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ABSTRACT 

The Navy is exploring the possibility of using a MW class free electron laser 

(FEL) as a ship self-defense weapon against anti-ship missiles. The Navy has helped 

fund the construction of a KW average power FEL and has held workshops to discuss 

weapons class FELs. 

A design workshop resulted in two possible MW FELs which are examined. 

One of these designs, the MW regenerative amplifier FEL, is looked at further to 

determine the feasibility of its design parameters. The second design, the MW 

oscillator FEL, presents a challenge in understanding the electron beam transport 

phenomena known as coherent synchrotron radiation (CSR). A workshop concluded 

that CSR is potentially disruptive in the electron beam recovery in the oscillator design. 

Possible CSR experiments are analyzed to help the Navy's Directed Energy office 

determine which, if any, CSR experiment will be useful. 
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I.  INTRODUCTION 

The first free electron laser (FEL) was demonstrated in 1976 by Madey and his 

co-workers at Stanford University [Ref. 1]. Since this time, scientists from around the 

world have worked to develop the field of FELs both experimentally and theoretically. 

FELs have become an interest of the United States Navy as a possible solution 

to an important current problem. One of the most real and dangerous threats to Naval 

ships is anti-ship missiles (ASM) which are included in the arsenals of most every 

country in the world. With the increasing mission of single-ship operations and 

operations close to land masses world wide, each US Navy ship needs to be able to 

defend itself against a sudden ASM attack. The current close-in-weapon-system 

installed aboard ships is the Phalanx gun. This weapon is inadequate for protecting 

the ship against incoming missiles because the missile approaches too close to the 

ship before being destroyed by the gun. As a result, the Navy is exploring different 

options for a solution to this problem. 

The advantage of lasers is the speed of propagation of the destructive energy, 

the speed of light, and the ability to focus intense energy to a small spot at 5 km to 10 

km. These characteristics can increase the distance at which incoming missiles are 

destroyed, lessening the likelyhood of high energy debris impacting the ship. The 

flexibility of FELs has resulted in Navy funding to develop a MW FEL. Missiles require 

about 20 kW/cm2 over 100 cm2 to crack the structure which causes a rapid self 

destruction of the high speed missile. Therefore, a MW laser seems to be the range 

of power output suitable for this endeavor. 

Currently, a 1 KW FEL is being constructed at Thomas Jefferson National 

Accelerator Facility (TJNAF) in Newport News, VA. This FEL will be the most powerful 

ever constructed. For this reason, the Navy's directed energy office is assisting in it's 

development to gain knowledge on high power FELs and their feasibility for a ship 

self-defense weapon system. 
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In hopes of developing a feasible design, the Navy assembled scientists from 

around the country for a 3 day MW FEL design meeting at TJNAF in September 1996. 

From the many designs presented, two FEL weapon designs emerged. These two 

designs, the MW regenerative amplifier design and the MW oscillator design, are 

reviewed and their strengths and weaknesses discussed. 

Some analysis of each design determines the possible feasibility of these 

proposed FEL weapons. Analysis through computer simulations is conducted to 

evaluate the current parameters of the MW regenerative amplifier. A potential problem 

with the MW oscillator design stems from coherent synchrotron radiation (CSR) and its 

effect on emittance of the electron beam. This problem is reviewed along with the 

conclusions of an electron beam transport workshop held at NPS. Possible CSR 

experiments and parameters are listed and a relative comparison is made. One 

possible experiment involving the Princeton FEL (CIRFEL) is discussed and some 

computer analysis is conducted. This work is intended to aid the Navy's Directed 

Energy Office in its quest for a ship self defense FEL weapon. 



II. BACKGROUND 

A.   THE BASIC FREE ELECTRON LASER 

An FEL uses a relativistic beam of electrons to generate electromagnetic 

radiation. A transverse, periodic magnetic field, called an "undulator", wiggles the 

electrons causing acceleration when the electrons experience Lorentz forces in the 

undulator as shown in Figure 1. 

Figure 1. This is a typical undulator. The magnetic field 

causes the electrons to wiggle in the transverse plane. 

From Ref. [1]. 

The   result  is  an   interaction  between  the  electron  beam  and  the  co-propagating 

electromagnetic wave and is the basic operating principle of all FELs. [Ref. 1] 

The basic components of an FEL are an electron accelerator and an undulator. 

There are two distinct FEL designs: the oscillator and the amplifier. The oscillator has 

an optical cavity enclosed by mirrors with the undulator at the mid-section as shown in 

Figure 2. The oscillator transfers a small percentage of energy from the electron beam 

to the light wave on each successive pass of the oscillating light wave in the undulator. 



electron beam 

undulator 

I      ., ,, . \_ i_Ü ~-* fSf&d ■———/ 1 
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Figure 2. This is a typical FEL oscillator. The electron 

beam passes through the cavity and is acted on by the 

magnetic field from the undulator. Light is represented by 

the shaded portion between the two curved mirrors. 

From Ref. [2]. 

The amplifier looks similar but lacks the mirrors. The amplifier relies on a high 

percentage of the electron beam energy being transferred to the light wave on a single 

pass through the undulator. Typically, the oscillator will be designed to have low 

single-pass gain and the amplifier will have high gain. 

Many parameters common to all free electron lasers have typical values. The 

distance from the center of one magnet to the center of the next magnet is defined as 

the undulator wavelength, X0, which varies from 2 cm to 10 cm. The number of 

periods, N, in undulators varies from 20 to several hundred. Since the length of an 

undulator is L = A/A,0, undulators range in length from 1 m up to 20 m. Electron 

beams used in FELs have radii, rb, from a fraction of a mm up to a cm. Peak currents 

vary widely in FELs. Some peak currents are around 1 A and some are as high as a 

kA. The average current is much lower and has nominal values in the nA to mA 

range.   One of the most desirable attributes of FELs is that they can be designed to 



provide light at specific wavelengths, X.  The optical wavelengths of FELs range from 

X ~ 1 cm to X ~ 200 nm. 

B.        FREE ELECTRON LASER THEORY 

1.      The Pendulum Equation 

The electrons traveling through the undulator experience forces from both the 

optical and undulator fields. By examining the electron dynamics classically, it can be 

shown that the equation which governs the electron's microscopic motion is the well- 

known equation describing the motion of a classical pendulum. This surprising parallel 

is extremely helpful in the understanding of free electron lasers. What follows is a 

derivation of FEL microscopic electron dynamics.  [Ref. 3] 

An important relation in FEL dynamics is the resonance condition. Light 

traveling at speed c overtakes electrons traveling at speed ßzc in the undulator, 

where ßz = vzlc, and vz is the longitudinal speed of the electron. The definition of 

resonance is when one wavelength of light X passes over an electron as the electron 

travels through one undulator wavelength XQ . The time it takes an electron to travel 

through one undulator period is t = XQlvz = X0/($zc). After one undulator period, the 

one wavelength of light will be ahead of the electron a distance X, where 

X = ct - vzt = cf(1-ßz). Substituting for time gives the resonance condition, 

X = X0^±-  . (1) 
Pz 

For highly relativistic electrons, as in an FEL, ßz = 1.  In this case, the wavelength of 

the light will be much less than an undulator wavelength, X «: X0. 

A static helical field from the undulator magnets takes the form 

E$u = B(icosk0z + js\nk0z)  , (2) 



where k0 = 2%/XQ, and z is the longitudinal position along the undulator. The undulator 

wave number is k0 and X,0 is the undulator wavelength. B is the amplitude of the 

undulator magnetic field and f, j, and k, are unit vectors in the x, y, and z directions 

respectively, as represented in Figure 1. (Note that the field in Figure 1 represents a 

linear undulator, not one that is helical.) The magnetic field strength for undulators is 

typically 2 to 7 kG. A circularly-polarized plane-wave is assumed for the optical field, 

E*0 = E(/cos\|/ - /simp)  ,  B*0 = E(/sin\|/ + /cosy)  , (3) 

where \y = kz - (at + <|>, and k = co/c. The electric and magnetic field amplitudes are 

E, k is the optical wave number, a> is the angular frequency of the optical wave, c is 

the speed of light in vacuum, t is time, and <j> is the optical phase. 

The Lorentz force equations are, 

0 
dt 

= -e 
-I dt 

(4) 

where the electron velocity is T? = ~$c, and the Lorentz factor is y = (1 — ß2)~1/2. The 

electron momentum is j^ = ymv^, the electron energy is ymc2, m is the mass of an 

electron, and e is the electron charge magnitude [Ref. 4]. The electron energy in 

FELs ranges from a few MeV with y~5 all the way to a few GeV with y~5000. 

Substituting for the momentum in the Lorentz equations gives, 

cfyj? e 
dt mc L 

4+£x3 dy 
dt mc i ?-4 (5) 

where £? = B*u + B*0 . 

The electric and magnetic fields, (2) and (3), are then inserted into (5) to yield, 

CCA) t 
dt mc 

dt mc 

£(1-ßz)(''cos\|/ - y'sinv) + ßßz(-/sin/c0z + jcosk0z) 

E(ßxcos\|/ - ßysin\|/) + ß(ßxsin/c0z - ßycos/c0z) 

-$ = —£-E ßxcos\|/ - ßySinxjr 
dt        mc   L 

(6) 

(7) 

(8) 



where j?j_ = ßxf + ßy/, and ~$z = ßz£. It is assumed that for relativistic electrons where 

ßz = 1, E(1 - ßz) -c ßßz, so the first term on the right-hand side of (6) is ignored and 

ßz is set equal to one in the second term. 

Remembering that z = ct very nearly and solving (6) for '$l gives 

ßx = -(K/y)cosk0z and ßy = -{K/y)s\nk0z, where the undulator parameter is 

K = eB/{k0mc2). From the typical FEL parameters, K ~ 1. Perfect injection into 

helical orbits is assumed so the constant of integration is zero. Substituting the result 

for ^ into (8) gives the following equation for the electrons, 

^ = Y=-^cos(C + $)  , (9) 
at ymc 

where the electron phase in the combined undulator and light fields is 

C, = (k + k0)z - cor, and dldt = ( ' ) . Squaring the result for f^ gives ß| = K2/-f 

which further yields My2 = 1 - h^/y2 - ßf from the definition of the Lorentz factor. 

