasing the
FEL power. Atmospheric absorption, on the other hand, leads to a detrimental effect
known as “thermal blooming.” In thermal blooming, a volume of stagnant air is heated
by the powerful laser beam and acts as a negative lens that diffuses the power of the
beam over a larger area. Thus, there is not sufficient power at the target to cause lethal
damage. A common example of turbulence is the shimmering of a distant object on a
road in the hot afternoon sun. The heat rising from the road changes the index of
refraction in the air, distorting the image of that object. Since these temperature variations
change the index of refraction, they can alter the propagation path of the beam and
diffuse the beam energy away from the intended target.

For any shipboard laser system, a potentially harmful problem is thermal
blooming. To combat thermal blooming, a crosswind must exist or an optimal
wavelength, which will be less affected by atmospheric absorption, must be utilized that
will ensure the greatest energy at the target. While the chances of zero wind speed are
minimal while at sea, the FEL offers greater flexibility than a fixed wavelength chemical
laser, as it may be designed for optimal propagation of the laser beam. This is relatively
easily accomplished in an FEL by altering the magnetic field or changing the speed of the
electrons. This “tunability” simply does not exist in systems such as MIRACL, which

operate at a fixed wavelength.



II. THOMAS JEFFERSON NATIONAL ACCELERATOR FACILITY FEL

A. FEL USES

The Thomas Jefferson National Accelerator Facility (TJNAF) Free
Electron Laser is the result of collaboration between a variety of corporate and
government sponsors, most notably the United States Navy, the Department of Energy,
and the state of Virginia. When online, the FEL will be used for numerous industrial and
commercial applications. Some potential commercial uses include using the FEL to
reduce the air drag of airplanes, making more natural-feeling nylon shirts, and using UV
light to make food-packaging more resistant to bacteria. The United States Navy’s goals
would radically improve the defensive capabilities of U.S. Navy ships. With the moderate
success of ship-defense systems such as CIWS, the FEL will fill a huge gap in ship self-
defense with its speed of light arrival time and increased range. The successful
development of this technology and employment onboard ship would further enhance a
commanding officer’s confidence in the survivability of his/her ship in the face of an
anti-ship missile attack, especially as ships move into the littoral environment.
B. FEL DESIGN

The initial design of the TINAF FEL calls for a 200-MeV electron gun that
delivers a beam of electrons to a series of RF cavities called the accelerator, which will
accelerate the electrons to relativistic speeds. The relativistic electron beam is
magnetically focussed into an undulator of length L = 6 m. The undulator consists of a
series of static magnetic fields alternating in the transverse direction, which cause the

electron beam to bend or “wiggle” periodically. There are several ways to configure the



undulator, and the TINAF FEL uses the klysfron undulator design, which will be
described in Section III. The key element of a klystron undulator consists of a dispersive
section that divides the N = 24 undulator periods. The dispersive section allows better
bunching of the electrons, and its strength is described by the dimensionless parameter,
D. The klystron undulator is designed to improve gain in weak optical fields, which is
useful when the weak-field gain of a conventional undulator is low for the start-up of the

FEL oscillator {4]. Figure 1 is a basic FEL arrangement showing major components.

electron gun RF power )
light output

Rilpmen—>

accelerator " undulator
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0
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. .
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. .
..............
-------------------
-----------------------------

electron path

Figure 1. Basic FEL arrangement showing major components.
As the beam of electrons Wiggles through the undulator, it radiates light as it is
~ accelerated. Some of the optical power is stored between the mirrors of the resonator that
allows the coupling of the electron beam to the optical wave. After many passes in the
resonator, the optical power builds until the gain decreases and the optical field reaches
its maximum amplitude. This is known as saturation. The energy stéred in the resonator
»

is released through a paﬂiaily reflective mirror in the form of a very intense beam of 20

kW laser light. The remaining energetic electrons are fed back through the system by a



racetrack loop. These “recycled” electrons are again fed into the RF cavity of the
accelerator so that they can give up the energy to the optical wave, thereby increasing the

efficiency of the laser.






III. FEL THEORY

A. PHASE SPACE DIAGRAMS

The electron’s interaction with the optical wave in the undulator is a key aspect
of FEL design. There are typically billions of electrons travelling in a short bunch
through the undulator. Macroscopically, these electrons are travelling in numerous
“bunches,” which all interact with the optical wave in a similar manner. Using the
pendulum equation to describe the electrons and the wave equation for the optical wave,
a phase space diagram is used to track the evolution of a section of the electron “bunch”
one wavelength of light long through the undulator. Analysis of the phase space diagram
gives much information about the performance and operation of the FEL.

Phase space is a plot of the electron’s phase velocity, v, versus the electron’s
phase, &, with respect to the optical wave. Figure 2 is a phase-space diagram with low
current, j = 2, a moderate initial optical field, a, = 7, and an initial phase velocity,

v, = 2.6, which leads to maximum gain as will be explained later in this section. Each

electron has an initial phase and phase velocity given by (é’o s vo) and is shown as a light
gray dot. As the electrons evolve through the undulator from 7= 0 at the beginning to
7= 1 at the end, their movement is described by the pendulum equation (8). Their color
becomes darker in Figure 2 until they appear as black dots at the end of the undulator at
7= 1. Since the motion of the electrons in the undulator is described by the pendulum
equation, a pendulum model will describe the interaction between the electrons and the

optical field. A phase-space diagram is used to describe the electron dynamics as they

traverse the length of the undulator.



*** FEL Phase Space Evolution ***
j=2 a°=3.14 v°=2.6 N=24

Gain -10.25

-/2 4 . 3n/

Figure 2. Phase space diagram.
In Figure 2, unstable fixed points occur at the positions (377/2,0) and (-772,0),
corresponding to a mechanical pendulum at the top of its arc. At these unstable fixed

points the electron’s velocity is zero and they do not evolve. A stable fixed point occurs
at the position (zr/ 2,0) , where the mechanical pendulum is at the bottom of its arc

corresponding to maximum velocity. The separatrix is the curved line on the phase-space
diagram going through the two unstable fixed points and separates electrons with open
orbits from those with closed orbits. Electrons in open orbits correspond to a mechanical
pendulum that has sufficient velocity, and thus, energy, to completely swing through the
top of its arc. Electrons in closed orbits correspond to a mechanical pendulum with
insufficient energy to reach the top of the arc, and thus exhibit periodic motion with less

energy than the open-orbit electrons. The equation describing the separatrix is related to
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the dimensionless optical field amplitude, a, and is described by:
Vs (6s) = 2lal[1+sin(g; +4] ¢))

The peak-to-peak height of the separatrix is 4|a|% , which relates the magnitude of the
optical field to the size of the separatrix. As the light is amplified, the height of the
separatrix also grows.

The two graphs on the right side of Figure 2 show the evolution of the gain, G(7),
and optical phase shift, ¢(7), throughout the length of the undulator. Gain is the
fractional change in energy and will be explained in a Sections E and F. As can be seen
in Figure 2, initially there is no gain and no change in the optical phase. By the end of
the undulator, the simulation exhibits moderate G ~ 0.25 with a very small optical phase
shift ¢~ 0.03 for the given conditions.

