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Vacuum electronic sources have shown marked improvement 107 \ \ _ A
since the invention of the magnetron before World War I, and | @ Magnetron Lsin Lo
dramatic increases in both average powers and frequencies have 105 [ o Kiyst pa _A/
been achieved. Of course, many of these gains have been achieve e /(‘ -
by the development of different devices. The typical development &= | A Free Electron Laser /’ —y—
pattern for a given device exhibits an initial period of rapid 10% |- & Gyrotron T o)
improvement followed by a plateau determined by technological AT o 4
or physical limitations on the concept. Slow wave devices such /'_;'T
as magnetrons and/or klystrons operate efficiently at frequencies 10 /” T
up through X-band or somewhat higher. Helix or coupled cavity g P -
traveling-wave tubes are used for various applications at fre- 101 __; --/ﬂ_.‘
guencies ranging up through W-band. At still higher frequencies, e J
fast wave devices such as gyrotrons and free-electron lasers are // / -
required for high-power operation. The free-electron laser concept 103 / - f
is unique in that the mechanism is applicable across the entire /
electromagnetic spectrum; free-electron lasers have been built at 5 g -
wavelengths from microwaves through the ultraviolet, and plans i
are under development for X-ray systems. Our purpose in this 1930 1940 1950 1960 1970 1980 1990 2000
paper is to describe the principal directions of free-electron laser Year
research at the present time. To this end, we first give a brief
tutorial of the physics underlying the concept and then describe
the principal development paths under way.
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Fig. 1. Progress in the development of vacuum electronic sources
as measured by the growth in the product of the average power
and the square of the frequency versus time.
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generation, undulators. a plateau determined by technological or physical limita-

tions on the concept.
One figure of merit for the progress in vacuum electronic
sources is the product of the average power and the square

marked improvement since the invention of the magnetron of the frequency, Wh'_Ch IS @ measure _Of the power (_jensny
before World War 1l, with dramatic increases in both prpdgced by the -deV|ce..A plot showing the evolution of
average powers and frequencies. Of course, much of thesdS figure of merit over time for the magnetron, k.Iyst_ron,
gains have been achieved by the development of diﬁerentgymtrqn’ and free-electrqn laser (FEL), is shown in Fig. 1
devices. The typical development pattern for a given device [1]- It is clear from the figure that rapid development of

exhibits an initial period of rapid improvement followed by the magnetron occurred during and after World War Il and
reached its ultimate limits by about 1950. Klystron devel-

opment followed a similar pattern over the period from the
Manuscript received November 1, 1997; revised May 25, 1998. This end Of_ World War I through the m'd':_L97O7S- One important
work was supported in part by the Office of Naval Research, by Navy/DOE limitation faced by both of these devices stems from break-
Interagency Agreement 1846-J053A1, and by DOE Contract DE-ACO5- qo\yn problems as the device sizes decrease with increases

I.  INTRODUCTION
The performance of vacuum electronic sources has shown
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Fig. 2. Schematic illustration of the interaction between the beam and the wiggler in an FEL
with a planar wiggler.

the phase velocities of the resonant waves can exceed the Our purpose in this paper is to provide an overview of
speed of lighin vacua One practical benefit derived from these future developments. To that end, the organization
this is that the circuits can be both simpler (i.e., smooth of the paper is as follows. A brief description of the
bore waveguides can be used) and larger; hence, the powerfundamental physics of the FEL is given in Section Il
handling capacity of the devices can be higher. In view of followed by a description of the major components of
this, the development of the FEL and gyrotron progressed an FEL in Section Ill. The principal future directions of
rapidly from the mid-1960’s to the present. FEL development are described in Section IV, and a brief
The basic principles underlying the emission of radiation discussion of present and proposed applications is discussed
from electron beams propagating through periodic magneticin Section V. A summary is given in Section VI.
fields was first described by Motz in 1951 [2]-[4]. At
the time, coherent optical emission was not thought to be ll. THE PHYSICS OF FEL'S

practical due the difficulty of bunching the beam at short  The interaction between the electron beam and the output
wavelengths, although coherent radiation was produced atradiation field in an FEL is mediated by a periodic wiggler
millimeter wavelengths. The concept was invented inde- magnetic field. In conventional terminology, the periodic
pendently by Robert Phillips in 1957 when he realized that magnetic field in synchrotron light sources is referred to as
the periodic magnetic fields under development for beam an undulator, while that used in FEL'’s is called a wiggler,
focusing in traveling-wave tubes also give rise to axial beam although there is no fundamental difference between them.
bunching. He coined the term ubitron as an acronym for As the electron beam traverses the wiggler field it emits
“undulating beam interaction” to describe these early free- incoherent radiation. It is necessary for the electron beam to
electron masers; over the period 1957-1964 he achievedform coherent bunches in order to give rise to the stimulated
powers as high as 150 kW at a wavelength of 5 mm and emission required for an FEL. This can occur when a
pioneered many innovative design concepts in use todaylight wave traverses an undulatory magnetic field such as
[5], [6]. a wiggler because the spatial variations of the wiggler and
There are two principal directions in the future develop- the electromagnetic wave combine to produce a beat wave,
ment of FEL'’s. First, one essential conclusion to be reachedWhich exerts a slowly varying ponderomotive force on the
from Fig. 1 is that the envelope of the development curves €lectrons. It is the interaction between the electrons and
for these devices has increased exponentia”y \EH@JQ this beat wave which gives rise to stimulated emission.
increasing at the rate of almost two orders of magnitude perA schematic illustration of the process for a wiggler with
decade. At the present time, the question of whether devel-Planar symmetry is shown in Fig. 2.
opment of the FEL has reached a plateau remains uncertain, This ponderomotive wave has the same frequency as
One important direction for future research, therefore, is the the light wave, but the wavenumber is the sum of the
quest for higher average powers at still higher frequencies. Wavenumbers of the electromagnetic and wiggler fields.
To this end, an FEL is under development at the Thomas With the same frequency, but a larger wavenumber (and
Jefferson Accelerator Laboratory [7] whose goal is to reach thus @ shorter wavelength), the beat wave is subluminous
an average power of 1 kW at a wavelength ofu®. As and can be in synchronism with the electrons. Electrons

shown in the figure, this target is reasonable and consistentM©Ving in synchronism with the wave are said to be in
with the historical pace for vacuum electronic sources resonance with it and will experience a constant field which

Second, the resonant frequency in FEL's increases with can give rise to coherent amplification. Equating the phase

the square of the beam energy, and FEL's have beenveIOCity of the ponderomotive waveyk, = w/(k + ku),

demonstrated to operate over an unprecedented range 0¥vherew andk are the_angular frequency and wavenumber
of the wave andk, is the wiggler wavenumber] with

frequencies from microwaves through the ultraviolet [8]. . .
. ) . . the electron beam velocityy,, we obtain the resonance
The thrust here is to still shorter wavelengths; in particular, condition

into the X-ray range and designs are under development for
FEL's with wavelengths as short as 125[9], [10]. w=(k+ky)uvs. 1)
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For waves propagating in free space = ck and this to each other and undergo a simple rotation about the

condition yields a wavelength of axis of symmetry. A resonant wave must be circularly
A polarized with a polarization vector that is normal to

= 2—“’2 (2) both the transverse velocity and the wiggler field and

"o which rotates in synchronism with the electrons. This

where )\, is the wiggler period, and;, = (1 — vZ/c?)/2. synchronism is illustrated in Fig. 3 [8] and is maintained

This is, of course, modified if the wavelength is comparable by the aforementioned resonance condition.
to either the radius of the drift tube walls or the beam  The interaction in a wiggler with planar symmetry is
plasma frequency. qualitatively similar; however, there are some significant
In order to understand how a wiggler and a forward- differences. In a planar wiggler, the transverse motion is
propagating e|ectromagnetic wave (Whose electric and mag_directed |inear|y; hence, the OSCillatory Component is not of
netic fields are oriented transversely to the electron beam)constant amplitude. This, in turn, introduces an oscillatory
gives rise to an axial ponderomotive force which extracts component to the axial velocity. Because of this, the wiggler
energy from the electrons, we consider the partide mo- field magnitude used in the formulas obtained for a helical
tion. The wiggler is the predominant influence on the Wiggler must be replaced by the rms magnitude when
electron trajectories. In order to understand the dynami- a@pplied to a planar wiggler. As such, a planar wiggler field
cal relationships, consider electron motion in a helically Must be approximately/2 times stronger than a helical
symmetric wiggler. An electron propagating through the Wiggler field to have a comparable effect.
wiggler experiences a force which acts at right angles to
both the direction of the field and to its own velocity. The A. Spontaneous Emission

wiggler field is directed transversely to the direction of bulk  the incoherent spontaneous emission of a beam in a

motion and rotates through 360n one wiggler period.  \iggler has been discussed by several authors [4], [8],