Solving for ßz and substituting into (1) for highly relativistic electrons where y» 1, the 

resonance condition becomes, 

M1 + K2) 
*=        o        • 00) 2f 

Now the resonance condition is in terms of the electron energy.  [Ref. 5] 

To examine £, take time at t = 0 so £(0) = (k+k0)z0 ~ (2TC/?I)ZO, where z0 is the 

initial electron position. We know X «; A,0 which also means that k » k0. Changing 

the electron initial position by an amount ranging from zero to one wavelength of light 

causes C, to vary between 0 and 2u. From (9), a change in C, of n causes y, the rate of 

change in energy of the electrons, to reverse sign. Since the electron beam spans 

many wavelengths of light, the electrons are uniformly distributed throughout each 

wavelength. For this reason about half the electrons will gain energy and about half 

will lose energy. As electrons gain energy, their velocity increases while electrons that 

lose energy decrease in velocity. This leads to bunching of electrons.  Since y > 0 for 



about half the electrons and y < 0 for the rest, there does not seem to be an overall 

change in energy, and therefore no gain.  Gain will be discussed in the next section. 

The next step in finding the pendulum equation is to relate y to ßz using 

y-2 = 1 - ß2 = 1 - ß| - ßj. The values of ßx and ßy found previously give 

(1 + K2)y~2 = 1 - ßf . Taking the time derivative of each side and rearranging gives, 

1 = J%. (11) 
y    (1 + K2) 

The final step in arriving at the pendulum equation is to relate y obtained in 

(11) to t,. Using the definition for £,, the second derivative with respect to time is 

'( = (k + /c0)cßz . This can be substituted into (11) to yield a relation between y and '(. 

Since free electron lasers use highly relativistic electrons, ßz = 1, and k » k0 so that 

the relation becomes y/y = y^'/[oo(1 + K2)]. Substituting the resonance condition (10) 

into the newest relation between y and £ yields y/y = C/2coo • Finally, substituting in the 

value of y in (9) gives the microscopic electron equation of motion as, 

y^mc 

Now the microscopic electron phase dynamics are in the form of the pendulum 

equation. [Ref. 3] 

Dimensionless parameters are introduced to enhance the understanding of 

FELs. The first such parameter will represent time. For an average electron, the time 

it spends in the undulator is determined by the length of the undulator L and the 

speed of the electron v0 such that t = L/v0 . Remembering that ß0 = v0lc then 

t = L/$0c ~L/c since, for highly relativistic electrons, ß0 = 1 . Now the dimensionless 

time T will be defined as x = ct/L . 

Substituting this dimensionless time parameter into (12) yields, 

C = la Icosß + 4>)  , (13) 

o 

where la I = 4nNeKLE/(-fmc2), the number of undulator periods is N = L/XQ, (      ) 

8 



represents differentiation with respect to x, the dimension less optical field is 

a = la le'*, and /'= V^T. Typical values of the dimensionless optical field amplitude 

are lal«ic for weak optical fields and lal>rc for strong optical fields. The 

assumptions that have been made are y » 1 for highly relativistic electrons so that 

XQ » X, and therefore k » k0.  Examination of (13) shows that for -n/2 < (C, + <j>) < n/2, 
oo 

the phase acceleration L, is greater than zero, and for n/2 < (C, + <j>) < 3n/2, it is less 

than zero. Electrons that begin their evolution along the undulator randomly spread in 

phase space from -n/2 to 3n/2, begin to bunch at (£, + <)>) = K/2 because of the 

differences in phase acceleration between the electrons surrounding n/2. 

As the electron beam and optical wave interaction evolves, the optical field 

strength passes from the weak field regime to strong fields. In weak optical fields 

la I«; TI:, bunching of electrons is very slight. In strong fields lal>rc, electron 

bunching occurs rapidly and the electrons begin to become trapped in closed phase- 

space orbits, the boundary of which is represented by the "separatrix." The bunched 

electrons that are trapped, after causing gain, then shift in phase to one which causes 

the electrons to begin to absorb energy from the optical field, the result of which is a 

decrease in the optical field gain. As the gain begins to diminish the laser is said to 

have reached saturation.  Gain is explained in detail in section 3 of this chapter. 

An example is seen in Figure 3 where the final positions of 3000 sample 
o 

electrons are shown in phase space. The electron phase velocity v, defined as v = £, 

is plotted on the vertical axis, and electron phase C, is plotted on the horizontal axis. 

The electrons' initial phase velocities are distributed in a Gaussian with standard 

deviation oe = 1 around v0 = 3. A number of electrons are trapped in closed phase- 

space orbits inside the solid line representing the separatrix. This is typical of a low 

gain oscillator in strong optical fields near saturation. The gain is plotted at the upper- 

right on a logarithmic scale from the beginning to the end of the undulator represented 

by x = 0 to x = 1, respectively. Note that saturation has been reached, marked by the 

decrease in gain near x = 1.   Strong optical fields are represented since the initial 



optical field strength a0 = 20 > rc.   The dimensionless current density j = 10 and the 

dimensionless energy spread oG = 1 are explained further in section 3 and 4, 

lllllll!lllllllWIIWIIllll»laill|.|illllllWIIIIIMlllllll 

371/2    0 X 1 

Figure 3.   A plot of FEL phase space evolution for low 

gain. 

respectively. There are N = 25 undulator periods and the optical phase is also shown 

in the lower-right portion of the figure. The optical phase is initially zero and steadily 

increases up to a final value of (j> = 0.15. 

2.       The Optical Wave Equation 

The pendulum equation, (13), governs the motion of the electrons in the 

undulator. The optical wave equation will now be developed so that the evolution of 

the complex radiation field can be described mathematically. The wave equation in a 

vacuum with no current density is of the form 

10 



c2dt2 
A{x,y,z,t) = 0 (14) 

where ^ = 1 d/dx + J d/dy + k d/dz and A is the vector potential from which Z: and £f 

may be derived by E* = (-1/c) dÄ/dt, and E$ = ^xÄ. A vector potential is selected in 

the form of a circularly polarized plane wave, 

X = —^—^[fsimy + / cosy] 

where E is the complex electric field. The vector potential can be written in the 

following form 

e 
k 

(15) 

where e= \E{lt,t)\ei^,t\ ty represents the optical phase, and 6 = (-/', 1,0) is the 

polarization vector. When evaluating (14) by substituting in (15), the slowly-varying 

amplitude and phase approximation is made. In this approximation, the field is taken 

to vary slowly in time during an optical period (E <s: coE , <j> «: ox])), and slowly in space 

over an optical wavelength (E «: kE , ()>'«; k§) where (') represents differentiation 

with respect to z. This is an appropriate assumption since an FEL emits a relatively 

narrow spectrum or linewidth. If the fields varied quickly, the emission spectrum would 

be broadband which is not the case. [Ref. 5] 

Using e(x,y,z,t) and evaluating (14) by using (15), yields 

\n+ik dz      c dt 
e{x,y,z,t) = 0 (16) 

where terms of e and e" have been ignored because of the slowly-varying amplitude 

and phase approximation, and Vx = t d/dx + j d/dy. The first term in (16) describes 

diffraction. A solution to the second term alone is of the form e= f(z-ct) where f 

represents any function. Using T = ct/L and defining z = z-ct, it can be found that 

d/dz + (1/c) d/dt = (1/Z.) d/dz where the z terms have cancelled. In dimensionless 

parameters the optical field is represented by a = la le/(t) which is of the same form as 

11 



e=\E\e'*.    The   dimensionless   optical   field   amplitude   la I = 4uNeKL \E\ltfmc2) 

includes the electric field amplitude.  Exchanging E for a, and including x gives 

2   l      L 3x 
a =0 (17) 

Again, the first term describes diffraction. If the two terms are comparable, then 

diffraction is important. If the first term is small in comparison with the second 

because the wave front is very wide, diffraction is not as important and can be 

ignored. 

To obtain a completely dimensionless wave equation, two dimensionless terms 

are defined as X = xik/(2L) and y = yVA7(2L). Using these terms ff = (k/2L)V2 

where Vf = d2/dx2 + d2/dy2. Using this in (17) gives the dimensionless parabolic wave 

equation 

7^ + £ a =0 (18) 

This derivation began assuming no current density was present.   In an FEL with an 

electron beam (18) becomes 

-tV^ + t -y<e-'^> (19) 

where L, = (k + k0)z - cor is the electron phase in the combined undulator and light 

fields, and j is the dimensionless current density, j = 8N(eKKL)2p/{-fmc2) described 

in detail in the next section on gain [Ref. 5]. Values of j vary a great deal from one 

FEL to another with an approximate range from unity to several thousand. 

In an oscillator FEL, the curvature of the resonator mirrors and diffraction play 

important roles in determining the shape of the optical mode. Spherical mirrors with 

j = 0 give rise to Gaussian optical modes and the solution to (19) is called a 

"Gaussian" beam because of the optical mode's transverse shape. This solution with 

j = 0 is 

12 



-r2        .A  ,. 