A monoenergetic electron beam will have all electrons with the same initial phase
velocity v,. A maximum transfer of energy from the electrons to the light wave might be
expected at resonance, v=0. However, the electrons have a random distribution in initial
phase angles, {p, so that just as many electrons give up energy to the light wave as those
that take energy away, which means there is no net transfer of energy and no net gain.

In order to achieve a net positive gain, the electrons are started off-resonance, so
that they give up more energy to the light wave than they take away. This optimal phase
velocity is v, = 2.6, which is the initial phase velocity chosen for Figure 2. As Figure 2
shows, the electrons begin with a random spread in phase angles, ¢, and evolve through
the undulator. By the end of the undulator, the electrons have begun to bunch at
¢ = 7/2, where the electrons are transferring the maximum energy to the light wave. If

11



lal >> 7, the electrons would have continued to evolve in phase-space, but at a less

optimal phase angle, thus taking energy away from the light wave. When |a| << 7, there
is little electron bunching, and less transfer of energy to the light wave.
B. RESONANCE CONDITION

As electrons accelerate in the undulator of an FEL, they radiate energy in the form
of light in the optical field. To achieve net gain, these electrons must transfer a net
amount of energy to the optical wave. In order to transfer the optimal amount of energy,
the electrons and optical field forces oscillate at resonance.

Electrons leaving the accelerator are travelling at a speed f.c, where B, is the

axial component of velocity and c is the speed of the light wave. In Figure 3, the electron

is represented by a black dot while the light wave is represented as a gray curve. As the

S e

R ¢ light speed
_> B.c electron speed

- Ao > 1 —

Figure 3. FEL resonance.
optical wave and electron travel from left (at ¢ = 0) to right (at ¢ = 4, / B.c), the faster

light pulse of wavelength A passes over the electron while the electron travels one
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undulator wavélength, Ao. This is the “resonance condition™ and is given by:

1+ K2
272 2 (2)

A=

where K =eBA, / 2zme” is the undulator parameter defined in Section C and yis the

relativistic Lorentz factor. This equation demonstrates one of the key advantages of FEL
design over conventional lasers: wavelength tunability. By changing the electron beam
energy or the magnetic properties of the undulator, the wavelength can altered without
radical design changes to the FEL.

C. PENDULUM EQUATION

In order to understand the forces in the undulator, the transfer of momentum and
energy between a free electron and an electromagnetic wave must be evaluated. Figure 4

is a schematic showing the x-, y-, and z-axes and electron motion through the undulator.
A helical undulator field is described by B = B(cos(k,z),sin(k,z),0) , where ky = 27/2y is
the undulator wavenumber and B is the magnetic field amplitude. The co-propagating
optical magnetic field is described by Es = E(siny,cosy,0) and the optical electric field
by ES = E(cosy,—siny,0), where B and E are the undulator magnetic and optical electric
field amplitudes, respectively, and y» = kz— wt + ¢ . The optical wavenumber is k = w/c

= 27/2 and ¢ is the optical phase. The forces acting on the electrons in the undulator are

governed by the Lorentz force equations:

Z(1B)=-<|E+5 x5 ®
dy e - -
o Pk “
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where e is the electron charge magnitude, m is the electron mass, ¢ is the speed of light,

S =V /c,and y is called the Lorentz factor:
y=—= ()

Inserting the optical and undulator fields into (3) and integrating for relativistic electrons

where & ~ 1 gives the velocity component in the x- and y-directions,

B, =(-K/y)(coskyz,sink,z0), where K = eB/kgnc’ is called the “undulator parameter.”

Inserting /}.L into equation (4) gives

7 = e O+ 9), ©)

where the electron phase is {' = (k+ky)z-wt and y =dy /dt .

electron
motion

undulator section

Figure 4. Diagram showing x-, y-, and z-axes in an undulator.

Substituting ,B_,. into (5) gives a relationship between y and ﬂz . Using the

definition of ¢ a relationship between y and 4’ can be found. Using this and the

14



resonance condition where o = w, 272 /(1+K? ) allows (6) to be rewritten in the form

2w,eKE

y*me

(= cos({ + ). )

This is the form of the “pendulum equation” which describes the electron phase dynamics
in the undulator.
Introducing the dimensionless time gives ¢ = fct/L ~ct/L. Taking the

derivative of this and inserting it into (7) gives the final form of the pendulum equation

£ =v=laloos¢+9). ®
where |a| = 47ZNeKL/y*mc* is the magnitude of the dimensionless optical field. The
pendulum equation describes the motion of electrons in phase space relative to the optical
wave. This motion will describe the electron’s trajectory in the undulator, which can be
compared to the movement of a pendulufn. In phase space (£, v), the electron motion
will be described by open and closed orbits, which depend on the optical field amplitude,
a, and the electron phase velocity, v. Since the pendulum equation describes the electron
motion in the undulator, an equation that describes the evolution of the optical wave will

be derived next.

D. WAVE EQUATION

An equation describing light wave dynamics can be developed beginning with

Maxwell’s wave equation,

-, 1)< —4r -
(V —-C—Z—dT)A(xat)=TJ_L(x9t) )

where J, (X,?) is the transverse current density. The equation describing the magnetic

15



field in a helical undulator is B, = B,(cosk,z,sink,z,0), while the electron motion is

B, = (= K/y)(cosk,z,sink,z,0) where K = eBA, / 2zmc*. The optical waveform
corresponding to the magnetic polarization is A®,D = (EQF, 7)/k)(siny,cosy,0) where
v =kz -t +¢(X,1). The electric field is E(X,) and is assumed to varying slowly in
time during an optical period and slowly in z over an optical wavelength. This translates
mathematically to mean £ << wE, ¢ <<wg, E' << kE, and ¢' << k¢, where () is the
derivative with respect to z, while (°) is the derivative with respect to time. These

approximations allow second derivative terms to be ignored which will simplify the final

form of the wave equation.

The complex electric field is defined as (X,7) = E(J'c',t)e"”(’—‘") , which allows the

i(kz—ot)

vector potential to be written as A(¥,7) = Re (s(¥,1)/k)ée where é = (-,1,0). Now

let @« =kz - wt sothat the vector potential can be written as A= (g/k)ée™ .
Inserting A(Z,?) into the wave equation and using the slowly varying
approximations gives
@ 1 k)(V2 e+ 2ik[+ &' +(1/ 0)é]) = (~4n /) T,

where V2 =& + 5; Through algebraic manipulation, this can be rewritten in the form

1 , d 10Y| . k= e g
[EVi +lk(i?§+zgj]£(x,t) = —-‘—C—Ji -ee .