A streaming electron, therefore, experiences a transverse[ll]_[l3] and can be expressed in terms of the emissivity
force and acquires a transverse velocity component upon

entry into the wiggler. The resulting orbit is helical and 7w, Q) = 1 dp 6)
describes bulk streaming along the symmetry axis as well as TR TV dw dS

a transverse circular rotation that lags 1®@hind the phase
of the wiggler. The magnitude of the transverse wiggle
velocity, denoted by, is proportional to the product of
the wiggler amplitude and period. This relationship may be
expressed in the form

that describes the power emitted per unit volukieper
unit frequencyw, and per unit solid anglé€, along the
direction of the wavevectok. In the cold beam regime
where Awv, /v, < A/L (where L is the length of the
wiggler), the emissivity for a helical wiggler is azimuthally

Yo _ Gw _ o gy Bute (3  Symmetric and takes the form
N . ,YO_ w?L wlmea? =
where a,, [=e¢B,/m.c?k2] is the wiggler strength pa-  n(w,0) = i v >
rameter, the wiggler period is expressed in units of cen- (2m)* 2v5ev n=—0co
timeters, B,, denotes the wiggler amplitude in Tesla, and koo, 252 ) -
=14+ E,/m.c* denotes the relativistic time dilation <C0$9— Pyl 9) 72 In(0) +1,7(8)

factor associated with the total kinetic energy of the )
electron beam (wheren. denotes the rest mass of the ) <Sln ®n> 7)

electron, andn.c? denotes the electron rest energy). Since
the motion is circular, both axial and transverse velocities ) ) )
have a constant magnitude, and the relation between theVherew; = 4me“n, /m. is the square of the beam plasma

total electron energy and the streaming energy can befréquency for an ambient beam density 0f, a, ~
expressed as eBy/m.c’k, is the wiggler strength parametef, =

tan~'(k, /k|) is the polar angle between the wavevector
Yo Yo il i i
vy = = = — (4) and the symmetry axis/, is the regular Bessel function of
\/1 + ay \/1 +0.872BE A, the first kind of ordem, b = k, v, /k,v, and
As a result, the resonant wavelength depends upon the total

L
beam energy, and the wiggler amplitude and period through e, = W[w — (k4 nky)vs]. (8)
b
Aw

298

A=(1+a)) A—“; = (1+0.872B2 )

2 (5) The emission band at each harmonic is determined by the
0

spectral functiorsin® ©,,/62 which is plotted in Fig. 4.

It is the interaction between the transverse wiggler-induced The spontaneous emission spectrum peaks for a zero fre-
velocity with the transverse magnetic field of an elec- quency mismatch [i.e®, = 0]; hence

tromagnetic wave that induces the ponderomotive force

normal to both in the axial direction. The transverse velocity w = _ rhew (9)

and the radiation magnetic field are directed at right angles 1 —(w/c)cost
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Fig. 3. Schematic illustration of the resonance condition between the beam and the wave in an

FEL with a helical wiggler (from [3]).
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Fig. 4. Graph of the spectral function for the spontaneous radi-
ation from a cold beam.

which becomesy ~ 2fy§kwvb in the ultrarelativistic limit.
The FWHM spectral width is determined by the central
peak which yields-1.4 < 0,, < 1.4; consequently

Aw Ay

w L
The emission peaks in the forward direction [i#= 0];
hence, we may take the limit < 1 to obtain

I 2
1+ <C0$9 — — ¢in? 9) ]
nk.y,

(11)

(10)

w2l wim.a’

w

(27)% 8y3cwy
sin ©,, 2
o, '
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n(w,8) =

This yields an on-axis peak emissivity of

WL wfmeafu sin ©4 2 (12)
(27)3 dyiewv O,

(1

77((“‘)7 6 = 0)

and an angular spread in which the polar angle at the

FWHM point is
/A
eFVVHl\'I =~1.3 E

Emission at the harmonics is more sharply peaked.

The spontaneous emission from a planar wiggler system
is similar, but it differs in that the simpler symmetry
properties break the azimuthal symmetry exhibited by the
helical wiggler. This is discussed in [14].

(13)

B. Coherent Amplification

FEL’s can be configured in three general configurations:
oscillators, master oscillator power amplifiers (MOPA's),
and self-amplified spontaneous emission (SASE) amplifiers.
The signal in MOPA amplifiers grows from a seed signal
injected from an external source termed the master oscilla-
tor; hence, this configuration requires an additional source
of coherent radiation. In contrast, the spontaneous emission
is used as the source in oscillators and SASE amplifiers.
In oscillators, the radiation is confined to a cavity in which
only a small fraction of the power leaves the cavity on each
pass through the wiggler. In such systems, the radiation gain
per pass is very small (typically only a few percent), and
the transverse mode structure is governed predominantly by
the cavity geometry. Oscillators are useful at wavelengths
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for which good mirrors exist and for systems in which the The axial component of this equation

electron beam currents are too low to obtain high gains d a8

per pass through the wiggler. One variation on this design d—évg = —2kyc"—5—siny (22)

: . o . t Y5

is referred to as a regenerative amplifier [15]. A cavity

is also used in a regenerative amplifier, but the gain per derives from thevg x (V x 6A) term [which is proportional
pass of the radiation through the wiggler is large and a to B,, x éB], where §a = e§A/m.c*. This describes the
large fraction of the signal leaves the cavity after each passponderomotive force which gives rise to axial bunching of
through the wiggler. As a result, the signal grows from noise the electron beam. Noting thatr; ~ v2y" /w from the
[i.e., from the spontaneous emission] to saturation in only definition of the ponderomotive phase (where thienotes
a few passes through the wiggler, and the transverse modea derivative with respect te), we obtain the pendulum
structure is less dependent upon the cavity geometry. Anequation

SASE amplifier is one in which the gain per pass through 22

the wiggler is large enough that the radiation grows from ﬁz/) = —mf,ond sin 1 (23)
noise to saturation in a single pass through the wiggler. #

This requires either intense electron beams or long/high Where

amplitude wigglers to obtain high enough growth rates; auda

however, it has the advantage that no mirrors are required Fipond = 2Ky (24)

for ultrashort wavelength operation.

Amplification is described by a nonlinear pendulum equa- is the pendulum constant in the relativistic limit whegex

tion. The ponderomotive phase [=(k + k.)z —wtlisa ¢ This applies for a planar wiggler as well, subject to the

measure of the position of an electron in both space andsubstitution of the rms wiggler amplitude in,. There are

time with respect to the ponderomotive wave. In order to two classes of trajectory for the pendulum equation: trapped

understand this consider the motion of an electron in a and untrapped. The electrons on untrapped trajectories pass

combined helical wiggler (in the one-dimensional limit)  over the crests of many waves traveling fastest at the bottom
B., = By[é, coskyz + &, sin k7] (14) of the troughs and slowest at the crests, while the electrons

are confined within the troughs in the trapped orbits. The

and a circularly polarized electromagnetic wave given by geparatrix between the trapped and untrapped regimes is
the vector potential given by

1+a2

6A = 6A[é, cos(kz — wt) — é,sin(kz —wt)].  (15) d W
) ] ) ] —p = :|:2IilmndCOS<—>. (25)
The Lorentz force equations in the wiggler frame are given dz 2
by The dynamical evolution of the electron phase space
iv e <I 3 lvv> ' géA __e . during the coherent emission process is illustrated schemat-
At ymec c? ot Ymec ically in Fig. 5. If the electrons are initially monoenergetic,
X [By + V x §A] (16) then the phase space distribution is a horizontal line as
d ¢ o illustrated in Fig. 5(a). Note that the pendulum constant
Pl g §5A 17) evolves during the course of the interaction as the wave

e

amplitude grows. Since amplification has only just begun,
the wave is of small amplitude and the separatrix encloses a
small area of phase space. The electrons lose energy as the
wave is amplified and decelerate [i.e/dz decreases]
while both the pendulum constant and separatrix grow.

wherel is the unit dyadic. Solutions to these equations are
obtained by perturbation to first order in the radiation field
of the formv = vy + 6v andy = vy + &v. To lowest
order, (16) becomes

iVO ___° vo x B, (18) During the linear phase of the interaction [Fig. 5(b)] the
dt Yormec v electrons have only begun to form bunches and remain on
This equation is characterized by steady-state helical tra-untrapped trajectories. Note also that the bitlifdz for the
jectories electron distribution has dropped since the electrons have
Ao o ) lost energy in the linear phase of the interaction. Ultimately,
Vo = ———[&; coskyz + &y sin k2] + v, (19) the electrons cross the growing separatrix onto trapped