WZ(T)Z0 (20) 

and 

/-2(T - T J 
(^G(t) = -tan 1 + 

^o + (t " V) 

where w2(x) = 1 + (T - %W)2/ZQ , r = (x2 + y2)1'2 is the radial coordinate, z0 is the 

dimensionless Rayleigh length, <|)G(x) is the phase shift of the Gaussian mode, and %w 

is the position in i of the optical mode waist. For example, if iw = 0.5 then the optical 

mode waist is located at the midpoint of the undulator. The Rayleigh length is given 

by KWQ/X where w0 is the size of the optical mode waist. The Rayleigh length is the 

distance in which the initial optical mode area doubles in size. The dimensionless 

Rayleigh length is then defined as z0 = KWQ/(LX). This Gaussian beam represents an 

optical mode which contracts in the middle and expands at the ends and depends on 

the spacing and curvature of the mirrors. If the optical mode is a Gaussian, the initial 

phase velocity that yields resonance is shifted to v0 = 1/z0 instead of v0 = 0 when z0 is 

large.  [Ref. 6] 

In some cases, diffraction may not be important so that (19) simplifies to 

a=-j<e~^>   . (21) 

Now that the equations which govern the electron dynamics (13) and the optical wave 

(19) have been developed, the evolution of how the optical fields grow will be 

discussed. 

3.      The Gain Equations 

FELs can be designed to have either low gain, as in a typical oscillator design, 

or high gain, as in a typical amplifier design. Gain is simply the fractional change in 

power of the optical field in a single pass through the undulator. From the 

conservation of energy, an energy change in the electron beam must result in an 

13 



opposite energy change in the optical field. The gain may be calculated using the 

change in energy of the electron beam divided by the optical wave energy. 

The first step in in finding the average change in energy of the electron beam 

will be to find the change in energy of a single electron, Aymc2. This change in 

energy will depend on the change in phase velocity of the electrons with respect to 

time. The phase velocity is defined as v = \ and is v = L[{k+k0)$z-k]. Now a relation 

needs to be found between Ay and Av. Remembering that k » k0, then Av = L/cAßz. 

Now using N = L/l0, X = 2%/k, XQ = 2%/k0, and (10) gives Av = A/27i(2y2/(1+K'2))Aßz. 

Using (11), Av gives, 

AV = 4TCA/^  . (22) 
Y 

The change in energy of an electron becomes Aymc2 = ymc2Av/(4%N). 

The average change in energy of the electron beam, the change in phase 

velocity, Av, is the difference between the average phase velocity, <v>, and the initial 
o 

phase velocity, v0, of the electrons, Av = <v> - v0,. The relation v = C will be used to 

eventually obtain <v>. Using (13) in weak fields, C, can be expanded in powers of the 

optical field a0 so that £ = C(0) + C(1) + C(2) + ' ' ' • For the expansion, a(0) = a0 and 

v(0) = v0. So now C(0) = v0 and integrating with respect to % will give C(0) = v0x + Co- 

Now (13) will become £ (1) = a0cos(C(0)) = a0cos(C0 + v0x). Successive integrations will 

yield C(1) so that 

a0 
£ = Co + V0t "      2 

v0 

cos(Co + V0T) - cos(Co) + v0xsin(Co) + ...    . (23) 

All the terms in the expansion of £ can be found by repeating this sequence. To 

obtain v, only terms of C(0)> and terms of C(1) to first order will be kept ignoring (C(1))2 

and higher order terms.  Differentiating C, gives 
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v = v(°> + v<1> + v(2) + = Vn + 
v0 L 

sin(^o + V0T) - sinßo) (24) 

+ 
vo3 

cos(2£0 + 2V0T) - cos(2^0)  + COS(V0T) - 1 - v0Tsin(C0)cos(£0 + V0T) + . 

The next step will be to obtain <v> from (24). 

The average changes in phase velocity of an electron will be obtained by 

2« 

(1/2TC) \vdC,0 .  Using this to evaluate (24), the last term in (24) will be the only term to 

survive so that 

<v> = <v^> +  ■ ■ 
a0 

~ 2v0
3 

2COS(V0T) - 2 + v0xsin(v0x) + (25) 

This relation will be used to find Av in (22).  Now the average change in energy of an 

electron is 

2     ymc2(<v>-v0) 
Aymcr = - 

4%N 
(26) 

Before introducing the gain equation for low gain, the "filling factor" F, will be 

introduced which is the area of the electron beam divided by the area of the optical 

beam, F = rb / w2, where rb is the radius of the electron beam and w0 is the optical 

beam waist. This factor arises because only a fraction of the optical mode is filled with 

electrons and accounts for the fraction of the two beams which interact with each other 

and therefore affect the gain. Now the average change in energy of the entire electron 

beam will be (pFdV)(Aymc2) where p is the electron density and dV is the volume 

occupied by the optical mode one wavelength of light long. A typical value of 

p = 1012 cm-3 for a current of / = 100 A and rb ~ 1 mm. [Ref. 7] 

The radiation energy contained in a volume dV is 2E2dV/8-n [Ref. 7], so the 

gain equation is 

[pFdV][ymc2(<v>-\0)/(4nN)] 
G =- 

2E2dV/8n 
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This equation is true only for low gain since a0 has been held fixed when interpreting 

(23) and (24). In weak optical fields, C, can be expanded to obtain <v>, substituting 

(25) into (27)  and simplifying yields the following equation for low gain in weak fields, 

[ 2 - 2cos(v0x) - v0xsin(v0T)] 
I 

vo3 
(28) 

In (28), j = 8N(enKL)2pF/(Yimc2) is the dimensionless current density, and is the 

most important FEL parameter. Low gain corresponds to j < it and high gain 

corresponds to j s> K . 

An example of low gain in weak fields is shown in Figure 4.  The figure shows 

the final gain spectrum G(v0) at T = 1, the end of the undulator, plotted against the 

**** Gain Curve **** 
j=l     aQ=0.01     N=25 
Maximum gain at v = 2.6 

Gain 0.13 

0.0 

-0.13 

-12 12 

Figure 4.   The gain spectrum G(v0) for low current and 

weak fields. 

initial phase velocity v0. The dimensionless current density y = 1 < TI is in the low gain 

regime and the initial optical field strength a0 = 0.01 «: K represents a weak field. 

There are N = 25 undulator periods with a maximum gain of G = 0.13 at phase 

velocity v0 = 2.6.  The gain is anti-symmetric about the resonance v0 = 0, and positive 
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gain occurs for v0 > 0. For v0 < 0 the gain is negative which means the electron beam 

is absorbing energy from the optical wave. A shift in v0 = 2n can cause a shift from 

positive gain, amplification, to negative gain, absorption. 

The development of the gain equation for large j :» % requires the use of the 

wave equation, because the optical field grows rapidly. The expansion performed to 

obtain the low gain equation cannot be used.  For high gain, the governing equation is 

G(T) = ±e[(y/2)"3V3x] 
9 

(29) 

from [Ref. 8].   The gain is exponential in i along the undulator with growth rate 

proportional to y'1/3.  For high gain, the growth rate can be very high. 

An example of high gain in weak fields is shown in Figure 5. The figure shows 

the final gain spectrum G(v0) at T= 1, the end of the undulator, plotted against the 

initial phase velocity v0. The dimensionless current density y = 1000:»7t is in the 

high-gain regime with N = 200 undulator periods which is typical of an FEL amplifier. 

****   Gain Curve   **** 
j=1000 a =0.01   N=200 o 
Maximum gain at v = 0.5 

4.2X104 

0.0 

Figure 5.  The gain spectrum G(v0) for high current and 

weak fields. 
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The maximum gain of G = 4.2x104 occurs near resonance,   v0 = 0 and the gain 

spectrum is almost symmetric about resonance. 

4.       Electron Beam Quality 

One of the basic components of every FEL is some type of electron gun and 

accelerator. This initial production of electrons is important to the resulting output of 

the FEL. There is a tradeoff between high beam current and good beam quality; 

increasing beam current often comes at the expense of beam quality. The 

dimensionless current joe IN3 where / is the actual current and N is the number of 

undulator periods, so increasing the number of undulator periods would be an 

approach to increasing j [Ref. 9]. However, an FEL with a longer undulator is more 

sensitive to beam quality than a shorter undulator because of the narrow gain 

spectrum bandwidth. 

To represent the angular distribution of electrons about the z-axis, ae is defined 

as 

Ge = T7F- (30) 

where 6 is the root mean square (rms) injection angle of an electron.  The distribution 

of the electrons in position is represented by 

o«=Virr° <31) 

where r0 is the rms distance of the electron from the z-axis. [Ref. 9] 

A term commonly used to describe beam quality is emittance. The rms 

emittance is defined as erms =%QT0. It turns out that the emittance is a constant 

along the length of the undulator [Ref. 10], so decreasing the electrons injection angle 

0 results in an increased displacement from the z-axis, T0. Using (30), (31), and (10) 

the definition of emittance becomes erms = nke where 
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e = -°±J- (32) 
71 

is the dimensionless emittance. Another useful definition of emittance is normalized 

emittance defined as 

£/v = "firms   . (33) 

which is usually stated in units of n mm-mrad. 

While emittance determines beam quality in the transverse direction, it does not 

correspond to the beam's longitudinal distribution. The term which describes this 

longitudinal spread is 

oG = 4nN^L     , (34) 
Y 

where Aymc2 is the rms change in energy of an electron from the resonance energy 

[Ref. 9]. The longitudinal spread corresponds to an energy spread in the electrons. 

Electrons do not all enter the undulator perfectly but are randomly distributed in 

both the longitudinal and transverse directions. A Gaussian distribution of the 

electrons is assumed of the form 

e"2c2 

f-(*) = 4=— (35) 

where a is the standard deviation and x is the parameter which is being distributed 

[Ref. 9]. An example of the effect of beam quality on an FEL is shown in Figure 6. As 

with Figure 3, this phase space evolution is generated by solving the pendulum 

equation (13) and the wave equation (21) numerically. The dimensionless current 

density / = 10 is at the low end of the high gain regime and strong fields are 

represented by the initial optical field strength a0 = 20 > %. The initial phase velocity 

is v0 = 3 with N = 25 undulator periods. The longitudinal energy spread cG = 4 is 

increased from cG = 1 in Figure 3. This degradation in beam quality causes less 
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bunching which is visible when comparing Figure 3 to Figure 6.  The energy spread is 

responsible for a decrease in final gain to G = 0.1 and a smaller optical phase shift <\>. 