The current in the magnet is the sum over all single-particle currents, so that

J, = —ecy” 8,6 (x-F,(t)), where &x) is the Dirac delta-function and 7, is the position

16



vector of the i electron. Using the real part of §, = 9te(— Kiée ™o / y), results in
- . . e—i(k°z+a)
J,&e =ieck(&"-6)y ——8)(Z-F(1))
-y
1
Define kyz+0 =(ky+k)e-at=¢ and é°-&=2. Since the sample electrons evolve the

same way as all electrons when the volume element is much smaller than the optical

pulse length, the sum term 2 can be simplified using p(X), the electron particle

density, to weight the average over sampled electrons. Then using only the (+) solution
and ¢, the wave equation becomes
_,'g

15 -_9_119_) ¢ 1) = 2mieRko (.| e
[2Vl+lk(6‘z+c5‘t ]e(x,t)— 2meKkp(x,t)< ” >(m,

G is a sample over a few electrons in a small volume element a few

where < )
wavelengths of light in length at the microscopic position (X,?).
Introducing dimensionless units Z =z —ctand 7 =tc/ L, it can be found that

(8/0z+1/c3/3t)=1/L3/a , where the z derivatives have cancelled and L is the undulator
length. The coordinate transformation allows the new coordinate site Z to follow a point
in the optical field travelling at speed c. Multiply the above equation by

— 47iNeKI? | y2mc® and define |a| = 4nNeKLle|/ yimc® so that a =lale” is the complex
dimensionless optical field. Letting j =8n>Ne’K>L?p/ysmc* be the dimensionless
current density and assuming that the undulator is long so that ¥ = ¥, for all electrons,

then

—iL 0 - -
(—;;Vi +a—7)a(x, ¥,2,7)= —<Je ,;) (10

xyio)
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The first term on the left side of (10) describes diffraction. If the two terms on the left
side of (10) are comparable, then diffraction is important. If the wavefront is very wide,
then the first term is small when compared to the second and the diffraction term can be
ignored. Also, if the electron pulse is long, then spatial dependence can be ignored which

leads to the simplest form of the wave equation:

o

a=-j<e > (11)

where £ is the electron phase in the pendulum equation derived earlier. As can be seen

from (11), the growth of the optical field depends on the current, j. Ifj =0, then :1 =0,
and the complex optical field does not grow. If millions of electrons are randomly
distributed throughout each wavelength of light so that <e™ >~ 0, again the field does
not grow.
E. LOW GAIN FEL

The combination of Maxwell’s wave equation for the light and the relativistic
Lorentz force equation for the electrons form the powerful Maxwell-Lorentz theory of the
FEL that is valid in both weak and strong optical fields with high or low gain [4].

As can be seen from the wave equation, if the dimensionless current is small,

j < 7, then there is little change in the optical field amplitude, a, over the length of the

undulator. This means 2 ~ 0, which is called the low gain limit. For weak optical fields,

| a|< 7, there is not much change in the electron phase velocity during the electron's
evolution through the undulator. Since most FEL’s operate in the low gain and weak

field regime, these are good assumptions to begin the low gain derivation. In weak fields
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with low current, the optical phase shift, £, and therefore the electron phase velocity,

4]

v ={ , can be written as a power series in a, using perturbation theory,

D) =4, + vz —%g—[cos({o +v,7) = c08(&y) + vyrsin(g) .. (12)

2
a a
W) =v, + —V-O-[sin(C0 +v,7) - sin(¢, )] + ;‘;—[— 1/4(cos(2§0 +2v,7)
0 0
—c0s(24, )) +cos(v,7) — 1 - v,Tsin(g,) cos(S, + v, r)]+..., (13)
where ¢ is the initial electron phase, vy is the initial electron phase velocity, and a, is

the initial optical field amplitude [4]. Taking the average of the electron phases,

2z
I (M¢, /27, itis seen that to first order in @, there is no net change in energy.
0

Near resonance, small changes in the electron phase velocity are given by
Av =4zNAy | y [4]. The average energy change of an electron is written as:
Aymc® = ymc* (< v>-v,) / 4aN (14)
The radiation energy in an elemental unit of volume dV'is 2E*dV / 8z, while the number
of electrons in the same unit of volume is pFdV, where F = (r, /w,)* and is defined as
the “filling factor.” Here 7, is the radius of the electron beam while w, is the optical

field mode radius. The filling factor can be simply stated as the area of the electron beam

divided by the area of the light beam.

Gain is the change in energy of the electron beam divided by the optical energy,

which leads to:
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G__[deV][ymcz(< v>—v0)/47zN] (15)
- 2E°dV | 8x '

Simplifying (15) using the average of (13) leads to the final form of the low gain

equation:

3
Vo

G :j(2~—2cos(vor)—vo‘rsm(vor)], (16)
where j = 8N(enKL)? pF / y>mc* is the dimensionless current density defined earlier.
Figure 5 shows the final gain spectrum, G, and optical phase shift, ¢, at the end of

the undulator, 7= 1, as a function of initial phase velocity, v,. Using TINAF parameters

with perfect beam quality, this graph shows that the peak gain occurs off-resonance at

v, = 2.6. For low current and weak fields, the peak gain is approximated by G = 0135,

which agrees well with the simulation result of G =0.275 forj=2.

***%* Gain and Phase Curves *#**%*

j=2 &°=1 c=0
N=24
Gain 0.2747
0.0
-0.2747
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-0.16
-12 Vo 12

Figure 5. Weak-field gain spectrum and optical phase for low-current j = 2.



The gain is also anti-symmetric about v,, which demonstrates that a change in
resonance by Av, ~ 27 can shift the gain from amplification to absorption. With this
change in resonance, the electrons will take energy away from the optical wave. Figure 5
shows that the optical phase shift is symmetric about v,, with a peak value Ag =016 at
resonance. At the phase velocity for maximum gain, the phase shift is only A¢ = 0.04.

F. HIGH GAIN FEL

In the high gain FEL, j >> 7, the optical wave amplitude and phase change
significantly during the FEL interaction, so that the assumptions used to derive the low
gain equation are not valid, but the fundamental gain mechanism is still due to electron
bunching in phase space [4].

Beginning with the wave equation and pendulum equation and assuming weak
fields so that |a| << 7, (8) is again expanded using perturbation theory and the average of
the phase in terms of @, £ =@ +¢® giving ¢ =¢, +v,7+£® . Substituting this form

of {'into the pendulum equation and keeping both sides of the equation in equal orders of

o0(D)
agives £ =la|cos(¢® +¢#). Substituting ¢'into the wave equation and using only the

first two terms of the exponential expansion gives

o

a= __j < e—i(§o+vof) > +l‘j < e‘i(go“‘"of)g(l) > (17)

The first term in (17) averages to zero. For a monoenergetic beam where all electrons

have phase velocity v, = ij[2a(r) [4]. To solve for a(7r), we look for a solution of

the form a(7) = a,e™ . Inthis case, o® =ij/2. Inthe complex plane, a, = (j/2)§e""(4"‘3)/6
where n =1, 2, 3. This means that the optical field amplitude growth is described by an
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equation of the form:
3
a(r) =Y a,e" . (18)
n=1 .