Yo . . .
orbits, and the interaction saturates after the electrons

where have executed approximately half of an oscillation in the

w_ | 1+ a2 20 ponderomotive well. At this point, the electrons which
c - w2 (20) are still losing energy to the wave are balanced by those
i electrons which are gaining energy at the expense of the
To first order we have wave g g 9y P
i(gvz —— % SvxB,+ o In general, the dynamic evolution of electromagnetic
dt YMeC YoTeC waves in an FEL is a multistage amplification process

with three distinct phases, as indicated schematically in

1 a
[(I B c—2v0v0> &‘SA ~Vox (Vx 6A)} (21) Fig. 6. The first phase is the low gain regime over a short
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the system to progress beyond the low gain regime and
SRIRIEEE LI LI RN I reach the exponential phase. The third, and nonlinear, phase
of the interaction begins once the power has reached a
| @ level at which electrons start crossing the separatrix from
f ] untrapped to trapped orbits.
O The interaction proceeds somewhat differently for low-
gain FEL oscillators employing either short wigglers or low
T 2n current electron beams. In such devices, the exponentiation
length is too long for the interaction to progress beyond
the low gain regime over the length of the wiggler. As
T MR such, the wave amplitude grows only by a small amount on
[ 1 o each pass through the wiggler, and the exponentiation phase
] ] never takes place for a given electron bunch. However, the
O radiation amplitude grows to levels able to trap the electron
beam over many passes through the wiggler, and the
saturation mechanism is the same phase trapping process
described in Fig. 5, which is operable when exponential
growth occurs.

dW/dz

dw/dz

'"g 3 In describing this linear phase of the interaction, we first
= consider the initial low-gain regime. Since this process is
=t applicable largely to low-gain oscillators employing low
] current electron beams, we limit the discussion to the
e o Compton regime. In this regime, beam space-charge effects
"4 are negligible, and the interaction can be thought of as
Fig. 5. Schematic of the electron phase space evolution. (a) The coherent Compton Scatt_ermg of t_he nggler (WhICh appears
electron beam is initially monoenergetic. (b) During the linear to be an electromagnetic wave in the electron rest frame)
phase of the interaction, the wave grows in amplitude and the off of the electron beam. For a cold electron beam, the
separatrix expands. (c) The bulk of the beam executes trapped . . .
orbits at saturation. The phase space distribution shown represents power In the _early stages of the. Interaction grows as the
an electron beam in which the electrons still losing energy to the cube of the distance and the gain can be expressed as [3,
wave are balanced by those which are gaining energy from the and references contained therein]
wave [3].
2.2713
wias Lee
G(L) = 04— ——F(6y) (26)
InP 2755
4 : where o4 denotes the filling factor which describes the
Exponential Gain Regime | relative overlap of the electron beam and the radiation field,
and
. 2
Low Gai d (sinz
lg;vgi nz]lén Nonlinear Regime F(z) = d—< ) (27)
X x

|

|

|

|

: denotes the gain spectral function. Observe that in this
[ regime, the gain is proportional to the derivative of the
: spontaneous emission with respect@o This property of

| the gain was proven rigorously in Madey’s Theorem [16].
[ The spectral function is shown in Fig. 7 and exhibits the
! extrema F'(£1.3) = F0.54. Hence, the maximum gain
is found at a frequency which is detuned from the exact
Fig. 6. Schematic illustration of the evolution of the power versus resonance and is given by

axial distance showing the initial start-up region, the exponential kv 26
growth phase, and saturation. W w Vb & )
koL

—> 7

(28)

1—w/c

initial distance from the start of the wiggler during which As in the case of the spontaneous emission, thermal effects
become important whethv, /v, < A/L. This gain result

is modified for a planar wiggler to account for the effect of
the oscillating axial velocity. In this case, the gain at the

odd harmonics is governed by

the wave grows roughly as the cube of the distance after
which the second, exponential growth phase occurs. The
exponentiation length is defined as the length over which
the wave amplitude experiences one e-folding during this ) 21
second phase of the interaction. Typ|cally, the W.|ggler must QL) =04 wy, a,lé,L3 Cp (b ) E(@ms) (29)
be longer than several exponentiation lengths in order for 45y
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0.60 e Thermal effects become important in the exponential gain
C ] regime whenAw, /v, = Im k/(Re k + k). This implies
040 - ] that thermal effects cannot be ignored when
20 ] Av VB (e wp 7 (36)
S ¢ ] w 4’75( 2 ’Yokr3,02>
& 0.00
C ] in the Compton regime, and
-020 | - N 12
L 4 Up (229 Wy
-0.40 |- . v AyE <,yé/2 kwc> (37)
060 Dooevlov et v b benn b b b in the Raman regime. However, if an FEL is operating in
-2 -1 0 1 2 the thermal regime, then the gain and efficiency are too low
Or to make a practical device. Because of this, a great deal of
Fig. 7. Plot of the FEL spectral function for the gain in the initial effort is expended to generate high quality electron beams.
start-up region. An important distinction between the low gain and ex-
ponential gain regimes is the tuning of the interaction at
wherem is an integer peak gain. In the low gain regime, the maximum gain is
2 shifted away from the exact wave-particle resonance (29),
Ko (bm) = [T (bm) = Jomag1 (bm)] (30) while the maximum growth rates in the exponential gain
and regime are found fow = kyv,/(1 — v, /c) in the limit in

az,/2 (31)  Whichw, < e e
1+a2/2 The corresponding dispersion equation for planar wig-
The low gain regime described above is relevant to 9l€rs is obtained in a similar way as described for the
situations where the total gain over the length of the system 10w gain regime to handle the oscillatory axial velocity.
is much less than unity. A dispersion equation is solved Thatis, the dispersion equation now takes the form [3, and
in the exponential gain regime in order to determine the réferences contained therein]
growth rate which, in the one-dimensional limit for a helical , Wi
wiggler and a cold electron beam, is of the form [3, and |lw — (k + kw)ve]” — - (k= ko)
references contained therein] o

by, = (2m +1)

w2 Krn(brn) (38)
w—(k+ky)u)? — —% | (k—k ——
o= ol = o | k) 273
where ko = (w? — w?/v0)'/?/c describes the wavenum-
ber of the electromagnetic wave. This dispersion equation
describes the coupling of the electromagnetic wélvex

ko) with positive and negative energy space-charge waves

2.2
G =
~ G tute (32) 43

that is similar to (32) and differs only in the substitution
of the rms value ofae,, and the inclusion of thek,,
factor. Hence, the results found for the helical wiggler
geometry carry over to the planar wiggler geometry by the
substitutiona,, — @K (bm)/2.

()

. 1/2 ; ; L .
[w = (k + kw)vp = Fwy /75" "]. The high-gain Compton Further generalizations of the growth rates in the expo-
regime is found in the limit nential gain regime to three dimensions are too complicated
Wp < w a (33) to present within the context of the present work. However,

three-dimensional analyses have been published for helical
.417] and planar [18], [19] wiggler geometries.

'S As mentioned previously, the low gain regime represents
the initial stages of the interaction prior to the onset of

exponentiation that occurs after, at most, several expo-
Imk 3 a2, w,? 1/3 nentiation lengths. In practice, this means that the low
K = 2_%< ) (34) gain regime holds only when the system is shorter than

2 R ho shorter tha

The opposite limit where the space-charge waves are domi-2" exponentiation length. Hence, the low gain regime is
. . . applicable only when

nant is referred to as the collective Raman regime. Here the

W Phpe  161+aZ,

where the space-charge waves can be neglected. In th
limit, the cubic dispersion equation exhibits a maximum
growth rate at zero detuning [i.ev,~ kv, /(1 —vy /c)] of

interaction is stimulated scattering of the negative energy L(a_i, i)_l/?’ Combton regime
space-charge wave and the wiggler to produce the output I < YoAw ) V3N 2 “2’“3_1/2 ’ P g
(daughter) wave, and a maximum growth rate of 2 <"/{,;12i,w;, ) Raman regime
ckqy ?
Imk  a, Vpp Yz 35 N (39)
ko 2_% W (35) The saturation efficiency can be estimated from the
0 v requirement that the net change in electron velocity at satu-

is found forw = (ko + kuw)vs — wb/fyé/Q%. ration is equal to twice the velocity difference between the
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electron beam and the ponderomotive wave. This techniquethe limit in which the derivatives of the wiggler amplitude
dates back to Slater [20] in 1950 who applied it to traveling- and period vanish.

wave tubes; however, the technique works equally well for  Once the beam has become trapped, the axial acceleration
FEL'’s. In the low gain regime, this phase trapping criterion due to the wiggler taper results in an increase in the

results in an efficiencyy, of efficiency of [8]
Aw Ay, a? AB, AX,

K77 (40) A=, 1+a3,< Bo ) 45)
while in the high-gain Compton and collective Raman |n the case where the period is held fixed and the ampli-
regimes we obtain tude is tapered, this implies that the theoretical maximum