* * * FEL Phase Space Evolution *** 
j=10 a =20   v =3    N=25 o       o 
aG=4 

20 

-20 
-7T/2 S 

IniTinmnm rmim mnnnim imi im mi imninnntiiium urn HHtmimi IHI mi ill 

3K/2    OX 1 

Figure 6.   A plot of FEL phase space evolution for low 

gain with electron beam degradation. 

While gain is the fractional increase in the optical field la I2, the FEL efficiency 

is the fraction of the electron beam energy extracted by the optical wave. The 

"natural" efficiency of an FEL as it reaches saturation is r\' = 1/(2A/). If N is increased 

to increase gain, the efficiency is decreased. Ultimately, the true efficiency of an FEL 

is simply the ratio of the power taken from the electron beam compared to the initial 

power in the electron beam. [Ref. 11] 
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5.      The Tapered Undulator 

As an FEL reaches saturation the electrons have given up enough energy so 

that they are no longer in resonance with the optical wave and gain decreases. 

Tapering an undulator changes the undulators' resonance condition along the length of 

the undulator so the electrons remain in resonance longer, hence increasing the 

overall gain in strong fields. Tapering can be done by decreasing the undulator 

wavelength A,0 in the z-direction, or decreasing the magnetic field strength B, or both. 

Tapering essentially has the same result as accelerating the electrons. So, tapering 

acts as an artificial acceleration to the electrons. This artificial acceleration is 

represented by a dimensionless parameter 8. When XQ is decreased, this artificial 

acceleration is given by 8 = -27tA/A>i0/A,0 and when the undulator field strength is 

decreased it is given by 8 = -4%NK2kBlB{'\+K2). Some criteria for tapering must be 

met and are summed up in the following relations as 

lal>8> 4lal1/2> 2%   . (36) 

The tapered undulator is more efficient in strong optical fields than an untappered 

undulator. This is where the taper is designed to be effective. However, a tapered 

undulator has lower gain in weak optical fields than an untapered undulator. The 

efficiency of a tapered undulator is estimated by as r|5 = S/(8TC/V). For example, if 

8 = 20% and N = 100 periods, then ri5 = 5/(2/V) while the natural efficiency is only 

Tj* = 1/(2/V). So tapering, in this case, has increased the efficiency by a factor of 5. 

Tapering is a way to obtain higher overall gain in strong fields and higher efficiency. 

[Ref. 12] 

An example of the tapered undulator in strong optical fields is shown in Figure 

7. This example is based on a regenerative amplifier design developed by the FEL 

group at NPS and presented at the MW workshop September 24-26, 1996, in Newport 

News, VA. A regenerative amplifier FEL is basically the same as an amplifier FEL. 

The difference is that a regenerative amplifier takes approximately 1% to 10% of the 
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optical field (0.01% to 1.0% of the optical power) from the end of the undulator and 

feeds this back to the beginning of the undulator. The light that is fed back is 

focussed at the front of the undulator. This design is based on an undulator length 

L = 8 m, peak current of 600 A, and a goal for gain G > 1000.  The dimensionless 

***   FEL  Phase  Space Evolution  *** 
j=6000 a.=60        v_=0 N=200 

GG=2 

a  =60 o 
8=1607t 

vo=0 

500 

-500 liii«iiiliiiini«!ii»i«nmii««nl 

-7C/2 C, 371/2    OX 1 

Figure 7.   A plot of FEL phase space evolution for high 

gain in strong fields with a tapered undulator. 

current density / = 6000»rc is in the high gain regime and strong fields are 

represented by a0 = 60 > n. As seen in Figure 5, the phase velocity for maximum 

gain occurs at resonance, v0 = 0. The number of undulator periods, N = 200 is typical 

of an FEL amplifier and the Gaussian spread GG = 2 is nominal. The tapering 

parameter 5 = 160TC turns on at x = 0.3 and results in final gain of G ~ 1000 and 

extraction efficiency T| = 11%. Gain is roughly exponential from x = 0.1 to x = 0.3 

where the taper turns on, and is represented by a straight line on the log plot. 

Saturation is then reached, but tapering allows gain to still increase slowly instead of 
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decreasing, after saturation, as in Figure 3. The trapped electrons are responsible for 

gain and are shown inside the separatrix. The untrapped electrons near v = 400 are 

shifted in phase velocity by the tapering whereas the trapped electrons remain near 

resonance because of strong fields. The optical phase shift A<t> = 1 .5TC over the length 

of the undulator is characteristic of high gain. This phase shift is plotted in the lower 

right-hand portion of the figure. A value of <j> > % is represented by a negative value of 

phase. The actual value for § in this example simply continues to grow from <|> = % to 

<|> = 1.571. 

Normally, natural diffraction of light would cause the optical field to expand in 

the transverse direction over the long propagation length of this undulator. If this 

occurred, the electron beam would become uncoupled from the optical field and the 

FEL interaction would stop. High current density of the electron beam, as seen here, 

causes light to focus back down on the electron beam, hence counteracting diffraction. 

The phase shift imposed by diffraction is opposite to the phase shift resulting from the 

high current. This effect is termed optical guiding [Ref. 13]. The large optical phase 

shift in Figure 7 represents optical guiding which is an important part of a high gain, 

high current FEL. 

23 



24 



III. MW-CLASS FREE ELECTRON LASER 

A.       FEL PARAMETERS 

In order to destroy an incoming missile, the laser power required on the missile 

surface is about 2 kW/cm2 over a w0 ~ 6 cm radius spot for a 3 second duration. The 

extinction coefficient due to aerosols at sea level is a ~ 0.05/km, and e~az estimates 

the power remaining at X ~ 1 (im wavelength over a distance z. For an example, 

assume an oscillator FEL with N = 25 periods, a peak current / = 600 A, a pulse 

duration of 3 ps, and a repetition frequency of 500 MHz. For X ~ 1 urn with a nominal 

undulator period of ^0 = 4 cm and an assumed undulator parameter K = 1, (10) yields 

an electron beam energy ymc2 = 100 MeV. The duty factor for this example is 

D = (3 ps)(500 MHz) = 0.0015. The average current is 7~ = Df = 0.9 A which is much 

higher than typical FELs. To calculate the laser power which must leave the ship's 

FEL to destroy the missile at a range of z = 8 km, the following steps are taken. The 

power required to destroy the missile is Pd = 226 kW. The relationship between the 

power leaving the ship and the power arriving at the missile is Pd = Pshjp e_az. 

Therefore, the laser power which must leave the ship is Pship = 338 kW. The electron 

beam peak power is P = IV = (600 A)(100 MeV) = 60 GW which gives an average 

electron beam power of P - TV = 90 MW. The efficiency necessary to destroy an 

ASM is T| = Pshjp/P = 0.004. An approximation for the natural single-pass efficiency of 

an FEL is r\' = 1/(2/V) = 0.02 which is better than the required efficiency. Therefore, 

this example gives the required power density to destroy a missile. This type of 

calculation is the main driving factor in determining the FEL parameters for a possible 

weapons class FEL. 
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B.       REVIEW OF MW WORKSHOP 

One threat to all Navy ship's is an attack with an anti-ship missile (ASM). 

These weapons are part of the arsenal of many countries around the world, so the 

threat is real. These missiles are very fast and have a small radar cross section which 

makes them hard to detect. The Navy is performing more operations where a sole 

ship is sent to do a mission. An example is current anti-drug operations where a 

single ship operates close to shore for weeks at a time. Each ship must be capable of 

defending itself from ASM's. For these reasons, an ASM is not something a battle 

group can be expected to defend individual ships against. Today, almost every US 

Naval ship has one or more PHALANX guns on board, the purpose of which is to 

defend the ship against an ASM attack. This is an illustration of how real the ASM 

threat has become. 

The current close-in-weapon-system (CIWS) weapon system has been tested 

against actual missiles. The author's opinion is the CIWS is very capable of 

destroying an ASM. However, there is still a major problem with the PHALANX gun. 

The ASM is destroyed at such a close range that most of the debris, and a significant 

amount of energy, strikes the ship [Ref. 14]. While this may or may not be better than 

the intact ASM striking the ship, the ship is ultimately damaged by the ASM, which is 

the intent of the enemy. 

In an effort to replace this current weapon system, the Navy is exploring the 

use of an FEL as a ship self-defense (SSD) weapon. The range at which an ASM can 

be engaged increases from a few hundred meters to about 5-10 kilometers when a 

laser is used in place of the PHALANX gun. It has been estimated that it would take 

about 3 seconds for a laser beam to burn a hole in a missile cone. Because of the 

missile's high speed, this hole would cause the missile to self destruct as a result of 

the reduction of aerodynamic properties and the ensuing forces this causes. Even for 

a missile traveling at Mach 3, if it is engaged at 5 km it will only have closed to a 
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range of approximately 2 km after the 3 second duration. Consequently, an FEL 

would keep the ship from being damaged by the ASM, thereby defeating the enemy's 

attempt. 

An FEL is of interest for many reasons. A high power laser, on the order of a 

MW, will be required to destroy an incoming ASM. It is believed by commercial 

industry and the scientific community that high average powers can be achieved with 

FELs. Any SSD laser system will have to propagate in a maritime atmosphere where 

there are certain windows of propagation available. Being able to design the laser 

weapon system to a very specific wavelength is advantageous. The optical 

wavelength X of an FEL can be chosen by (10). If actual tests show that the desired 

wavelength is slightly different than originally believed, then modifying an FEL to adapt 

to the new wavelength is a relatively minor task. This ease of re-design is true for 

FELs but not for other lasers. For these reasons, the Navy is considering an FEL for 

ship self-defense. 