To find the a, terms, the initial conditions a(0) = a,, 2(0) =0, and Z(O) =0 are

used. Putting these into the series form above and taking two derivatives and solving the

three equations for three unknowns gives a, = a, =a; = a,/3 and ¢, = (j/2)" (i +4/3 / 2),
1
a, =(j/2) (i -3 /2) and a; =-i(j/2)”*. Putting the above expressions into (18) gives

a(z‘):ao(e’ﬁfn +e-h/§r/2 +e—rr/2)eirr/2 /3,

where r = (j/2)®. Using the definition of gain, G = 25> -1, results in the high gain
a,

equation:
1 3 N3
G= 5{2 cosh(r+/37) +4cos(r -21) cosh(r TT) - 6} : (19)

Note that if j >> 7, r >> 1 so that the first term in (19) dominates and the gain at the end

of the undulator, 7= 1, can be approximated by

G~% (20)

Figure 6 shows the final gain spectrum at 7= 1 for high-current and weak fields
with perfect beam quality. The gain curve is nearly symmetric in vy when compared to
the low-current case of Figure 5. The peak gain is G ~ 74, which is orders of magnitude
higher than the low-current case, but it now occurs at v, = 1.6, which is much closer to
resonance. At the peak gain, the optical phase shift is Ag ~ 1, which is much higher than
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the low-current case.

**** Gain and Phase Curves ***%*
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Figure 6. Weak-field gain spectrum and optical phase for high current j
G. ELECTRON BEAM QUALITY
Optimizing the FEL often leads to a design trade-off between high beam current

and poor beam quality as defined by the electron beam accelerator [4]. The FEL user

normally wants to maximize the dimensionless current density, j o IN? A% . Since the
number of undulator periods is fixed in the case of the Jefferson Labs FEL, N ~24, and
the optical wavelength, 4, is also fixed by the application, the current density must be
maximized by increasing the beam current, . However, increasing / tends to decrease
the beam quality of the accelerator. As will be shown later, TINAF’s optical klystron
undulator configuration is very dependent on the quality of the electron beam.

The iterated integral form of the wave equation for weak ﬁelds is [4]:



a(z) = % [aeeF(ehe™ a(z- ), @1)
0

where F(r)= quf (g)e”" is the Fourier transform of the distribution function of f{g). If a
Gaussian spread in initial electron energies is considered for a perfectly injected electron
beam, the result would be a Gaussian distribution in phase velocity

fo =059 7% /\2x0,, Where o = 4aNAy/y is the standard deviation and Ay /7 is the
average spread in electron energies. A random spread of width o, = 7 causes a random
phase spread A = 7 and impairs electron bunching.

A monoenergetic electron beam can also have a random spread in initial radial

positions and angles. A Gaussian spread in angles, symmetric in x and y, gives the

exponential distribution f, =% for g <0and f, = 0for q > 0, where

oy =4nNy?8% [(1+K*) and 0 is the rms angle with reference to the z-axis.
The characteristic function F(7) must be found in order to evaluate the integral

form of the wave equation (21). The results for the Gaussian, f, and exponential, f,,

are:
Fi(r)=e"", (22)
Fy(r)= — 23
orT)= 1-ic,t’ 23)

If the beam quality were perfect, there would be no spread in energies or angles such that

o, =0 and o, =0, and the resulting distribution functions would be delta-functions, so

that F(7)=1. This means that in a perfect beam, 2 in (21) would not be influenced
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by F(z') in determining the gain. More realistically, when the beam is not perfect, the

characteristic function IF (z")| decays within a time ~ o' or ~ o', reducing the
effectiveness of electron feedback and decreasing the ability of the FEL to bunch
electrons.

When an electron enters an undulator, even with perfect initial injection, the
electron trajectories can also be altered by errors in the undulator’s magnetic field.
Random magnetic field errors in each undulator period will deflect electrons in the

transverse direction as it enters the next period. In a typical period of the undulator, the

magnetic field is described by B = (0, Bsin(k,z) + AB,0), where AB is a small undulator
error. By integrating the B-field, the deflection after that period is Ax ~ V27 AKA, /7,

where AK =eABA, / 2+/2 manc?. This “random walk” error is not the worst problem for

an FEL since the random deflections tend to cancel each other out over the length of the
undulator. Engineering or design errors in undulator magnets, known as “systematic
errors,” can be much more harmful to FEL operation when ﬁultiplied over many
undulator periods. TINAF’s klystron undulator has been engineered to such a high
degree of tolerance that neither of these errors will be a problem in the performance of
the 20 kW FEL.
H. SATURATION

The wave and pendulum equations are applicable in both strong and weak fields.
Strong fields occur when |a| > 7z and the electrons become trapped inside the separatrix in
the closed-orbit region of phase space. As expected, the amount of electron energy

converted to light is better in strong optical fields due to bunching, but gain also
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decreases leading to the onset of saturation. At saturation, the FEL reaches steady-state
operation, and this section will explain how it occurs.

In the resonator section, the semi-transparent output mirror allows some of the
optical power to leave the resonator cavity in the form of laser light. By letting out this
small amount of laser light, the optical field amplitude within the resonator is also
slightly decreased. This loss, combined with other small losses within the resonator such
as mirror imperfections, is characterized by the parameter Q. If the gain produced by the
optical wave is greater than these resonator losses, then the optical field will grow from
noise. In weak optical fields with low Q, the FEL gain may not be sufficient to overcome
these losses and the steady-state power will be zero. When the optical field reaches the
point where saturation begins, the gain decreases. As the gain falls-off, the optical field
continues to grow but at a slower rate until the gain is insufficient to make-up for
resonator losses. The growth rate of the optical field then reaches zero or steady state,
where the output power of the FEL does not change. Saturation, resonator losses, and
gain combine to define the steady-state output power of the FEL.

Figure 7 is a phase-space diagram with low current, j = 2, and strong initial

optical field, ap = 20. The electrons are started off-resonance, vp = 5, with a random
Gaussian spread of oz = 0.3. In the strong-field regime, the separatrix growth is
proportional to the optical field strength and is described by the equation 4|a|"*. Asthe

height of the separatrix grows, more and more electrons are trapped in the closed orbit

region of phase space. As Figure 7 shows, the electrons, initially on a downward path,

have passed through the optimal phase for bunching, £+ ¢ ~ 7, and continued on to
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an upward path to £ + ¢~ 0, where they are take away energy from the optical wave. The

gain is seen to rise and then decreases, marking the onset of saturation, as the

*** FEL Phase Space Evolution ***
j=2 a=20 V=5 N=24

6G=0.3
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Figure 7. Strong-field phase space evolution with low current.

overbunched electrons begin to absorb energy from the light wave. The final gain,
G = 0.03j is significantly reduced from the theoretical weak-field gain, G ~ 0.135.

Figure 8 shows the phase-space plot in a strong initial optical field, ap = 20, but
this time with high current, j = 100. The initial phase velocity, v, = 2, is now closer to
resonance based on information from the high-current gain curve of Figure 6. The
saturation mechanism is again overbunching of the electrons caused by the strong optical
field amplitude. The electrons that are near{ ~ 7 continue on downward paths in phase
spéce and eventually begin to overbunch. However, unlike the case of low current, as
these electrons approach the bottom of their phase-space orbits, they no longer transfer

energy to the optical wave, but rather they begin to drive the optical phase, . This is
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indicated by a decrease in gain and a significant shift in the optical phase as shown in the

lower-right plot of Figure 8.