1 /a2 w2 \V/3 increase in the efficiency i®\n ~ a2, /(1 + a2). The
n _<_w . 2) (41) case where the period is tapered is more complicated.
290\ 2 okye The periodic variation of the field in a wiggler results
and from the partial cancellation of the field contributions
wp from adjacent (and oppositely directed) magnets. Hence, as
ne~ W (42) the separation between adjacent magnets (i.e., the wiggler
0 w

period) decreases, the wiggler amplitude decreases as well.
respectively. These “crude” estimates give reliable esti- However, this theoretical maximum is seldom achieved
mates of the efficiency of an FEL with a uniform wiggler in practice. One reason for this is that the underlying
field. assumption in the derivation of (45) that the entire beam has
In the postsaturation regime, the electron motion in the been trapped by the ponderomotive wave is an idealization.
ponderomotive potential results in the growth of sidebands. In practice, the maximum realizable efficiency enhancement
This issue is not greatly important in MOPA and SASE am- must be reduced by the trapping fraction, i.e., the proportion
plifiers since the wiggler length can be adjusted to minimize of the beam which is actually trapped by the ponderomotive
this phase of the interaction. However, sidebands can playwave. It is important to recognize in this regard that the
an important role in FEL oscillators where they compete trapping fraction is very sensitive to the beam emittance.
with, and drain energy from, the fundamental. Sideband The axial energy spread increases with the emittance and
control, therefore, is an important issue in oscillator design. must be smaller than the depth of the ponderomotive wave
An extensive discussion of sideband growth and control is in order for a large fraction of the beam to be trapped. As
also beyond the scope of this paper. However, we note thata result, the maximum achievable efficiency enhancement
sidebands have been effectively controlled by the use of decreases with increases in the emittance. Another signifi-

tapered wigglers [21], [22], and Littrow gratings [23]. cant limitation is that the gain length increases and bucket
size decreases as the magnetic field is reduced, thus leading
C. Tapered Wigglers to practical limits on how far the taper can be extended.

The efficiency can be enhanced by tapering the amplitude _ o
and/or period of the wiggler. A relatively simple physical D- Optical Guiding
explanation for this effect is found by noting that as the  Optical guiding refers to the self-focusing of the elec-
electrons lose energy to the wave they decelerate and drogromagnetic wave by the electron beam [8], [24]-[26].
out of resonance. Hence, more energy could be extractedOptical guiding occurs by two related mechanisms referred
if the electrons are re-accelerated. Since the transverseas gain and refractive guiding. Gain guiding describes the
wiggler-induced velocity is proportional to the product of preferential amplification of radiation in the region occupied
the wiggler amplitude and period, a tapered reduction in by the electron beam. Refractive guiding describes the
either or both of these parameters results in a decreasdocusing (or defocusing) of the radiation by means of the
in the transverse electron velocity and a corresponding shift in the refractive index due to the dielectric response
increase in the axial velocity. This procedure requires that of the electron beam. In particular, if the wavenumber is
the taper begin at a point prior to saturation but after the shifted upward due to the interaction with respect to the
beam has crossed the separatrix onto trapped trajectoriesvacuum state, then the phase velocity of the wave decreases
The pendulum equation governing particle dynamics in a and the beam acts as an optical waveguide. It should be

tapered wiggler is of the form remarked, however, that gain and refractive guiding are
2 intimately linked and are not independent processes.
ﬁz/) = — KD ona (SN Y — SN Pres) (43) Optical guiding is not an important effect in FEL’s
? operating in the microwave regime where the drift tube acts
where as a waveguide; however, even in this regime the shift in the

SN Pres = ——3 X 1 +wa2 B. + W fied signal relative to the vacuum propagation of the wave
pond L7 waTe e which can be measured. In contrast, optical guiding is an

and the prime(’) superscript denotes a derivative with important effect in the short wavelength regime. Here, free-
respect toz. This reduces to (23) for a uniform wiggler in  space diffraction would cause the optical field to expand

kb {)\(w a2 <B{u N, )} (44) wavenumber results in a variation in the phase of the ampli-
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away from the electron beam over a scale length of the orderit will decay due to wall losses and diffraction. The trailing
of a Rayleigh range, and would significantly degrade the edge of the pulse, however, will experience amplification
interaction. In practice, however, optical guiding permits over a longer period of time. Second, the interaction with
the co-propagation of the electromagnetic wave with the the electron beam causes a refractive slowing of the optical
electron beam over the course of many Rayleigh lengths. pulse. This magnifies the effect of the slippage since once
the leading edge of the optical pulse slips ahead of the
E. Slippage and Lethargy electron pulse it races further ahead since the group velocity
is locally larger than the group velocity within the electron

higher than the axial velocity of the electron beam and this P€am- Third, there is also some delay associated with
results in the slippage of the beam behind the radiation. 1€ response of the electrons to the optical pulse. This is
One exception to this rule is possible for long wavelength Similar to the previous discussion of the low gain regime

FEL's where the dispersion of the radiation is governed which precedes the start of the exponential growth phase

by the waveguide geometry where the group velocity is of the interaction, and it derives from the fact that the
given by v, = (1 — w2 /w?)Y/2, wherew,, denotes the electrons require some period in which to develop some
gr — co ’ co . . .
cutoff frequency of the specific waveguide mode of interest. Phase coherence (i.e., bunching) before growth can begin
Since the cutoff frequency is determined by the waveguide in eamest. As a r?su't’ the leading ed@_le O_f the optical pulse
dimensions, it is possible to control the group velocity; this starts the pu_nchmg process before it SI',pS ahead Of. the
technique was used at Columbia University [21], [22] and at beamz but it is the trailing edge of the optical pulse which
Frascati [27] to detune the sidebands in an FEL oscillator. beneflts the greatest. As a Fe_su't of these t_hree effects, the
However, we are primarily concerned in this paper with OPtical pulse shape upon exiting from the wiggler will have
short wavelength FEL's where the frequencies are much a distorted shape, in which the trailing edge has undergone

greater than either the beam plasma frequency or any cutoffore amplification than the Ieadin.g edge. , ,
frequencies of the drift tube ang, ~ c. In this regard, the Slippage and lethargy are also important considerations

effect of slippage is somewhat different in FEL oscillators 1N @n oscillator driven by a pulsed electron beam, and it is

and amplifiers; we will discuss these two cases separately.Important t(_) ensure that the slippage tim_e Is Iess_ than t_he
Slippage is not an important consideration in amplifiers pulse duration for 0§C|Ilators. One exception to this rule is

driven by a continuous electron beam; however, radiation f0und when the cavity losses per pass are extremely small

growth from a drive signal (MOPA) or noise (SASE) in a compared to the gain. In this limit, operation is possible

single pass through the wiggler can be adversely affectedPe¢ause there is enough gain per pass to compensate for
by slippage in a pulsed electron beam system. If we use the desynchronism between the electromagnetic field and

Tw = L/vs ~ L/c to denote the transit time of the the electron beam [28]. In oscillators, however, the effect
w = o R

radiation through a wiggler of length, then the slippage of lethargy is to modify the cavity detuning. In order for
distance of an electron pulse relative to the radiation is the.re to be syn.chromsm_between the electron F?“'Ses and the
s = L(1 — v fvg) = L(1 — wfc) = Lj242 ~ N\ for optical pulses in an oscillator, the sep.ara.tlon time betwgen
beam pulses must equal the round trip time of the optical
pulses in the cavity. This is referred to as the cavity tuning.
As a result, because of the refractive slowing of the optical
pulse by the beam the cavity length must be shorter than
would be indicated by the round trip time in the cavity

A< Aw;—f’. (46)  vacuo
As an example, we consider the proposed Linac CoherentF. Quantum Mechanical Effects
Light Source (LCLS) at Stanford Linear Accelerator Center  In general, quantum mechanical effects can be neglected
(SLAC) [9], in which a 15-GeV/5 kA electron beam with  when the spreading of the electron wave-packet is less than
pulse durations of the ogder of 8-10 ps generates X-rays atone wave period over the length of the wiggler This
wavelengths of about 1A using a 55-m long wiggler with  spreading,Az, can be shown to be small and quantum

a period of 3 cm. For this proposed application, the slippage mechanical effects can be neglected when [8], [29], [30]
time 7, =~ 8 x 107% s is three orders of magnitude less

In most systems, the group velocity of the radiation is

v &= ¢ and v, ~ ¢ where N,, denotes the number of
periods in the wiggler. Ifr, denotes the duration of the
electron beam pulse, then slippage can be neglected if th
slippage timer, (=s/v,) < 7, which implies that

than the pulse duration, and (46) is well-satisfied. Hence, Az = )\‘;\L < A 47
slippage will have a negligible effect on the proposed 70w
LCLS. where A\. = h/m.c is the Compton wavelength. This is

Lethargy is a term used to describe distortions of the well satisfied for virtually all cases of practical interest.
output optical pulse shape related to the slippage of the For example, consider a 10;6n wavelength FEL which
beam relative to the optical signal. Consider the case of employs a 20 MeV electron beam and a wiggler which is
a MOPA amplifier in which a drive pulse is injected in 100 periods in length. In this cas&z ~ 6 x 107 um
synchronism with the electron beam pulse. First, the leading and the inequality is satisfied by a more than six orders
edge of the optical pulse will be amplified only for a short of magnitude. Quantum mechanical effects can also be
time before it slips ahead of the electron beam, after which neglected in the case of the LCLS wheke ~ 9.2 x 10~*
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Fig. 8. Schematic of an RF Linac-driven FEL oscillator.