Currently, an infrared kilowatt FEL is under construction at Thomas Jefferson 

National Accelerator Facility (TJNAF) in Newport News, VA. This project, which has 

military as well as industrial applications, seeks to prove that a high average power 

FEL is a real possibility. In April 1996, the KW FEL project was started with US Navy 

funding. The Navy believes this laser will provide the Navy and the scientific 

community enough knowledge to be able to advance the FEL technology into a 

compact weapon design for ship self-defense. 

The Navy sponsored a MW class FEL concepts workshop at TJNAF on 

September 24-26, 1996. There were 57 attendees from government, national labs, 

universities, and industry. The tasking statement for this workshop was, "The 

workshop is to develop material for incorporation in a SSD FEL Systems Engineering 

Management Plan, and is to define baseline concepts and technology options for 

subsequent system performance and cost trades." [Ref. 15] While the Navy is not yet 

ready to construct a weapons class FEL, the meeting was designed to discuss the 
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feasibility of this idea, and to bring out some of the possible pitfalls which must be 

overcome. Out of the workshop came two possible designs which are discussed in 

the next section. 

C.       WORKSHOP RESULTS 

Two conceptual designs came from the workshop. One design is an oscillator 

and the other is an amplifier. While these are very different approaches to a weapons 

class FEL, both are proposed to achieve the same goal. The goal is to produce 

enough average power to propagate energy through the atmosphere and burn a hole 

in a missile 5 to 10 km away. These two basic FEL designs evolved from a 

culmination of ideas presented at the workshop. 

The typical FEL oscillator design uses mirrors and small extraction efficiency to 

obtain the desired optical field strength. A simple schematic of the oscillator design is 

shown in Figure 8. The FEL depicted in Figure 8 has an overall length of 16.5 meters 

1% Extraction 
1 m 

1 MWIR 
6MWRF 

5 m 

16.5 m 

Figure 8.   This is a conceptual MW class oscillator FEL. 

From [Ref. 15]. 
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and a width of 5 meters. A uniform undulator only 1 meter long is responsible for 1% 

extraction efficiency. One unique characteristic is the fact that this design makes use 

of energy recovery. This concept involves extracting energy from the ymc2 = 100 MeV 

electron beam in the undulator. Then, before sending the electrons to the beam 

dump, they are decelerated. This deceleration allows the energy, which would 

otherwise be dumped, to be partially recovered. In the process, the electrons travel 

around a race track vacuum chamber. The same accelerator is used to decelerate 

and recover most of the left over beam energy. The design in Figure 8 has an 

average current T= 1 A. The input power is (1 A)(100 MeV) = 100 MW but 95 MW 

are recovered. With the output of 1 MW optical power this system requires a total 

input RF power of 6 MW. 

In the oscillator, the optical field increases gradually as the light bounces 

between the cavity mirrors. The optical field reaches high power which requires the 

mirrors to withstand high power density on their surface. If the power density on the 

mirrors is too high, mirror damage will occur. The power density placed on the mirrors 

can be reduced by designing the oscillator FEL with a short Rayleigh length [Ref. 16]. 

Depending on the design, the mirrors may or may not be at risk. 

An advantage of the oscillator design is that it appears to result in a more 

compact overall design. Space is critical on a ship so a smaller, but just as capable 

weapon, is a benefit. However, the overall volume of the oscillator and amplifier may 

be about the same. 

The fact that the oscillator design relies on energy recovery brings about both 

advantages and disadvantages. Extracting energy from the electrons leads to a 

smaller beam dump. On a ship, disposing of high energy electrons can be a problem. 

Radiation is given off during deceleration. This radiation can be harmful to both 

personnel and equipment if the beam is above 15 MeV energy. Shielding people and 

equipment from this radiation involves adding weight to a ship which is a great 

concern.  So, the lower the energy of the electron beam entering the beam dump, the 
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better. To date, energy recovery has never been performed. One of the goals of the 

infrared kilowatt FEL at TJNAF is to demonstrate energy recovery. Another potential 

problem which stems from energy recovery is having to transport the high energy 

electron beam around a bend with the energy spread imposed by the FEL interaction. 

Electron beam transport is the subject of Chapter V. 

The regenerative amplifier design uses a longer undulator and relies on higher 

extraction efficiency to achieve high average power. A simple schematic of the 

regenerative amplifier design is shown in Figure 9. The FEL depicted in Figure 9 has 

2m 9 m 1 m 6 m 5 m 

4*e®f&U'8l&e$&l!mS&*seiSm¥ 

5MeV 
0.05 A 

lOOMeV 20% Extraction 1MWIR 
0.05 A 5MWRF 

Vi 
23 m 

Figure 9.   This is a conceptual MW class amplifier FEL. 

From [Ref. 15]. 

an overall length of 23 meters. A 6 meter long undulator is used to achieve 20% 

extraction efficiency from the 100 MeV electron beam. The undulator is uniform during 

the first half and tapered during the second half in order to achieve the higher 

extraction efficiency. The regenerative amplifier uses mirrors to feedback a small 

amount of the optical beam power which is then focused at the beginning of the 

undulator. At the end of the system, the high energy electron beam is diverted to a 

beam dump. The design in Figure 9 has an average current T = 0.05 A. This requires 

approximately 5 MW of input RF power and provides 1 MW of optical power in the 

infrared (IR) just as the oscillator design. 
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The amplifier design has advantages and disadvantages. This design does not 

use energy recovery so there is no requirement to bend the high energy beam. The 

bending may cause deterioration of the electron beam quality. Without energy 

recovery the electron beam is dumped at higher energy, which is a disadvantage. 

Even though there is no energy recovery in this design, the required RF power is 

similar to that in the oscillator design. Higher extraction efficiency requires a high 

quality electron beam and producing a high quality electron beam can be difficult. 

The two proposed MW designs include approximate parameters which describe 

them. These parameters are being improved based on knowledge obtained through 

computer simulations and experiments. The parameters which resulted from the MW 

workshop for both the oscillator and amplifier designs are listed in Table 1. The two 

Parameters Oscillator Amplifier 

Beam Energy 100 MeV 100 MeV 

Average Current 0.9 A 0.05 A 

Extraction Efficiency 1% 20% 

Undulator Type Linear Tapered 

Undulator Parameter 1.0 1.0 

Undulator Length 1 m 6 m 

RF Power 6MW 5MW 

Optical Power (IR) 1 MW 1 MW 

Table 1. These are the MW ship self-defense parameters 

for the two proposed FEL designs. 

designs have the same beam energy and they propagate the same wavelength 

radiation.  They are different in most all other parameters. Typical FEL parameters are 
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listed throughout the theory chapter, Chapter 2. When comparing typical parameters 

with those for the MW designs in Table 1, the only real difference is found in the 

average current. The MW designs have a much higher average current, hence the 

resulting higher average power. Otherwise, the parameters listed are similar to any 

other FEL in the world. 
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IV.    MW REGENERATIVE AMPLIFIER FEL 

A.        DESIGN PARAMETERS 

In the previous chapter, two proposed MW FEL designs are discussed and the 

parameters for the two designs are listed in Table 1. These parameters resulted from 

the Navy's MW meeting held in September 1996. Improvements have been made to 

each of the designs. Much of the work to optimize the oscillator design was 

conducted by the FEL group at NPS through computer simulations, the results of 

which are in Ref. 17. The regenerative amplifier design has been proposed by LANL 

and Boeing with the analysis being performed at NPS. An analysis of the regenerative 

amplifier parameters is the topic of this chapter. 

The design parameters for the MW regenerative amplifier (Figure 9) have 

evolved into two cases [Ref. 18]. Each is intended to provide the average optical 

power required to destroy an incoming anti-ship missile. The following parameters are 

common to both cases: the electron beam energy of 100 MeV, the normalized 

emittance of 6TI mm-mrad, and the rms energy spread which is Ay/y = 0.02%. In 

addition the electron beam energy (chosen to reach the 1 |xm optical wavelength), the 

electron beam radius (0.17 mm), peak current (400 A), and pulse duration (20 ps) are 

common features. In each case, 4 m and 6 m long undulators are used in which the 

first half is uniform and the second half is tapered. These regenerative amplifiers will 

feedback on the order of 0.1% to 1% of the optical power and require an extraction 

efficiency of approximately 10% to 15%. These parameters are common to the two 

cases. 

In case 1, the undulator parameter K = 1.49, the undulator period X0 - 2.5 cm, 

and the gap is 5.3 mm. The gap is the distance between the upper and lower portion 

of the undulator and affects the strength of the magnetic field at the midpoint of the 

gap.  The optical beam radius in the uniform section is 0.3 mm and there are N = 160 
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undulator periods. The single pass gain is expected to be about 1000. Case 2 is 

more aggressive because it has a smaller gap size of 2.3 mm, a larger undulator 

parameter K = 1.71, and a shorter undulator period X0 = 2.0 cm. The optical beam 

radius in the uniform section is 0.25 mm and there are N = 200 undulator periods. 

This more aggressive design predicts single pass gain around 14,000. These 

parameters are listed in Table 2. 

Parameters Case 1 Case 2 

Beam energy 100 MeV 100 MeV 

Beam radius 0.17 mm 0.17 mm 

Pulse duration 20 ps 20 ps 

Peak current 400 A 400 A 

K 1.49 1.71 

XQ 2.5 cm 2.0 cm 

N 160 200 

X 1.045 |im 1.045 \im 

Extraction efficiency > 15% > 15% 

Single pass gain - 1000 - 14,000 

Table   2.    Parameters   for  the   MW   regenerative   amplifier   designs 

developed at LANL. 

B. SIMULATIONS AND RESULTS 

Computer simulations are used as an evaluation tool. One-dimensional 

simulations are used to describe a single pass of the optical wave through the 

undulator. The regenerative amplifier feeds back from 1% to 0.1% of the optical 

power, so we require the simulation achieve gains of G ~ 100 to G ~ 1000 in order to 
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operate in steady-state. The initial optical field a0 is varied to achieve the desired 

gain. These simulations attempt to represent steady-state operation of the 

regenerative amplifier. The amount of taper in the undulator is determined by 8, the 

dimensionless artificial acceleration defined just above (36). The tapered undulator 

causes a shift in the phase velocity v away from resonance for the untrapped 

electrons. The electrons inside the separatrix are trapped and therefore responsible 

for gain. The taper turns on at the most efficient point along the undulator in order to 

maximize extraction efficiency. These two parameters a0 and 8 are varied until the 

maximum possible extraction efficiency is obtained for gains of 100 and 103. The 

results for each case are given below. 