*** FEL Phase Space Evolution ***
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Figure 8. Strong-field phase space evolution with high current.

Although strong optical fields increase the bunching of electrons, which is one of
the goals of the FEL, these strong fields eventually lead to saturation of the optical field.
Figures 7 and 8 show the cases of both low and high current, where the optical field
saturates due to overbunching of the electrons. In the case of high current, however,
Figure 8 shows that saturation leads to a significant shift in the optical phase. Saturation
is the mechanism by which the FEL achieves steady-state operation. Combining these
effects of gain, resonator losses, and saturation will then be critical to successful
performance of an FEL.
I. SHORT PULSE EFFECTS

Half-picosecond electron pulses will drive TINAF’s 20 kW FEL. When the

length of each of these short pulses is on the order of the slippage distance, ANA ~
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1 mm, short-pulse effects will dominate electron-optical pulse coupling in thé undulator.
These short electron pulses entering the undulator will generate short optical pulses that
bounce between resonator mirrors separated by a distance S, which is greater than the
length of the undulator, L. The rebounding optical pulse arrives at the beginning of the
undulator, 7= 0, at time intervals of 2S/c. The electron pulses are timed to arrive at the
beginning of the undulator synchronized with the light’s arrival. The term
“desynchronism” is used to describe the displacement between the electron and optical
pulses at the beginning of the undulator, 7= 0, normalized to the slippage distance. By
altering the distance between resonator mirrors, the desynchronism can be adjusted to
control the arrival of the optical pulse relative to the electron pulse.

A surprising result o.ccurS at exact desynchronism, d = 0, where the electron and
optical pulse intervals are timed to arrive coincidentally at the beginning of the undulator.
At 7= 0, there is no bunching of the electrons so that there is no amplification. As the
electron pulse slips back and the electrons bunch, they begin to amplify only the rear of
the optical pulse, increasing the optical field amplitude. As the electrons amplify only the
trailing edge of the optical pulse over several passes, the centroid of the optical pulse
moves back until the electrons and optical pulse decouple, and the optical field amplitude
decreases. Computer simulations for exact desynchronism have shown that as the opticai
pulse drifts away from the electron pulse, the optical field amplitude decreases, leaving
the FEL with a steady-state power of zero. To remedy this and compensate for the
distortion of the optical pulse centroid, the resonator mirrors are moved inward a small

distance so that d =-2AS/NA~10" —»107'. For these cases, the optical pulse arrives at
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the beginning of the undulator slightly ahead of the electron pulse. This allows a greater
interaction between the optical pulse and electrons over the entire length of the undulator.
As the pulses travel the length of the undulator, the electrons bunch and radiate,
amplifying the trailing edge of the optical pulse. By optimizing the value of
desynchronism, the optical pulse evolution will survive over many passes and steady-
state power is achieved. The following figures will explore various values of
desynchronism in the short-pulse effect regime.

In Figure 9, a small value of desynchronism is chosen so that d=0.003. The
calculation window is eight slippage distances long and travels with the light wave at
speed c. The position of the short electron pulse is indicated in black at the beginning of
the undulator, 7 = 0, and light gray at the end of the undulator, 7= 1. The pulse shape is
approximated as a parabola described by j(z) = j(1-2z° /o) forj (z) > 0 and zero
otherwise [4]. The TINAF pulse length is o, = 2 and the peak current is j =2. The
weak-field gain spectrum is shown in the lower middle plot. Resonator losses are
determined by 1/Q where Q = 20. There is no random phase added to the electron
phases so that 6= 0. The evolution of the optical field is shown over n = 12,000 passes,
dependent only on amplification by the electron pulse and resonator losses determined by
0.

On each pass, the unbunched electron pulse starts at 7= 0 (black) and slips back
to 7= 1 (light gray) as bunching develops. Comparing the upper and lower left plots, as

the electrons slip back along the length of the undulator, they are interacting or coupling

with the optical pulse. As the electron pulse slips back, it passes through the optical field,
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**** FEL Pulse Evolution ****
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Figure 9. Short-pulse evolution at d = 0.003.
bunching occurs, and the optical pulse is amplified. Although this is not the maximum
final power, a significant part of the electron pulse interacts with the optical field over thé
length of the undulator, so that the electron and light pulse couple, and a final power of Py
~82.61s achieved.

When d becomes too large, the electron and optical pulses do not interact over a
sufficient number of passes, and the optical pulse never fully evolves, just as in the case
of exact desynchronism. Figure 10 shows the pulse evolution for a larger value of d =
0.09. As the short electron pulse travels the length of the undulator, it interacts with the
longer optical pulse. Although the electron and optical pulses interact, by the
end of the undulator, the electron pulse has begun to slip behind and decouples from the
trailing end of the optical pulse. Thus, the final power is reduced reaching a steady-state

value of Py~ 20.9.
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*#%%** FEL Pulse Evolution **=*»
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Figure 10. Short-pulse evolution for &= 0.09.

These two examples have shown the importance of desynchronism on steady-state
power and optical pulse shape. The importance of desynchronism to pulse evolution and
saturation, where short-pulse gain is greater than resonator losses, will be shown in
further computer simulations with varying d in Chapter IV.

J. OPTICAL KLYSTRON UNDULATOR

In this section, a specific undulator design, the klystron undulator, will be explored.
The main benefit of the klystron undulator is to increase gain in weak optical fields. This
increased gain comes at the expense of power at saturation, and, as will be shown later,
the optical klystron undulator is sensitive to electron beam quality.

The standard design of the optical klystron is shown in Figure 11. It consists of
two sets of undulator magnets called the “modulator” and the “radiator.” Separating the

undulator magnets is a dispersive section or drift space. The purpose of the first set of

32



undulator magnets, or the modulator section, is to prepare the electrons for bunching as

they travel through the dispersive section or drift space. As the electrons enter the

drift space

electron beam

resonator

. >
—

undulator magnets

Figure 11. Optical klystron undulator with drift space.

dispersive section, the coupling between the optical field and electrons stops because
there is no undulator field. In a dispersive section, a strong magnetic field is produced by
bending magnets placed between the undulator sections. The result is that the electrons
can be bunched in weak fields as they enter the radiator section of undulator magnets.
The bunched electrons are now able to transfer more energy to the optical wave as they
pass through the radiator section of undulator magnets.

As the optical wave and electrons interact throughout the two undulator sections,

(o,

the wave and pendulum equations describe their evolution, so that:

¢ = v=lalcos(¢ +9), ®)

o

a=-j<e™ >, | (11)

for 0 <7<0.5 and 0.5 < 7<1. Between the two sets of undulator magnets, the equations



in the drift space or dispersive section are
AL =D, (24)
Av=0 (25)
at 7= 0.5, where D is the dimensionless parameter describing the strength of the
dispersive section or the length of the drift space. These equations are valid in both weak
and strong optical fields with high or low currents [4].
In weak fields with low gain, the wave and pendulum equations can be solved

analytically to give the final gain at 7= 1, [4],
iD
G(v,) ~ -J—4—sin(v01)) . (26)

This gain equation assumes that D — oo and vy — 0 with the product Dy, fixed. Figure
12 shows the gain spectrum for a klystron with a dispersive strength of D = 1 in weak
fields with low current. It assumes a perfect electron beam. The numerous peaks at

|Vo|< 27 occur because of the interference between the two sets of undulators, and the

peak gain has risen to G #0.82. This is three times the gain of the conventional
undulator, which had a gain G = 0.27 for the same value of ;.