A, which is still three orders of magnitude less than the 1.5 and modulators can be used to accelerate the beam from
A wavelength. either a thermionic or field emission cathode. Induction
Another requirement for the neglect of quantum mechan- linacs have been used at these wavelengths as well. At
ical effects is that the electron recoil upon the emission these longer wavelengths, the FEL gain can be very high
of a photon be small. This criterion may be stated in the and very high peak powers can be produced. DC sources
form that the downshift in the frequency of the emitted also have the potential of producing high average power

photon due to the electron recoil must be much smaller at high efficiencies if some means of recovering the beam
than the gain linewidth. However, this requirement results energy or current is used.

in a condition which is identical to (47). In the case of modulators and pulse line accelerators,
energy recovery is accomplished by means of depressed
lll. THE PRINCIPAL COMPONENTS OFFEL’S collectors, and the spent beam is not recycled. At the

Like other lasers, the FEL consists of a gain medium, a voltages required for FEL operation, these accelerators
means to put energy into it, a means for dealing with the are typically operated in pulse mode at some repetition
spent energy, and an optical system to appropriately directfrequency. The pulse line accelerators are fundamentally
the photons produced. In an amplifier mode, it must also single shot machines with pulse times of the order of tens
include an initial source of radiation. The gain medium in 0f nanoseconds, while modulators can produce repetitively
the FEL is the electron beam produced by various types pulsed beams with pulse times in excess of a microsecond.
of accelerator. Electron accelerators are a relatively well- Electrostatic accelerators can, in principal, produce CW
developed technology and the engineering involved is well beams; however, in order to do so it is necessary to recycle
known; however, the FEL puts extreme demands on thethe current in the spent beams to replenish the charging
quality of the electron beam, and care must be taken of current. In practice, CW operation requires the recovery of
the details of accelerator design. Indeed, the feasibility of better than 99% of the spent current. This has been done
FEL designs have always hinged on the beam brightnessat high efficiency [31] and offers the promise of achieving
produced by the accelerator. The output of the FEL mimics CW operation [32]. An alternative is to produce the beam
to a great extent the temporal characteristics of the electronnear ground potential and have the wiggler at high positive
source so that the desired radiation characteristics influencepotential and then recover the beam at ground again. Two
the choice of accelerator technology. systems are under test to utilize this approach to produce

A schematic of a typical RF Linac-driven FEL is shown high average power at 130—250 GHz for heating of fusion
in Fig. 8, although the figure shows a photocathode electronresearch plasmas [33], [34] Operation on the third harmonic
gun and a superconducting RF Linac. The principal FEL has yielded 3Q:m output with modest voltages [35].
subsystems are common to all such: accelerator; injector; However, operation at wavelengths from the near in-
wiggler and focusing magnets; and optical systems. Note frared (IR) through the visible requires beam energies
that an FEL amplifier or SASE configuration would be jn excess of 10 MeV. For these applications, the most
similar, but would omit the optical system. We shall discus; commonly used accelerator is a conventional copper RF
each of these subsystems in turn in the remainder of this |j5c. Examples of this technology are the S-band (2856-

section. MHz) Mark Ill linac at Duke University and its twin
system at Vanderbilt University. Using conventional linac
A. Accelerators technology with injectors that produce 18- macropulses

At wavelengths ranging from millimeter waves to the with a pulse repetition frequency (PRF) of about 60 Hz. To
mid-infrared, dc accelerators such as pulse line acceleratordate Vanderbilt holds the average power record for FEL's at
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about 10 W [36], although several teams are attempting to FEL comes from the VEPP3 storage ring at Novosibirsk
significantly surpass this record in the near future [37]—[39]. [47]. One limitation on the storage ring for FEL operation
All produce beams in the infrared with wavelengths ranging is that interaction heats the electron beam. The time for
from 2 to 16 pm. synchrotron damping in storage rings to cool the beam
Electron linacs are typically pulsed copper devices with limits the total rate at which energy can be extracted. This
limited duty factors due to Ohmic heating in the cavities is referred to as the Renieri limit [48]. This limit can be
by the microwaves at 0.4-3 GHz. Higher gradients are expressed in the form
generally achievable using higher frequency microwaves. p
However, the accelerating cavities store more energy and Prgp, = —2uch (48)
have reduced wall interactions (higher order mode produc- ZNw
tion) with the electron beam at lower frequencies. This where Prrr. and P.yna, denote the power radiated by the
permits higher average currents and peak charges with Ies&EL and incoherent synchrotron emission, a¥g is the
degradation of beam quality than can be achieved with the number of wiggler periods. While the power radiated by
higher gradients associated with the high frequency cavities.the FEL mechanism is less than the synchrotron emission,
A copper machine at Boeing Aerospace has pushed thisit is of interest because it is coherent and emitted over a
technology to its fullest with a 433-MHz accelerator that is narrow spectral range.
capable of CW operation and has demonstrated a 25% duty The challenge in designing storage rings for FEL's is to
factor. Nearly 130 mA of high quality macropulse current allow for a number of long straight sections for insertion
was produced at over 1 nC per bunch [40]. of wigglers. To minimize the effects of debunching from
An example of the success that can be achieved withthe induced energy spread, modern designs try to make
very high energy linacs is the lasing at 278 nm achieved the ring as isochronous as possible. An example of such a
from the 165-MeV linac at FELI in Japan [41]. Wigglers system is the recently commissioned storage ring at Duke
in this facility have operated at wavelengths from 80 to University [49] that can transport beams of 10% energy
0.28 um. The laser produced 30 mW in 24 macropulses  spread without loss. The ring has a circumference of 107.46
at 20 Hz PRF. The lasing achieved here is the shortestm and provisions for two straight sections, and an energy
oscillator wavelength to date on a linac driven system. A range of 0.25 to 1.1 GeV. The machine is designed to
key difficulty is that the FEL gain is dropping at the higher accommodate average currents of up to an Ampere and
energy at the same time as the reflectivity available from has already circulated 8 mA. At the present time two
mirrors becomes worse around 225 nm and shorter wherewigglers are installed: the OK4 from Novosibirsk [50]
oxide dielectric coatings are no longer useful. and an undulator originally constructed for a microtron-
An alternate technology for producing CW or long based FEL to have been built at NIST [51]. The OK4
macropulses is the superconducting RF linac structure wiggler system lased successfully at 345 nm beginning
(SRF) typified by the Continuous Electron Beam Accel- in December 1996, producing 150 mW and small signal
erator (CEBA) at Thomas Jefferson National Accelerator gains of nearly 10%. Future plans include operating at much
Facility which produces 4-GeV electron beams for nuclear shorter wavelengths and increasing the average power. This
physics research using 1497 MHz cavities operated at 2system also demonstrated Compton scattering of the FEL
K. Ohmic losses are reduced to negligible levels with light to produce gamma rays at 12.2 MeV (see discussion
the SRF structures (6 Wi/cavity at typical gradients) below). Other FEL storage rings have also achieved notable
while maintaining high acceleration gradients (5 to success: Super-ACO [52]; VEPP3 [53]; UVSOR [54]; and
18 MV/m) [42]. Among many additional factors, the NIJI-IV [55].
gradient achievable depends on frequency with the higher Ultraviolet operation has also been achieved using both
frequencies producing higher gradients because of thehigh and moderate energy RF linacs [56], and RF linacs
reduced likelihood of a defect occurring over the cavity are also preferred for X-ray operation because circular
surface. It is worth noting that the first FEL [43], the machines reach emittance limits due to: 1) synchrotron
first tapered wiggler oscillator [44], and the first visible heating of the beam and 2) the low peak currents due to
lasing on a linac based FEL [45] operated using the isochronicity limits. As such, the bulk of FEL user facilities
Stanford Superconducting Accelerator. Since its original built to date employ RF linacs. The temporal character
demonstration, this linac has been a workhorse servingof the light produced by RF-driven electron sources is
several generations of FEL's, since the CW beam yields noteworthy. All RF machines produce a string of short
high stability of the power, wavelength, phase, and pulse pulses (micropulses) for a period of time (macropulse)
length. In recent years, it has been extremely successful asvhich is then repeated at some PRF, and the output
a user facility producing infrared light for a number of two- radiation mirrors this pulse structure.
photon experiments, as well as continuing to investigate A group at Novosibirsk is pursuing the construction
the physics of the FEL interaction. of a high average power system based on a microtron
Storage rings are a cost-effective alternative to producing operating with very high average currents and a low RF
the energies of up to a few giga electron volts (GeV) for drive frequency [57]. The 16 accelerator cavities operate at
operation at wavelengths in the ultraviolet spectrum [46]. 180 MHz to transport 4 to 50 mA of current up to 98 MeV
Indeed, the shortest wavelength to date produced by anand then decelerate the beam again to recover its energy.
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Rotation of the electron bunch in phase space is performedin lifetime limitations. Lifetime is governed then by total
to minimize emittance growth effects during acceleration integrated charge delivered rather than time.