1.       Case 1 

The parameters for case 1, listed in Table 2, are used to derive dimensionless 

quantities. These dimensionless parameters are input into the computer simulation 

and the values of a0 and 8 are varied to optimize efficiency. The dimensionless 

current density is ;' = 1500 with N = 160 undulator periods. The electrons start on 

resonance, v0 = 0, to maximize high gain consistent with Figure 5. The small 

Gaussian spread cG = 0.4 represents an energy spread of 0.02% as seen from (34). 

In this simulation, the taper 8 = 70TC turns on at x = 0.5. A large optical phase shift 

A<|> = 2K, typical of a tapered undulator with high gain and strong fields, is similar to 

that of Figure 7. The best result for case 1 is final gain G ~ 1100 and extraction 

efficiency -p. = 4% given by a0 = 15 and 8 = 70rc shown in Figure 10. Increasing a0 

tends to cause a decrease in gain while decreasing a0 tends to increase gain. 

Increasing or decreasing 8 primarily modifies the efficiency. Increasing 8 beyond the 

optimum value tends to trap fewer electrons and reduce efficiency. Decreasing 8 

lower than the optimum value does not make full use of tapering and also reduces 

efficiency.  Gain is defined as 
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G = 
la,l2-a0

2 

ao2 
(37) 

where \af i2 is the final field and a0 is the initial optical field strength. Assuming large 

gain G » 1 gives 

af = aQ-(G     . (38) 

In case 1, af =500 which means that if approximately 3% of the final optical field 

(0.1% of the power) is fed back and focussed at the beginning of the undulator, this 

system could operate in steady-state. While this feedback is reasonable, the 

extraction efficiency is substantially lower than the desired 15% indicating potential 

problems with this design. 

*** FEL Phase Space Evolution *** 
j=1500 a =15   V =0    N=160 o       o 
OG=0.4 5=7071   r)=4S£    G=1130 

200 

-200 

-TC/2 3TC/2    0 

Figure 10.   Phase space evolution for the regenerative 

amplifier, case 1, with a 4 meter undulator. 
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1 

In an effort to obtain r\ - 15%, it was mutually decided by LANL and the FEL 

group at NPS to increase the length of the undulator in this design from L = 4 m to 

L = 6 m. The dimensionless parameters are again calculated to be used in the 

simulation. The increased undulator length is responsible for the increased values of 

current density to j = 5000 with N = 240 undulator periods and energy spread 

cG = 0.6. High gain / » n, dictates v0 = 0 once again. In this simulation, the taper 

turns on at x = 0.3 and the stronger taper causes a larger difference in phase velocity 

v between electrons which are trapped and those which are not. This difference is 

seen when comparing the v versus L, portion of Figures 10 and 11. The optical phase 

shift also occurs earlier in Figure 11 than the phase shift of Figure 10. The same 

previous steps are taken and the best results are final gain G ~ 1000 and extraction 

efficiency reached TI = 8.6%. This result is represented in Figure 11 where a0 = 51 

and 8 = 1507L The maximum efficiency for any value of gain in Figure 11 is r\ - 8.6%. 

As stated previously, increasing a0 tends to cause a decrease in gain while 

500 

-500 

*** FEL Phase Space Evolution *** 
j=5000    a =51   V =0    N=240 a =51 o vo=o 

GG=0.6 8=1507:  Tl=8.6%  G=1025 

371/2 

Figure  11.   Phase space evolution for the regenerative 

amplifier, case 1, with a 6 meter undulator. 
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decreasing a0 causes gain to rise. When 5 is altered from its optimum value fewer 

electrons are trapped decreasing efficiency. The values of gain and initial optical field 

strength give af = 1630 so the required feedback is still approximately 3%. Even 

though gain is at the desired level, the extraction efficiency r\ is still less than the 

predicted 15%. 

In another effort to reach 15% efficiency, the final gain is decreased from 1000 

to 100. This is done by increasing both a0 and 8. Increasing a0 represents more 

feedback and stronger fields throughout the undulator, which leads to lower gain. It 

was expected that increasing a0 would increase the trapping efficiency and therefore, 

the overall efficiency. The optimum case yielding the greatest efficiency is shown in 

Figure 12 where a0 = 122 and 5 = 122rc. The other parameters are the same as those 

in Figure 11.  The taper starts at x = 0.23 which is similar to the taper start in the 

500 

-500 

* * * FEL Phase Space Evolution *** 
j=5000 a =122  V =0    N=240 o       o 
OG=0.6 8=12271  T|=7.8Ss  G=163 

-7t/2 

Figure 12. Phase space evolution for the regenerative 

amplifier, case 1, with a 6 meter undulator and gain 

G = 100. 
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previous figure. The result is G = 163 and r| = 7.8%, actually lower than the efficiency 

obtained when G > 1000. Increasing or decreasing either a0 or 8 has the same 

results as in the previous two trials. The reason for the decrease in efficiency here is 

that fewer electrons are trapped when the gain is lower. So, for case 1, the optimum 

results are represented by Figure 11 where a0 = 51, 5= 1507t:, G = 1025 and 

r| = 8.6%. 

2.      Case 2 

The same procedures followed in case 1 are now followed for case 2. The 

parameters used to develop dimensionless quantities are taken from the beginning of 

this chapter and Table 2. The goals for this design are large gain of G > 14,000 and 

high efficiency of r| = 15%. In the simulation, the dimensionless current density 

j = 3100 with N = 200 undulator periods, and energy spread oG = 0.5. As in case 1, 

the maximum efficiency found in computer simulations is lower than predicted. The 

optimum values found are given in Figure 13 where a0 = 7 and 8=110TC. These 

results are G = 15,400 and r\ = 4.7%. As in case 1, increasing a0 tends to cause gain 

to decrease and decreasing a0 results in increased gain. Changing 8 from the 

optimum value 11 Ore results in a decrease in efficiency. When 8 is too high, fewer 

electrons are trapped reducing efficiency. When 8 is too low, the taper is not being 

taken full advantage of which also reduces efficiency. The taper 8= 11 Ore starts at 

T = 0.5. The calculated value for the final optical field af ~ 870 corresponds to about 

1% of the optical field being fed back to the beginning of the undulator. 

To obtain maximum efficiency, the goal of G > 14,000 is dropped. Varying 

both a0 and 8, the maximum efficiency is found at a0 = 30 and 8 = 11 Ore. The result is 

given in Figure 14 where gain is G - 1177 and efficiency is T| = 6.6%. The taper in 

this simulation starts at x = 0.36. The increase in a0 from 7 to 30 decreases gain so 

that the final field is af ~ 1029.  If 3% of the field is fed back, this design could run in 
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* * * FEL Phase Space Evolution *** 
j=3100 a =7    v =0    N=200 o       o 
OG=0.5 5=1107:  T|=4.7%  G=15400 

300 

-300 

3TC/2    0 

Figure 13.   Phase space evolution for the regenerative 

amplifier, case 2, with a 4 meter undulator. 

steady-state.   However, this FEL does not produce the predicted extraction efficiency 

of 15%. 

As in case 1, the undulator length is increased to 6 meters to try and obtain a 

higher efficiency. The longer undulator increases j to 10,400, increases the number of 

undulator periods to N = 300, and increases cG to 0.8. A stronger taper 8 = 245TC is 

used to obtain the maximum efficiency. The taper starts earlier at % = 0.23. The 

stronger taper causes a larger difference in phase velocity v between the trapped and 

untrapped electrons. The gain is also changed to G > 1000. The result of these 

simulations is shown in Figure 15 where G = 1554 and r| = 12.2%. The increased 

undulator length gives a higher value of the final optical field af - 3150. Therefore, 

with the same feedback of 3% of the field as in Figure 14, the value for the initial field 
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300 

-300 

***   FEL  Phase   Space  Evolution  *** 
j=3100          a   =30        V   =0           N=200 o                 o 
aG=0.5          8=11071       T[=6.6%      G=1177 

£:>^^r^               r"^"T~: 

ln(l+G) 

1\ ■■■■■■■■■■■■■■■■flniii 

10 

-TC/2 37C/2    0 

Figure 14. Phase space evolution for the regenerative 

amplifier, case 2, with a 4 meter undulator and no 

particular required gain. 

is a0 = 80. As with the previous two trials in this case, altering the optimum values of 

a0 and 8 has the same results on gain and efficiency as before. This case nearly 

achieves the required goal of 15% efficiency and is the most promising. The reason 

for higher efficiency here is that a higher percentage of electrons become trapped with 

G = 1000 

As with case 1, the required gain is reduced from 1000 to 100 to try for higher 

efficiency. Again, the highest efficiency is found with G > 1000 instead of G > 100. 

The same parameters are used as in Figure 15 except for a0 and 8. Also, the taper 

starts at x = 0.17 which is a little earlier than in the previous figure. The final gain is 
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G = 139 and the efficiency is r\ = 10% with initial field a0 = 243 and taper 5 = 175TC, as 

shown in Figure 16. 