As equation (26) shows, the peak gain for a klystron undulator is jD/4 at a phase
velocity v, = z/D. Also, the beam quality should be good enough to ensure that the
initial phase velocity spread is Av, <z/D. As the strength of the dispersive section, D,
increases, the initial spread in phase velocities must be even narrower, which requires a
higher quality electron beam than a conventional undulator, where the initial phase

velocity spread is only 4v, < 7.
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**%** Gain and Phase Curves ****
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Figure 12. Gain spectrum for a low-current, weak-field optical klystron FEL.

K. TRAPPED-PARTICLE INSTABILITY
In strong optical fields, the height of the separatrix is large and the electrons

become trapped in closed orbits in phase space. The amount of energy converted to light,
or the efficiency, is greater, but while in these closed orbits, the electrons can become
trapped in deep potential wells in phase space. These trapped electrons will oscillate at
the synchrotron frequency which can then drive the carrier wave unstable causing the
development of sidebands from noise. Although a narrow power spectrum with no
sidebands is often the goal, sidebands allow the FEL to achieve higher powers, which
may interfere with certain applications.

As the FEL reaches saturation, the trapped electrons begin to oscillate at the

luz

trapped-particle or synchrotron frequency given by v, ~|al“. Sidebands appear around

the fundamental phase velocity at v, + v_, and are shifted from the fundamental
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wavelength by A4/ 1 =v, /2zN. An optical field amplitude of |a| ~ 47 ~ 40 causes
one synchrotron oscillation as 7 goes from 0 to 1, which corresponds to a peak-to-peak
separatrix height of 4la|"? ~ 25.

Figure 13 shows a phase-space plot for low current, j = 2, and strong initial
optical field, a, = 40. Electrons are started off-resonance with a phase velocity of vy = 2

with a Gaussian spread in velocities of og = 0.3. In this case, the initial optical field is

*** FEL Phase Space Evolution **»*
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Figure 13. Phase space evolution demonstrating trapped-particle instability.
sufficient for trapped-particle instability and a full synchrotron oscillation of the
electrons. As the electrons bunch in strong optical fields, the electrons pass through the
optimal phase for bunching, { + ¢ ~ 7, and overbunch as they are trapped in the potential
wells due to the strong optical field. This overbunching causes saturation and a decrease

in the final gain.

The trapped-particle instability and the subsequent growth of sidebands can lead
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to both desired and undesired effects in FEL performance. For some FEL experiments, a
narrow power spectrum with no sidebands is a desired feature. Depending on the desired
result, designers can also modify resonator losses (determined by Q) or the electron beam
current (characterized by j), to influence the onset of the trapped-particle instability.

This, however, can also lead to degraded FEL performance, which is a trade-off designers

must take into account.
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IV. SIMULATION RESULTS

A. FINAL POWER

Figure 14 shows the output from a simulation of Thomas Jefferson National
Accelerator Facility (TINAF) 20 kW FEL. The dimensionless current density is j = 2,
the electron pulse length is o, = 2, resonator losses are determined by O = 20, and for
this case the desynchronism is d = 0.007. In the undulator, there are N = 24 periods for
the conventional undulator, D = 0. The electron beam has a Gaussian spread in angles

and phase velocities with a standard deviation o, = 015 and o, = 0.3, respectively, with

no random phase displacement so that 8 = 0. The number of passes in the resonator is 7
= 2000.

The electron pulse, approximated with a parabolic shape, is illustrated in the
lower-left plot at the beginning (7 = 0) in black and end (7 = 1) of the undulator in gray.
In the upper-left plot, the optical field amplitude |a(z,n)| at each pass 7 in the resonator is
plotted. The scale ranges from zero in black to the maximum value shown as white. The
final optical field amplitude is shown above the optical field evolution. The bottom-
center graph shows the weak-field gain spectrum as a function of phase velocity G() .
Above this is a plot of the power spectrum as a function of phase velocity at each pass »
in the resonator P(v,n). The total power evolution P(n) at each pass 7 is shown in the
lower right plot. The upper-right plot represents the spread in electron energy at each
pass » in the resonator. The width of this line, Av, can be found using the relation

Av = 47NAy [y, where ¥ is the relativistic Lorentz factor.
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The small desynchronism in Figure 14 has caused the electron pulse to amplify
the leading edge of the optical pulse at the beginning of the undulator as it slips to the
trailing edge by the end of the undulator. Since the electron pulse is depositing gain over

the entire optical pulse on each pass, the peak optical field strength reaches |a} = 25. As

***%* FEL Pulse Evolution #***+*
j=2 o*z=2 0'9=0.150'G=0.3 d=0.007
Q=20 \\ N=24 ol=0

|atz,n)| ol 125.68 P(v,n) £(v,n)

U .

-4 z 4 -47 N 47 -47

G(V) ! 0.26{P(n)

-4 z 4 -47 A% 47 0 n 2000

Figure 14. Pulse evolution for D =0 at d = 0.007.
the electron pulse amplifies the optical pulse, it continually modulates the optical wave.
This modulation can be clearly seen after n ~900 passes where the optical field
amplitude reaches its peak value. The trapped-particle instability begins to distort the
optical pulse in strong fields, but the optical field weakens so that the pulse reaches
steady state after n ~ 1700 passes. The power spectrum shows that a small sideband
developed as the trapped-particle instability occurred, but then disappeared as the optical
field amplitude decreased. After reaching steady state, the smooth optical pulse leads to a
narrow power spectral linewidth as shown in the upper-center plot. The bottom-center
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plot, G(v), shows the weak-field gain discussed in Section E. In the upper-right plot, the
evolution of the electron’s phase velocity distribution increases in spread as the stronger
optical field extracts more energy from the optical pulse. The two peaks in the energy
spectrum plot f{v,n) are the original electron energy (right peak) and the energy of
electrons trapped in strong fields (left peak). The lower-right plot shows that optical
power grows to saturation at n ~ 1000 passes and reaches a final value of Pr=94. The
trapped-particle instability has imposed a periodic modulation on the optical pulse shape.
Figure 15 uses the same beam parameters, but with a larger desynchronism
d = 0.05. The larger desynchronism has advanced the optical pulse ahead of the electron
pulse, so that the shorter electron pulse is now amplifying only the trailing edge of a
much longer optical pulse on each pass. This leads to a decoupling of the optical pulse

and electrons, so that the peak optical field amplitude is |a| = 13. This optical field

***+ FEL Pulse Evolution ***#
=2 O’z=2 0'9=0.150‘G=0.3 d=0.05
Q=20 N=24 =0

la(z,n)| oME J13.01 Pp(v,n) £(v,n)
v

w NI EN.