and to maximize electron transport down to the dump. Peak The laser source can be doubled, tripled, or quadru-
currents of up to 100 A are planned despite starting from pled yttrium-aluminum-garnet (YAG) or yttrium lanthanum
a thermionic cathode, and a novel scheme will be used toflouride (YLF) depending on the cathode material. A num-
outcouple the optical energy from the FEL cavity in 10 to ber of different materials have found favor at different

30-ps, 1 to 10zwm pulses. institutions: CsTe, 13% QE @ 263 nm with lifetimes of
100 s of hours; LaB, 0.1% @ 355 nm with lifetimes of 24
B. Injectors h; K,CsSb, 8% QE @ 527 nm with lifetimes of 4 h; {3,

No part of the FEL design has more influence on the 4% QE @ 527 nm with lifetimes of 4 h; and GaAs (Cs), 5%
eventual performance of a linac driven system than the QE @ 527 nm with lifetimes- 40 h (see [61] and [62] for a
injector. Significant strides in that technology over the review of many cathode materials). The lifetime data quoted
past decade have influenced linac design for a wide rangehere should be taken with some degree of skepticism since
of applications not restricted to FEL's. Most notable has Nno attempt has been made to unfold the effect of delivered
been the development of the RF photocathode injector. charge and therefore back bombardment of the cathode life.
Pioneered by Sheffield and Carlsten at Los Alamos National Some cathode materials can be rejuvenated many times with
Laboratory (LANL) [58], this technology permits the pro- 0xygen cleaning and/or recesiation. Often injector designs
duction of electron bunches with nanocoulombs of charge incorporate a means to prepare or transfer new cathodes to
at emittances of several mm-mrads. Such performance haghe cavity or alternatively a cassette with multiple cathodes.
yielded ultraviolet lasing using electron beam energies of No ideal photocathode exists which combines long life,
only 45.2 MeV [56]. Emittance growth in these injectors insensitivity to poisoning, high quantum efficiency, and
can be reduced by the proper design of the eiectrostatidong Wavelength operation. A few materials with relatively
and/or RF focusing system to compensate for the major low quantum efficiency have essentially infinite lifetime
sources of emittance growth (primarily space-charge ef- (€.9., LaB run very hot but below the threshold for
fects) [58]. The high brightnesses at high bunch charge arethermionic emission). The cathodes with the best life are
also significantly dependent on the high cavity gradients those which require UV light, which requires more funda-
achievable in pulsed structures. Typically, a minimum of 20 mental power because of the lower conversion efficiency in
to 40 MV/m is desired on the photocathode surface although quadrupling although conversion efficiencies of 30% have
operating gradients up to 125 MV/m at the cathode have been achieved. Achieving the desired stability in phase and
been reported [59]. amplitude and reliability in the drive laser is also not trivial.

This photo-injector technology is a key enabling technol- It is particularly challenging if high duty factor operation
ogy for the development of X-ray FEL's based on SASE. is desired as on SRF linacs; the resulting lasers tend to be
Such FEL’s require very small emittances to work at the at the edge of commercial availability and aﬁordability.
short wavelengths desired and high peak currents and bunch To achieve CW operation from injectors requires either
charges in order to get sufficient gain to keep wiggler & substantial RF system and aggressive cavity cooling
lengths within reason. Typically these injectors produce design [38], a dc photogun development [63], or use of a
more than 1-nC pulses which could lead to severe emittancethermionic cathode with a concomitant increase in the emit-
degradation by space charge forces and phase space mixingince at a given charge [57]. To date, no SRF photogun has
were it not for the high acceleration gradients which get been developed beyond some low current demonstrations
the beam to relativistic energies quickly (in addition to [64], although such a development would have significant
a solenoidal focusing field). Groups at BNL, UCLA, and Potential applications. A group at Rossendorf is pursuing
SLAC are all collaborating on such a photoinjector [60]. such a development [65]. They believe it is possible to
The effort is aimed at producing 1 nC in a 13-ps flat-top achieve nearly 20 MV/m on the cathode and 10 MV/m
pulse with a projected normalized emittance<of.25 mm- ~ average in the cavity in a TESLA-style 3 1/2 cell 1300-
mrad at 30 MeV using gradients up to 150 MV/m. BNL MHz cavity and are constructing a 1 1/2 cell prototype.
has already demonstrated 2t50.5 mm-mrad at 1 nC in  There are no fundamental physics issues identified but the
a 10 ps pulse [59]. engineering challenges are significant.

A technical challenge in the design of photoinjectors ~ Thermionic RF guns are also commonly used for compact
is the need for ultrahigh vacuum to avoid poisoning of FEL's. Such systems can share the RF power from the
the cathode material. It is especially difficult to engineer Main linac structure with appropriate phase and amplitude
excellent pumping speeds in very high gradient cavities control on the RF. Because the electrons can be emitted
so care in surface preparation is required. Vacuums of over a broad range of RF phases the electrons have a wide
102 to 107! are required for most cathode materials €nergy spread. With such systems the beam is generally sent
with water vapor being a key poisoning element. Typically through an alpha magnet with a slit defining the energy ac-
partial pressures of 13! of H,O are desired to maintain ~ ceptance for the rest of the machine. Such systems are in oper-
high quantum efficiency (up to 15%). Even when the ation in Duke [66], Vanderhilt[67], IHEP [68],and elsewhere.
cathode is not poisoned by an imperfect vacuum, then backTo h6|p RF phase an amplitude control, feed-forward circuits
bombardment by ions onto the cathode surface can resultcan be used to anticipate the beam loading effects.
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C. Wigglers clear superiority for all applications at this time. Tunability

The wiggler or undulator represents a mature technology IS achieved by varying either the electron beam energy
with several excellent designs available from a number OF the field strength. If the wiggler is adjustable, then
of commercial companies. It should be explained that the it 1S much easier to tune the wavelength since electron

difference between wigglers and undulators is determined transport systems are chromatic and require retuning if the
by the value ofK (~0.934B,\,,, where B,, is the on- beam energy is adjusted outside a narrow range. Tuning

axis wiggler field amplitude in Tesla and, is the period electromagn.etic Wiggler§ is sim_ply a matter Of, adjusting
in centimeters), as referred to by, previously in this power supplies while tuning hybrld wigglers requires one f[o
paper and in much of the literature in the field. In the FEL adjust the gap. Tolerances are tight, and the since trimming

community these terms are used interchangeably, but inOf the figld quality can only be optimized at one gap some
the synchrotron light source community the term undulator fenalty in performance may result when utilizing a wide
is used more commonly whek < 1. Wigglers have uning range. . . .

been constructed with both helical and planar symmetry One consideration in the choice of wigglers which comes

and with electromagnets, permanent magnets, or hybrld|nto play for long wigglers is the necessity of mamtamm_g
S . the electron beam focus. At low electron beam energies

combinations of the two. Ferrite elements are also used , . . : . . \

this can be done via an imbedded solenoidal guide field,

to concentrate the field. The commercial success of thesebut this becomes impractical above a few MeV in electron

devices has been due not so much by the market drive . . . L
. beam energy. Helical wigglers provide focusing in both

from the FEL community but rather that of the second and . : .
planes [and higher gain by root (2)] but are difficult to

third generation synchrotron light sources which can have manufacture and trim at high fields. They also provide little

many insertion devices and where the required quality of access to the beam for diagnostics or vacuum pumping. The

th:_hmagnitic lfield i? vEr)_/ high. iadl iod d d more common planar wigglers naturally provide focusing
e technology of choice Is wiggler period dependent. ;, yhe girection of the magnetic field which can maintain