800 

-800 

***   FEL  Phase   Space  Evolution  *** 
j=10400       a  =80        V   =0           N=300 o                 o 
aQ=0.8         5=2457:      r| = 12.2%   G=1554 

'-.,-.■ -, ■?--y. ■•••■•/•••.■•' ••'..::-.--r-:: ■• ,:r~r "•;• :■':■■l •^••"•- 

ln(l+G) 

——                                                      ---—7^~~      ''-"-'. *-..L   * "'*- 
J>-                  S=~                                      (              fr ■*•■>•** 
                                              ^~-~_^_j7^ V-ir;-*-. ^—. —■ 

-7C/2 C 

10 

371/2    0 X 

Figure 15. Phase space evolution for the regenerative 

amplifier, case 2, with a 6 meter undulator and required 

gain of 1000. 
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800 

-800 

*** FEL Phase Space Evolution *** 
j=10400   a =243  v =0    N=300 o      o 
o  =0.8 §=1757t      r|=10%        G=139 

-71/2 

ln(l+G) 

3TC/2 

Figure 16. Phase space evolution for the regenerative 

amplifier, case 2, with a 6 meter undulator and required 

gain of 100. 

C. FUTURE ANALYSIS 

One-dimensiona! computer simulations indicate that the two cases for the MW 

amplifier design will not yield the predicted extraction efficiency of -q = 15%. In the 

previous section, variations of the two cases gave values for the efficiency ranging 

from r\ = 5% to r\ - 12%. It remains to be determined if 15% efficiency is actually 

necessary or if a somewhat smaller value is acceptable in the FEL weapon design. A 

lower efficiency would require higher beam current to achieve the same optical power. 
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The resulting values for gain and extraction efficiency obtained in the previous 

section may actually be over estimated, as they do not include the effect of diffraction 

of the optical beam. The definition for the filling factor given in Chapter II is 

F = r£lw% . The actual values used were F = 0.3 for case 1 and F = 0.4 for case 2, 

obtained from the original definition of the filling factor. If diffraction of the optical field 

occurs, then this definition of the filling factor is incorrect. When diffraction is present, 

the optical field will expand in area and decouple from the electron beam. From 

Chapter II, the dimensionless Rayleigh length is z0 = nw§/(L\). Case 1 gives a value 

of z0 ~ 0.07 where the optical beam radius in the uniform section is 0.3 mm, the 

undulator length L = 4 meters, and the optical wavelength X = 1.045 \xm. For case 2 

z0 = 0.05. With such a short Rayleigh length, the optical beam would naturally expand 

in radius by a factor of = 20 by the end of the undulator. The optical wavefront would 

effectively uncouple from the electron beam 10% to 20% along the undulator, greatly 

reducing gain and efficiency. This FEL design relies heavily on optical guiding, 

discussed at the end of Chapter II, to keep the optical beam focussed near the 

electron beam. Therefore, further analysis of diffraction is suggested. 
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V.    ELECTRON BEAM TRANSPORT 

A.       REVIEW OF TRANSPORT WORKSHOP 

In chapter HI, the results of the Navy's ship self defense FEL workshop are 

discussed and two possible MW FEL designs are compared. The two designs are the 

oscillator design and the regenerative amplifier design which both have strengths and 

weaknesses. One characteristic specific to the oscillator design is energy recovery. 

While energy recovery is an advantage, it requires transporting a high energy bunched 

electron beam around four 180° bends. Imposing this bend on such a beam may 

cause coherent synchrotron radiation (CSR) to decrease beam quality. This effect has 

sparked Navy interest in CSR. 

The Navy is not the only party interested in these results. Two other 

communities are commercial industry and high energy physics. A high-average-power 

FEL is of interest to commercial industry for use in surface processing of materials with 

ultra-violet (UV) light. This application is believed to have global markets totaling 

hundreds of billions of dollars [Ref. 19]. Energy recovery is a must for industrial 

applications because it drives down the cost of light produced by increasing overall 

system efficiency. It also eliminates the massive radiation management program 

required by a high energy beam dump. The application in the field of high energy 

physics is in particle beam colliders. Therefore, there are many reasons for gaining 

understanding of CSR's effect on beam quality. 

The anticipated problem is that of a short electron bunch experiencing an 

acceleration and radiating coherently. The wavelength of the radiation is slightly 

greater than the bunch length, typically 1 mm to 1 cm. This radiation is termed 

"Coherent Synchrotron Radiation." The problem with CSR is that it causes an energy 

spread in the longitudinal direction and an emittance growth in the transverse direction 

which results in a degraded electron bunch.   In a degraded bunch, the change in 
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energy causes electron trajectories to change. If severe enough, some high energy 

electrons could actually hit the vacuum cavity walls. Also, a degraded bunch could 

make energy recovery difficult since an energy spread decreases the effectiveness of 

beam transport in the recovery process. Although there are currently several theories, 

the physical processes involved in bending the beam are complex and not well 

understood. While the prediction of CSR dates back to around 1950, the effects of 

CSR on emittance have never been measured. 

As a result of the Navy's interest in this phenomena, a prototype beam-bending 

problem was drafted by the FEL group at NPS. The problem included a micropulse 

common to most of the proposed MW designs presented at the TJNAF meeting. The 

prototype micropulses' peak current is 600 A with a full width, half maximum pulse 

duration of 3 picoseconds, and an electron beam energy of 100 MeV. The total bunch 

charge is 2.0 nC with a Gaussian longitudinal distribution. The nominal vacuum 

chamber width is 5 cm. The emittance and energy spread entering the bend are 

assumed perfect with zero spread. There is no specific bend design other than a 

continuous bend and one that is approximately achromatic and isochronous. What 

happens to this beam during a 180° bend with a bend radius of 2 meters? 

This problem was sent to approximately 20 scientists who have some 

experience with CSR for possible analysis. Next, an electron beam transport 

workshop was held at NPS on March 6, 1997. The purpose of this workshop was to 

examine the analyses and discuss the possible effects of transporting a high-energy 

electron beam around a 180° bend. Along with the analyses, the comments made by 

the workshop speakers were discussed. The organizations represented during this 

meeting were the Navy's Directed Energy Office (SPAWAR), Los Alamos National 

Laboratory (LANL), Stanford Linear Accelerator Center (SLAC), Northrup Grumman, 

Thomas Jefferson National Accelerator Facility (TJNAF), and the Naval Postgraduate 

School (NPS). 
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B.       WORKSHOP CONCLUSIONS 

As expected, there was not total agreement among the analyses performed by 

the workshop participants. This stems from the many different CSR theories. 

However, a majority of the analyses gave similar CSR induced emittance growth. 

Overall, it is estimated that the CSR induced normalized rms emittance growth may be 

on the order of Aen = "lOOrc's mm-mrad. The goal for a typical infrared FEL is to be 

around en ~ 20rc mm-mrad, so a value of approximately 1007t mm-mrad would result in 

a seriously degraded electron beam, and degraded FEL performance. 

Since the effects of CSR on emittance have never been observed, a CSR 

experiment would help benchmark theories. Tests are planned at LANL in the 

summer of 1997, and at TJNAF in January of 1998. As a result, the FEL community is 

on the verge of being able to compare theoretical models with measured results of 

experiments. One key in these observations is the actual accuracy of the emittance 

growth measurements. Measuring emittance growth accurately is a difficult task. 

Therefore, small emittance growths can sometimes go undetected. For this reason, 

the participants of the workshop believe that there needs to be about a factor of two 

emittance growth in a system for actual detection to be feasible. In addition to the 

planned tests, workshop participants made a list of these and other possible 

experiments. Table 3 and Table 4 list the parameters for these possible CSR 

experiments. A simple analysis of these possible experiments is presented in the next 

section. As a result of this beam transport workshop, the Navy's Directed Energy 

Office has stated an interest in finding other organizations which would be able and 

willing to aid the Navy in funding a CSR experiment. 

The parameters in Table 3 were obtained from each of the locations listed. 

There are two machines located at Los Alamos, one of which is an FEL. Both of 

these systems currently exist and are operational. Both the Princeton and Duke FELs 

are also operational. The TJNAF system is currently under construction and there are 
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Location 

LANL (AFEL) 

LANL (Compressor) 

Princeton 

TJNAF (Chicane) 

(Recirculation Bend) 

Boeing 

Duke 

SLAC (Small Bend) 

(Large Bend) 

Beam        Peak      Average      Normalized      Energy      Pulse Beam 

Energy     Current     Current        Emittance       Spread     Length Radius 

(MeV) (A) (TC mm-mrad) (ps) (fwhm) 

17 

8 

9-14 

42 

42 

110 

44 

14,350 

14,350 

300 

1500 

100 

50 

18 

300 

40 

3400 

3400 

0.5 A* 

10 nA 

0.22 A* 

5 mA 

5 mA 

100 mA 

0.18 A* 

95 nA 

95nA 

<8 

10 

10 

13 

14 

15 

8-10 

1.5 

1.5 

<0.5% 

10% 

0.2% 

0.5% 

0.5% 

0.3% 

0.3% 

0.02% 

0.1% 

6-15 0.5 mm 

0.7        200 um-5 mm 

2 mm-5 mm 

0.4 mm 

5 

2.3 

7 

9 

2 

0.23 

0.23 

2.5 mm 

0.5 mm 

0.2 mm 

0.03 mm 

0.03 mm 

* Average Current during macro-pulse. 

Table 3.  Electron beam parameters for possible CSR experiments. 

two places in which emittance measurements will be made. The first is before and 

after a chicane, which is a bend used for bunch compression. The other place is 

before and after a 180° recirculation bend. There are two recirculation bends which 

allow this system to use the energy recovery technique. When looking for emittance 

growth in the recirculation bend, the undulator will be removed from the system so a 

strict CSR-induced emittance growth experiment, without undulator interaction, will be 

performed. Assembly of the Boeing FEL was stopped prior to commissioning trials 

due to lack of funding. The system at SLAC is still in the planning stages and is 

proposed to have two possible emittance growth measurement locations, each with 
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slightly different parameters.  The beam radius is given as a full width, half maximum 

(fwhm) value. 