-5 z 5 =47 A 47 0 n 1000

Figure 15. Pulse evolution for D =0 at d=0.05.
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strength is not sufficient for the trapped-particle instability and the optical pulse saturates
at n ~ 300, where the optical pulse develops a smooth exponential shape. As shown in the
power spectrum plot P(v,n), there are no sidebands, and the smooth optical pulse leads to
a narrow linewidth. The spread in electron energies is shown in the f(v;n) plot in the
upper right. The final power is now only P, = 42 because the electrons start near the
trailing edge of the optical pulse, and drop back out of the optical field before the end of
the undulator.

Figure 16 shows the FEL pulse evolution for an even larger value of
desynchronism d = 0.11. Steady state is achieved after n ~2500 passes, and the optical
power, P(n), and optical pulse shape, |a(z,n)|, do not appear to evolve any further. The

final power, Py= 9 is significantly reduced by a factor of 10 when compared to the

**%** FEL Pulse Evolution #****
j=2 cz=2 09=O.15 0‘G=O.3 d=0.11
Q=20 N=24 &8C=0

latz,n)| oMME 13.708 p(v,n) £(v,n)
v

T

Figure 16. Pulse evolution for D=0atd=0.11.
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smaller desynchronism case of Figure 14. The peak optical field amplitude is now
la| = 3.7, and is not sufficient for the trapped-particle instability. On each pass, the short
electron pulse is only amplifying the trailing edge of a much longer optical pulse, while
the large desynchronism is artificially advancing the front edge of the optical pulse well
ahead of the electrons. Much of the optical pulse is ahead of the electron pulse, and is
decoupled from electrons. The long pulse is coherent and has a narrow power spectrum,
P(v,n). There are no sidebands in the weak optical fields, and the resulting electron
spectrum, f{v,n) is narrow.

For Figures 17-19, the klystron undulator has a dispersive strength of D = 1. All
other electron beam and resonator parameters remained the same.

Figure 17 shows the pulse evolution for smail desynchronism d = 0.003. The

optical field reaches single-mode saturation at n ~ 750 passes. The power increases, and

**** FEL Pulse Evolution ****
j=2 Gz=2 69=°’150C=°'3 d=0.003
Q=20 D=1 N=24 d¢=0

z,n) | olllE J14.32 p(v,n) £(v,n)
U

)

24.02

n 6000

Figure 17. Pulse evolutioﬁ for D=1 atd=0.003.
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reaches a final value of Py = 18. The power spectrum P(v,n) is smooth unt}l saturation,
where trapped-particle instability causes two small sidebands to appear on either side of
the fundamental. The evolution of the electron spectrum f{'v,n) appears tightly bunched
up to n =750 passes. At n ~750, sidebands develop which cause the electrons to fill the
full height of the separatrix, spreading the electron spectrum.

Figure 18 shows pulse evolution for & = 0.1. The larger desynchronism has
advanced the optical pulse so far ahead of the electrons, that the electron pulse is only
amplifying the trailing edge of the optical pulse. This leads to a decoupling between the

optical pulse and the electrons, which reduces the optical field amplitude to |a| = 5.3.

**** PFEIL Pulse Evolution ****

j=2 _ Gz=2 69=0.150‘G=0.3 d=0.1

Q=20 D=1 N=24 &C=0
la(z,n)| ol 15.308 P(v,n) £(v,n)
L] \

-11 z 11 -31 \Y 310 n 2000

Figure 18. Pulse evolution for D=1andd=0.1.
This optical field amplitude is insufficient for the trapped-particle instability. The
resulting power and electron spectrum are narrow, while the final power now only

reaches Pr = 5.
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Figure 19 shows the pulse evolution for an even larger value of desynchronism,
d = 0.25. In this case of large d, the optical pulse is artificially advanced well ahead of
the electrons, so that the electrons are only amplifying the trailing edge of the optical
pulse. This results in weak optical amplitude, so that |a| = 1. The power and electron
spectrums are narrow for this case and a final power of only Py = 1 is attained.

Figure 20 is a plot of final power versus desynchronism, and is a result of
numerous computer simulations with dispersion strengths of D =0 and D = 1. The

boxes and circles represent computer simulation results, while the line traces the

**** FEL Pulse Evolution ****
j=2 O'z=2 oe=0.150'G=0.3 d=0.25
Q=20 D=l N=24 §(=0

la(z,n)| ol Jo.9898 P(v,n) £(v,n)
1 \

_N |

-1(1 z 11 -47 \' 47 -47 \ 47
j(z-1) G(v) 0.87|B(n)
- =0 1 1.201
—“Y"
S
-11 z 11 -47 \Y 47 0 n 5000

Figure 19. Pulse evolution for D=1 at d=0.25.
curve shape. The maximum final power of Pr= 94 occurs at d = 0.007 for the
conventional undulator (D = 0). For larger values of desynchronism, the final power
falls off quickly until it reaches zero for d ~#0.12. For a dispersion strength of D = 1, the

maximum final power Py= 7.7 occurs at d = 0.003. The final power decreases until d =
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0.11 just as in the D = 0 case, but then begins a slight increase until 4 = 0.20, where it
begins to decrease to zero.

By comparing Figures 18 and 19 and analyzing the pulse evolution simulations
between these values of d = 0.10 and d = 0.25, an explanation is given for this small
increase. The final shape of the optical pulse, |a(z,n)}, in Figure 18 shows that for d =
0.10, the width of the optical pulse is relatively narrow since the leading edge has
decreased nearly to zero within the window width. Comparing this optical pulse shape to
that in Figure 19 shows that for d = 0.25, the leading edge of the optical pulse is much

longer, corresponding to a longer pulse width. Analysis of pulse evolution simulations

Final Power vs. desynchronism
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Figure 20. Final power versus desynchronism.
between d = 0.10 and d = 0.20 show that this leading edge indeed gets longer while the
pulse height only slightly decreases. Thus, between d = 0.10 and & = 0.20, the width of

the optical pulse increases at a greater rate than the pulse height decreases, so that there is
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a slight increase in the final power. At d=~ 0.20, the decreasing rate of the pulse height
exceeds the increasing width of the leading edge, so that the final power again decreases
to zero. As Figure 20 shows, for larger values of desynchronism, the short pulse effects
lead to a decoupling between the optical field and electrons, decreasing the final power
until it reaches zero.

B. FINAL GAIN IN WEAK OPTICAL FIELDS

Figure 21 shows the same pulse evolution simulation as Figures 14-19, but now
gain as a function of the nl'.lmber of passes, G(n), is shown in the lower-right plot.
Electron beam parameters remain unchanged, while the resonator losses, determined by
1/Q = 1/10' O are extremely small. The desynchronism is d = 0.04 in the conventional
undulator (D = 0). The plot shows 7 = 200 passes in the resonator.