For microwave/millimeter wave applications electromag- one beam axis at a stable value through the full length
netic wigglers prevail, and both helical and planar wiggler ¢ wiggler if properly matched initially. If nothing

configurations have been used with wiggler periods ranging ¢ ther is done there is neutral focusing action in the
from 3-10 cm. At wavelengths in the near infrared and qiher plane. This may be acceptable for short wigglers,
shorter, planar wigglers are most commonly used. Examplesy, + aqditional focusing is required if the wiggler is long.

of an electromagnet and an electromagnet with ferrite g,ch focusing can be provided by providing distributed
elgments to confine the field mclud_e the PALADIN wiggler quadrupole fields by curved poles [5] or permanent magnets
built at Lawrenge Livermore National Laboratory [69], [78]-[80], or occasionally adding quadrupoles interspersed
the FIREFLY wiggler at Stanford’s SCA [70], and the petween wiggler sections. The tolerances can be very tight
OK4 wiggler from Novosibirsk now installed at Duke i the case of very long SASE systems. There is substantial

[71]. For wiggler periods of 6 cm down to 2 cm or less, engineering design and analysis work underway to solve
permanent magnet/hybrid wiggler technology takes over this issue [81], [82].

utilizing SmCo5 or NdFeB permanent magnets with flux
channeled by vanadium permendur or similar materials to D, The Optical Cavity

produce & ~ 1 for approximately 1-cm gaps. These areé  the gpical cavity for an FEL is often more difficult to
extensions of a technology originally developed by Halbach gngineer than for conventional lasers. The FEL requires
[72] and are sufficient for significant gain in the infrared and good overlap between the electrons and the optical mode
visible spectra. One typical example is the Jefferson Lab IR iy order to achieve high optical field amplitudes. Since
Demo wiggler manufactured by STI Optronics, which has a the electron beam dimensions are small, this implies that
K = lata12-mm gap with a 2.7-cm wavelength and 40.5 the mode must also remain small with a relatively short
effective periods. This wiggler was based on a design for an Rayleigh range but modest mode size variations within the
insertion device at the Advanced Photon Source at Argonneyiggler. A broad performance optimum occurs with the
National Laboratory and exhibits exceptionally good field Rayleigh range around half the wiggler length. Angular
quality. Itis important to note that it is now recognized that alignment tolerances can be very small. In addition, the
the key field quality requirements are the phase error andcavity length must match a subharmonic of the linac
the trajectory error. The previously used rms field error, operating frequency (or the interpulse spacing in a storage
while marginally useful, is not nearly as traceable to FEL ring) to a very high accuracy. It is not unusual to require
performance [73]. a 10-m optical cavity length to be correct to within a
To obtain shorter wiggler periods at reasonable gaps few microns. The range over which the optical cavity can
becomes difficult since the field falls exponentially as the be varied and still result in lasing is called the detuning
ratio of the gap to the wavelength. Pulsed electromagneticlength. It becomes particularly small when pulse lengths
[74], super-ferritic (superconductor with iron poles) [75], are short and system gains drop as happens in systems
[76], and superconducting [77] systems have been built, designed for short wavelength operation. This tends to
as well as very short wavelength hybrid or permanent not be such a problem in storage ring devices because
magnet devices with small gaps. No system has shownof the long micropulse lengths, although the typically
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lower gains still result in tight angular tolerances and high A. SASE for Short Wavelengths

cavity Q’s. Since t_he optical output mimics the_ electrqn One of the more active areas in the past few years has
beam’s temporal microstructure, a subset of possible opticalyeen in developing an approach to producing a soft X-ray
cavity modes is excited and therefore contributes to the pg| s with wavelengths near the A “water window”
output [83]. The optical cavity must operate in a vacuum ¢4 5 hologram of a (formerly) living protein could be
and usually must be remotely controlled because of the gpiqined. or near 1.3 so a holographic image at the
radiation environment. The high Q's and tight optical 4i,mic scale could be obtained. Difficulties that must be
modes typically found yield high peak and average pOWers o qrcome include: 1) the requirement for extremely low
on the optics which can lead to damage as can the moreg iance heams; 2) the lack of a suitable source for
gradual background radiation from the accelerator. Higher an amplifier; 3) the lack of good mirrors for oscillators;

e??rr]gy':rgicﬁmes producE_ sr:gnlﬂc?nt dfllthes- of h;rd uv and 4) the relatively low growth rates result in extremely
24 886 M armonlchI,EIiNd Ich can lea Ido m|rr0r" amaflge long wigglers with concomitant tight alignment tolerances,
[84]-[86]. Jvioreover, esigners would generally preter required for a SASE configuration. The typical design under
to have mirrors of high reflectivity over a broad wavelength consideration for these systems is the SASE FEL to avoid
range to take advantage of the FEL’s tunability. Such . i
the requirements for an external source or good X-ray

mirrors are somewhat obtainable in the IR region but . . . -
) irrors. Here, shot noise [93] in the initial electron bunch
coating performances become worse as one moves towar : D : : .
provides the initial photons, typically having an equivalent

:)h?[icu(?//v.hi(c?r:j trz(;uplllg%iftf?cilf g\\;\grsgfgg'\:V?Vje:‘ragsbm;zz;e power of 10 to 1000 W due to the large electron charges
b y g " involved [94]. However, the short wavelength required

hole outcoupling [87], which results in only part of the ; . . )
power going into a useful mode although see the novel _demand relatively high electron energies, and most designs

RAFEL design discussed below), an unstable resonator"WOIVe peam energies of 1 Ge\{ or more. . .
design with a scraper (extra mirror bounces), a grating A design underway at SLAC will serve as an illustration

(perhaps difficult to manufacture or have survive at high which .is based on using 1/3 of the SLAC. Iinag at 15
fluence), or use a two-stage system with the high power GeV with an RF photocathode source for a high brightness

produced in an amplifier stage at the end (promising but beam. A schematic illustration of this design is shown in
the difficulties have not yet been fully explored). Fig. 9. The injector produces 1 nC in a 3-ps bunch which
Given all these design issues, it is not surprising to find 1S accelerated and compressed using magnetic bunching in
a number of different approaches having been taken. Shortthrée stages to 3400 A peak in a 100 fs pulse at 1.5 mm-
wavelength or high power operation places especially high mrad emittance. Such a pulse would have a gain length of

demands on the cavity and novel approaches have bee@pproximately 11 min & = 3.7, 3-cm period wiggler,.
chosen to deal with such issues [88]-[90]. and a wiggler length of 94 m is needed to reach saturation.

The short electron pulse length is achieved by a magnetic

bunching chicane and a correlated energy spread on the

beam. At the present time, there are unanswered questions
IV. |MPORTANT FUTURE DIRECTIONS about the growth of emittance in such chicanes due to

At the present time, ten FEL user facilities are in op- coherent synchrotron emission effects which could lead

eration for a wide range of applications in materials and © Performance problems [95]. Efforts are underway to
biomedical research, as well as a large number of dedicated?NSWer this outstanding question from both theoretical and
FEL’s (for a listing see [91] for short wavelength FEL’s gxperlmental standpoints. Apenak output power of. 10GW is
and [92] for long wavelength systems). While it is always indicated at a wavelength of 1/ Key challenges include
hazardous to try to predict the future course of scientific re- Maintaining the required emittance (1.5 mm-mrad), achiev-
search, we feel confident that two general areas of researcing low dipole field errors, achieving very tight alignment
will comprise important elements of future study. These (absolute beam trajectory deviatien 5 to 10 m) [96].
two areas include advances in the technology to achieve:Other work is aimed at developing alternate approaches
1) higher average powers and 2) shorter wavelengths. In thethat reduce the formidable hardware requirements [97].
first case, the initial target will be to achieve average powers A similar concept, but based on advanced superconduct-
of 1-10 kW in the infrared. This goal is under aggressive ing structures for TESLA, is under construction at DESY
pursuit at the Thomas Jefferson Accelerator Laboratory, [98]. By taking advantage of the reduced perturbations from
where a superconducting linac is being built to power longitudinal and trgnsverse wakefields the plan is to reach
an FEL oscillator. In the second case, designs are beinga wavelength of 6%\ using a 1 GeV/2500 A electron beam
finalized for short wavelength SASE FEL'’s at SLAC and and a wiggler with an on-axis field strength of 5 kG and a
DESY to use RF linacs to generate beams with energies inperiod of 2.73 cm. Saturation is anticipated over a wiggler
excess of 1 GeV to reach wavelengths Aor less with length of about 27 m with a peak output power of 2-3
brightnesses greater than can be achieved with synchrotroGW. The TESLA (TTF) has a high duty factor for high
light sources. Indeed, these SASE FEL'’s are, at the presentaverage brilliance (see Fig. 10). The figure shows the output
time, the prime candidates for the fourth generation light of the TTF-FEL at 1 GeV under conditions of straight
source. amplification and with the addition of a monochromator at
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Fig. 9. Schematic illustration of the proposed Linac Coherent Light Source at SLAC.
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vicinity of 600 xm [100] at the Massachusetts Institute of
Technology was in substantial agreement with theoretical
predictions. Recently, SASE has been clearly demonstrated
at 16 xm [101]. In addition, the equipment is in hand for a
SASE experiment at Duke University using the PALADIN
wiggler [69] and the injector linac for the storage ring,
and a conceptual design for such an experiment has been
developed at a wavelengths of about L [102].