Location Undulator Undulator Undulator Bend 

Periods Wavelength Parameter Radius/Arc 

N XQ K 

LANL (AFEL) 100 2 cm 1.0 - 

LANL (Compressor) - - - 0.25 m/45° (a) 

Princeton 73 1.4 cm 0.2 0.2 m/90° (b) 

TJNAF (Chicane) 40 2.7 cm 0.7 1 m/22° (c) 

(Recirculation Bend) - - - 1 m/180°(d) 

Boeing 220 2.18 cm 1.31 42 cm/1800 (e) 

Duke 47 2.3 cm 1.0 43 cm/450 (f) 

SLAC (Small Bend) 3330 3 cm 3.7 25m/13.6°(sr) 

(Large Bend) 3330 3 cm 3.7 75 m/5.2° (h) 

Table 4. Undulator and beam transport parameters for possible CSR 

experiments, (a) Chicane, achromatic, (b) Two 45° dipoles separated by two 

quads, forms 90° achromatic bend, (c) Four 22° dipoles for bunch compression 

and another identical chicane for bunch compression following the wiggler. (d) 

Two separate 180° recirculation bends, achromatic and isochronous, (e) Four 

45° bends form a 180° bend, doubly achromatic and nearly isochronous, (f) 

Two 4-dipole chicanes, 11.25° per dipole, achromatic, (g) Four bend chicane, 

3.4° per bend, achromatic,  (h) Four bend chicane, 1.3° per bend, achromatic. 

Table 4 lists parameters for the undulators and the bends of the possible CSR- 

induced emittance growth experiments.  The FEL at Los Alamos (AFEL) is a straight 
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system which does not bend the electron beam before the undulator. However, as an 

FEL, the undulator does bend the electron beam repeatedly. It is not known whether 

this back and forth bending causes cancellation of the CSR effect or not. Therefore, 

one of the possible experiments is to measure any CSR wavelength radiation 

produced by the undulator. The compressor at Los Alamos is not an FEL, therefore 

there is no undulator. The TJNAF recirculation bend experiment, as previously stated, 

will be conducted without an undulator in the system. Therefore, no undulator 

parameters are listed for the recirculation bend experiment. 

C.       ANALYSIS OF POSSIBLE EXPERIMENTS 

A large CSR-induced emittance growth in a CSR experiment makes the effect 

easier to measure. Predicting this growth with computer simulations for each of the 

possible experiments can be a rather time-consuming task. Instead, a simplified 

analysis which examines steady-state CSR fields is conducted which enables the 

different experiments to be compared. This relative comparison is used to anticipate 

the experiments which may prove to be the most useful in learning about the CSR 

phenomena. 

In this analysis, the final normalized emittance e is given by 

e = Veo2 + (A£)2 (39) 

where e0 is the initial normalized emittance of the beam at the bend entrance, and Ae 

is the change in normalized emittance due to CSR fields. The wavelength of the CSR 

emitted by the electron bunch is on the order of the bunch length itself. This coherent 

radiation wavelength is given by 

X > 2KG (40) 

where o is the rms bunch length [Ref. 20]. For example, a pulse length o = 0.5 mm 

yields radiation \>n mm.   Now, depending on the size of the vacuum chamber in 
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which the beam is transported, some or all of the CSR may be shielded by the walls of 

the cavity. For CSR fields to be unshielded by the vacuum chamber, the minimum 

chamber dimension should be much greater than 

11/3 
W R(TZCY (41) 

where w* is the shielding dimension, and R is the bend radius.   The normalized 

emittance growth Ae is estimated using 

11/3 
ID lesine + cose - 11 (42) 

where ax is the transverse rms beam size averaged along the beam path, lp is the 

peak current in the electron pulse, lA = 17,000 A is the Alfven current, and e is the 

bend angle of the beam path. This estimate of Ae assumes the electron bunch is rigid 

during the bend and the longitudinal CSR force is the main cause of emittance growth. 

Also, the transverse CSR force, which may contribute to emittance growth, is ignored. 

And, only single bunch effects are examined which means no effects of one bunch on 

another are included. [Ref. 21] 

Table 5 and Table 6 lists the parameters required in this analysis. These 

parameters are constructed based on Tables 3 and 4. In Table 5, the AFEL at Los 

Alamos is not included since there are no transport bends in this system. The electron 

beam sizes are given as average values instead of a range of values and have been 

converted from fwhm to rms. 

Table 6 lists parameters used to evaluate the different experiments. The 

values in the shielding chamber dimension column are calculated using (41). w is the 

actual minimum dimension of the vacuum chamber during the bend of each system. 

The right section of the table shows the estimated CSR-induced normalized emittance 

growth calculated using (42) and the final emittance calculated using (39). The 

percentage increase in emittance caused by CSR is also given. The three columns in 
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lp G Ox R 6 

Location Peak Bunch Transverse Bend Bend 

Current Length 

(rms) 

rms beam 

size (avg) 

radius angle 

LANL (Compressor) 1500 A 0.09 mm 2.6 mm 0.25 m 45° 

Princeton 100 A 0.64 mm 3.5 mm 0.2 m 90° 

TJNAF (Chicane) 50 A 0.29 mm 0.4 mm 1.0 m 88° 

(Recirculation Bend) 18A 0.89 mm 2.5 mm 1.0 m 180° 

Boeing 300 A 1.15 mm 0.5 mm 0.42 m 180° 

Duke 40 A 0.26 mm 0.2 mm 0.43 m 45° 

SLAC (Small Bend) 3400 A 0.03 mm 0.03 mm 25 m 13.6° 

(Large Bend) 3400 A 0.03 mm 0.03 mm 75 m 5.2° 

Table 5.  Parameters for analysis of possible CSR experiments. 

this right-hand section all assume that there is no CSR shielding by the vacuum 

chamber, w » w", which is not true for Duke and SLAC. 

Comparing w and w' indicates the experiments located at Duke and SLAC 

may shield some or all of the CSR as a result of their minimum vacuum pipe 

dimension since w is not much greater than w' as required. On the basis of 

percentage emittance growth LANL, Princeton, Boeing, and SLAC have at least a 

factor of two emittance growth. Looking at all the parameters in Table 6 and 

remembering which FELs could support a CSR experiment in the near term, LANL 

Compressor and the Princeton FEL seem to be the best candidates. 
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w' w £o Ae e (e/£o) - 1 

Location Shielding Minimum Initial Emittance Final % 

chamber chamber emittance growth emittance Emittance 

dimension dimension (jtmm-mrad) (7tmm-mrad) (Ttmm-mrad) growth 

LANL (Compressor) 0.27 cm 2.0 cm 8 180 180.2 2150% 

Princeton 0.93 cm 3.4 cm 10 18 21 110% 

TJNAF (Chicane) 0.94 cm 5.0 cm 13 2 13.2 12% 

(Recirculation Bend) 1.98 cm 5.0 cm 14 12 18 29% 

Boeing 1.76 cm 7.0 cm 15 28 32 113% 

Duke 0.66 cm 1.3 cm 10 0.3 10 0% 

SLAC (Small Bend) 0.61 cm 0.2 cm 1.5 4 4.3 187% 

(Large Bend) 0.87 cm 0.2 cm 1.5 0.7 1.7 13% 

Table 6.  Resulting parameters for analysis of possible CSR experiments. 

D.        PRINCETON FEL 

One of the most readily available systems for a CSR experiment is the 

Compact Infrared FEL (CIRFEL) located at Princeton University. This FEL was 

developed by Northrop/Grumman Corporation and Princeton. The system is 

operational and encorporates a 90° bend prior to the undulator as part of the electron 

beam transport path. Parameters of this FEL are listed in Tables 3-6. Emittance 

could be measured at the entrance and exit to the bend with only slight modifications 
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to the system [Ref. 22]. The analysis in the previous section approximately predicts a 

factor of two emittance growth caused by CSR in the 90° bend making a CSR 

experiment feasible. Depending on the accuracy of those measurements, this could 

be the first exact measurement of the CSR effects on emittance. For these reasons, 

the CIRFEL seems to be a fruitful and possibly inexpensive tool for performing a CSR 

experiment. 

Because of other priorities and funding issues, the CSR experiment has not 

already been performed. However, in an effort to further understand the CIRFEL, 

computer simulations of the FEL have been performed by Northrop/Grumman and the 

FEL group at NPS. Ongoing comparisons of these simulations hope to prove helpful 

in determining the limits of the CSR effect. 

Since CIRFEL is operational, the gain of the system has been roughly 

measured. Comparison of the predicted and measured gain may give insight as to 

whether or not CSR induced emittance growth has occurred. Gain and emittance are 

coupled through beam quality. Large emittance gives poor beam quality which may 

cause lower gain. To calculate dimension less parameters for the CIRFEL, some 

additional information about the electron beam is used. Northrop/Grumman reports 

that the full width, half maximum electron beam size in the vertical direction is 2 mm. 

In the horizontal direction the size of the beam varies. Horizontally, the beam is 5 mm 

at the undulator entrance, decreases to 2 mm at the center of the undulator, and is 

reported to be 10 mm at the undulator exit. To establish the effect of beam size on 

the FEL gain, the nominal sizes of 2 mm, 3 mm, and 4 mm are examined. Computer 

simulations at NPS yield final gain of 67%, 28%, and 20%, respectively, for the 

different beam sizes. Northrop/Grumman estimates gain around 30% which most 

closely corresponds to the NPS simulation with a beam size of 3 mm. The NPS 

simulations use initial emittance of 10rc mm-mrad and emittance growth in the bend of 

Ae = 18TC mm-mrad so the emittance seen at the entrance to the undulator is e = 21 rc 

mm-mrad. These values are taken from Table 6. 
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In conclusion, the analysis in this chapter predicts a factor of two CSR induced 

emittance growth and gain of approximately 30% for the CIRFEL. Because the actual 

initial emittance of the CIRFEL has not been measured, actual CSR induced emittance 

growth is not predicted. Measurements of gain and of emittance before and after the 

bend will be an excellent benchmark for this analysis and is recommended. 

Performing this experiment will help the Navy decide if the MW oscillator FEL design is 

a real possibility or if energy recovery is risky due to CSR. 
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