The electron pulse, again approximated with a parabolic shape, appears to be -

***+ FEL Pulse Evolution *#***
j=2 cz=2 0'6=0.150G=0.3 d=0.04
Q=1le+10 N=24 &(=0

]a(z,n)] olEE o. 04446P(v n) £(v,n)

6 -47 \ 47 -47 \ 47
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1_1

S i e AL B I
-6 z 6 -47 v 470 n 200

Figure 21. Pulse evolution for weak-field gain with D = 0 and d = 0.04.
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amplifying the entire optical pulse as it travels the undulator. The desynchronism has
artificially advanced the optical pulse ahead of the narrow electron pulse, so that the
optical field amplitude remains in weak fields with |a| = 0.045. In weak fields, the
electrons never fully bunch, so that the power spectrum P(v,n) and electron spectrum
f(v,n) remain narrow throughout the » passes. The gain peaks due to transients and the
reaches steady state after n ~ 30 passes with a final value of Gy~0.20. This is the
maximum value of final gain for the D = 0 case, and plots with varying desynchronism
show similar trends with decreased Gyand optical pulses that never fully develop.
Figure 22 shows the FEL evolution for d = 0.11 with D = 1. The large
desynchronism again has artificially advanced the light pulse ahead of the electrons, so
that all electrons are not interacting with the optical pulse throughout the undulator. This

means that the optical and electron pulse are never fully coupled, which decreases

**** PEL Pulse Evolution ****
j=2 O’z=2 Ge=0.150'G=0.3 d=0.11
Q=le+10 D=1 N=24 &(=0

la(z,n)| oMMME_Jo.08065P(v,n) £(v,n)
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Figure 22. Pulse evolution for weak-field gain with D =1andd=0.11.
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electron bunching and results in an optical field amplitude of |a| = 0.08. Again, in the
weak-field regime, the power spectrum and electron spectrums are narrow, due to weak
fields. The gain appears to peak, again due to transients, and then reaches steady state
after n ~ 30 passes, reaching a final value of Gy=0.16. For D = 1 and varying
desynchronism, computer simulations show similar trends with even smaller final gain
values.

Figure 23 shows a plot of final gain versus desynchronism in weak optical fields.
It combines several computer simulations with dispersion strengths of D = 0and D = 1.
The boxes and circles represent computer simulation results, while the line traces the
curve shape. The maximum gain, Gy= 0.50, occurs for D = 1 atd = 0.11. The final gain
quickly drops off for values of desynchronism larger than'd = 0.11, until it reaches zero at

d~0.26. For D = 0, the conventional undulator, the maximum gain, Gy = 0.20, occurs at

Final Gain vs. desynchronism
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Figure 23. Final gain versus desynchronism.
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d = 0.04, but this is less than half the maximum final gain of the D = 1 case‘. Again, for
larger d values, the final gain decreases until it reaches zero at d ~ 0.14.
C. FRACTIONAL SPREAD IN ENERGY

For the TINAF FEL, an energy spread is critical because the FEL design feeds back
electrons through the RF cavities of the accelerator. This feedback loop utilizes steering
magnets, which alter the path of electrons and are sensitive to a spread in electron
energies. The TINAF 20 kW FEL design can tolerate an energy spread of 6% induced in
the operating FEL [5]. By measuring the full spread in phase velocities, Av, in the upper-
right plot of the pulse evolution simulations, the fractional spread in beam energy, Ay,
can be found using the relationship 4v =4zNAy /y .

Figure 24 shows a plot of the fractional energy spread of the electrons, Ay,

versus the desynchronism, . Simulation results for dispersive strengths of D = 0 and D
= 1 are plotted as boxes and circles, respectively, while the line traces the curve shape.
For the conventional undulator, D = 0, the energy spread peaks at Ay/y = 8.6%,
corresponding to a desynchronism value of d = 0.007. The energy spread decreases and
reaches Ay/’y= 6% at d=0.03. After d= 0.03, the energy spread continues to decrease
until reaching a steady value of Ay’y = 1.7% at d=0.12. The energy spread for all
values of d = 0.03 and larger remains below the 6% limit specified by TINAF. For the
klystron of strength D = 1, the energy spread peaks at 4y’y = 0.05 corresponding to d =
0.003. As Figure 24 shows in the case of D = 1, the spread in energies remains below

this 5% maximum for all values of desynchronism.
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Fractional Spread in Energy
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Figure 24. Energy spread versus desynchronism.
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V. CONCLUSIONS

F ’f
\
}

With the ever-increasing capability and lethality of anti-ship missiles, and the
fixed wavelengths of conventional chemical lasers, U.S. Navy needs a weapon with faster
reaction times, longer engagement ranges, and improved accuracy to ensure the safety of
surface combatants. The proposed TINAF 20 kW FEL offers potential in fulfilling these
capability requirements well into the future.

Simulations showed that the peak final power occurred at smaller values of
desynchronism. For the case of a conventional undulator, D = 0, the maximum final
power, Pr= 94, occurring at a desynchronism value of d = 0.007. For a klystron
undulator with a dispersion strength of D = 1, the peak final power, Pr= 18 occurring at d
= 0.003. Figure 20 showed that there was a slight increase in the final power between d =
0.11 and d = 0.20, and for larger desynchronism the final power decreased.

Figure 25 shows the final power of the TINAF FEL in kilowatts versus
desynchronism, d. When the conversion is done, the dimensionless power, Pr= 94,
corresponds to a power of 36 kW, exceeding TINAF’s goal of only 20 kW. For the
maximum power of the D = 1 case, the final power is only P =7 kW, which is a
significant amount of power but well below the anticipated 20 kW.

Simulations with the weak-field gain showed that the maximum gain, Gy= 50%,
occurring in the klystron of strength D = 1 for a relatively large desynchronism value of d
=0.11. For the case of a conventional undulator, D =0, the maximum gain found is Gr=
20%, occurring at a smaller desynchronism value of d = 0.04. At larger desynchronism,

the gain decreases steadily to zero.
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Final Power vs. desynchronism
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Figure 25. Final power in kilowatts versus desynchronism.

In order ensure feedback of recirculating electrons back to the RF cavities of the
accelerator, the induced electron energy spread was measured and compared to TINAF’s
goal of 6% or less. Figure 24 shows that the maximum energy spread, Ay/y=0.086,
occurs for the conventional undulator with D = 0 at d= 0.007. The induced energy
spread decreases and reaches 6% at values of d = 0.03 and larger. For a dispersion
strength of D = 1, the energy spread peaké at Ay’y= 5% corresponding to d = 0.003,
which is below the 6% goal. In fact, for the D =1 case, the energy spread is less than 6%
for all d values.

Based on the above simulation results and the information contained in Figures
20, 23 and 24, the optimum value of desynchronism is d = 0.03 using a conventional
undulator with D = 0. At this value, the energy spread is 6%, which achieves TINAF’s
design goal to ensure proper electron feedback. The final power corresponding to d =

0.03 and D = 0 is P = 19.2 kW, which is close to the 20 kW objective and corresponds to
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a final gain of Gy=1%%.

These simulations combined various values of desynchronism and undulator
dispersive strengths in order to evaluate the effects on final power and final gain at the
output of the resonator, and electron beam energy spread with regard to the feedback
loop. With continued improvements in the design based on these simulations and further
thesis work, the proposed TINAF 20 kW FEL could significantly advance the technology

needed to defend Navy combatants against anti-ship missile threats in the future.
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