Theoretical efforts [93] predict the production of short,
intense spikes within the micropulse separated by the
effective cooperation length. This is similar to effects seen
in oscillators at high gain [103], [104]. Whether these
intense spikes will prove useful or a hindrance is an open
issue.
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B. Superconducting RF Systems

An approach to producing high average powers and
efficiency improvements involves the recovery of electron
beam energy by decelerating the electron beam in the same
cavities used for the initial acceleration. Although FEL
lasing has previously been accomplished while decelerating
the beam in a second accelerator [105] and same cell energy
recovery has been done in the absence of FEL operation
[106], no complete demonstration of these techniques has
yet been accomplished. A group at Jefferson Laboratory is
incorporating such an approach into a high average power
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Fig. 10. The average brilliance predicted for the TTF-FEL and
TESLA-FEL exceeds all third-generation light sources by many
orders of magnitude (figure courtesy J. Rossbach, used by permis-

FEL for industrial processing [37]. A schematic illustration
of this FEL is shown in Fig. 11. The system will operate
initially at 1 kW in the 3—-6.52m range. Later upgrades are

sion). planned to take the system todm and later to 200GA.

The average beam current of 5 mA operates CW because
the midpoint of the wiggler to increase the brilliance (TTF- of the superconducting accelerator cavities. In its initial 3-
FEL M). Later, the full upgrade to 50 GeV will result in the  #m configuration the 10-MeV injected beam is accelerated
output shown as TESLA-FEL. An alternative to this project {0 42 MeV, passed through the wiggler to achieve lasing,
using S-band normal conducting accelerators is shown asand then decelerated to the injection energy. The difficulty,

SBLC. The SLAC linac coherent light source (LCLS) is of course, is the energy spread induced by the FEL. High
shown for comparison transport acceptance is essential since on a CW basis little

. more than a few microamperes can be permitted to intercept
Such systems depend on the success of SASE to aChIev?he beamline wall before melt through would occur. Just

the|r. goals, but at the present tme only I|m|te_d demon- how large the extraction efficiency can be before the beam
strations of SASE have been achieved. Work in the 10ng pecomes uncontrollable is the subject of ongoing study.

wavelength regime at LLNL on the ELF project produced There are also open issues regarding the system stability
high extraction efficiency and very high gains [99], but since fluctuations in the accelerated and decelerated beam
this was in a waveguide geometry so that the connection can cause beam energy variations affecting the lasing. The
to present plans is not as strong as desired. More recentsystem construction is completed and first lasing is planned
efforts have demonstrated SASE at wavelengths in thein FY98.
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Fig. 11. Schematic illustration of the configuration of the high average power FEL under
construction at Jefferson Laboratory.

C. RAFEL advantageous as the initial photon source for this because

In an effort to extend the efficiency of oscillators and the light pulses are of high intensity, being within the
simultaneously deal with the ever present issue of mirror Optical cavity, and are automatically matched in temporal
loading, a group at LANL has proposed using a high and physical alignment with the electron beam. The FEL
gain amplifier with a hole coupling resonator which takes is operated with more than one optical bunch in the laser
advantage of the fact that the oscillator mode tightens asCavity so that the returning optical pulse encounters a
the system comes into saturation. Thus, at low powers €lectron bunch and scatters up to an energy given by
most the radiation is fed back to be amplified, whereas '« = 47*hwo/(1+~%6%). Note that additional corrections
at high powers most of the optical power flows through the aré necessary if the photon energy is comparable to the rest
hole and is outcoupled and only 1% of the power is fed Mass of the electron [116]. At high photon energies, the
back at saturation. This reduces heating and consequen?'eCtm”S are lost after the scattering event due to the recoil
damage of the mirrors. The system requires significant momentum, bringing the electron outside the storage ring
gains and so puts significant demands on the electron beanficceptance. One key factor in the experimental design is
quality at shorter wavelengths. A demonstration experiment Making sure the interaction of the electrons and photons

is underway operating at J@m. It has already shown small

signal gains of 60 using the nominally 17 MeV 300 A pulses
20 ps long in 30us macropulses at 60 Hz. The system is
expected to ultimately provide 1 kW of average power [15].

occurs at a point where the electron angular dispersion is
smallest, i.e., field free. To date, a number of groups have
been successful in generating such photons using storage
rings and linacs at UVSOR to produce 9.5-MeV photons

[117], Duke to produce 32 MeV [118], CLIO at 7 to 14

D. Miscellaneous Approaches keV [119], etc.

Other groups are extending the FEL performance in
other ways which will provide users desirous of special
photon characteristics more flexibility. FEL operation has V- APPLICATIONS
already demonstrated very narrow line operation by utiliz- As the FEL has matured, there has been a substantial
ing coupled cavities to tighten the spectrum [107]. Methods growth in the number of efforts to utilize the radiation
have also been found which permit the FEL to lase at produced rather than just study it. It is impossible to
multiple frequencies simultaneously, either near by [108], cover all areas of research underway or contemplated using
on harmonics [109], or with synchronous use of synchrotron FEL'’s, but we will try to cover many broad categories to
emission [110]. To deal with the high optical cavity power illustrate the advantage of an FEL source. Indeed, it must
a group has proposed using an initial low-power oscillator be recognized that to be successful as a research source, the
to bunch the beam which then provides high gain and FEL must offer capabilities not found elsewhere, for this
extraction in a second wiggler [57]. Such a concept differs is necessary to overcome the clear disadvantages of FEL
from earlier work on a MOPA [111] in that the electron sources: large; expensive; and it requires a “crew” to run
transport to the second wiggler must maintain the electrons’ as opposed to a tabletop turnkey system. Several studies
phase coherence to the optical wavelength accuracy and sdave examined the applicability of FEL’s to perform basic
be of exceptionally high quality. scientific research [120] and have found wavelength ranges

Although not strictly an FEL question, there have been in which the FEL has no effective competition (30m
a number of papers and experiments in the last two yearsto several millimeters excepting several fixed points where
utilizing FEL's or conventional laser sources for Compton existing lasers can operate). In other regions it may still
scattering to promote photon energies up to MeV levels. be the source of choice by virtue of other characteristics:
Such sources could have application in medicine [112], short pulse length; micropulse energy/peak power; ability
nuclear physics research [113], [114], or the study of to synchronize for pump probe efforts; bandwidth; beam
transmutation of elements [115]. An FEL is particularly quality; and, most fundamentally, tunability.
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Table 1
Summary of Currently Available FEL User Facilities (See [91] and [92] for References)

Country Instituti Device Aum) 7, (ps) Epllp Ppeak  Pgyg Accelera
on Mev/iA) MW) W) tor
USA SU FIREFLY 19-65 1-5 20/14 3 4 SCRF
SCA/FEL  3-10 0.7 37/10 10 1.2 SCRF
vu FELI 2-10 2 43/50 10 10 RTRF
DU Mark III 3-10 3 44/20 2 3 RTRF
OK-4 0.3 10 1000/350 1000 0.1 SR
JL IRDemo  3-6.6 1-2 42/50 10 (1000) SCRF
UCSB 150-2000 gx106 672 0.004 0.08 VDG
PU CIRFEL 10-43 4 14/150 4 0.05 RTRF
Japan FELI FELI 1 5-22 1.7 33/42 5 2 RTRF
FELI 2 1-6 1.7 75/50 5 0.5 RTRF
FELI 3 0.23-1.2 1.7 165/60 5 0.5 RTRF
FELI 4 20-80 1.7 30/40 5 1 RTREF
FELL 5 40-100 35 20140 () ) RTRFE
France LURE  SuperACO 0.3 20 800/10 12 0.8 SR
CLIO 1.8-17.5 156  70/80 10 9 RTRF
NL FOM FELIX-2 5-35 0.5-10 4570 2 1 RTRF
FELIX-1 25-110 1-10 25/70 2 0.5 RTRF
China Beijing BFEL 10-16 4 30/14 20 2 RTRF

There are at least ten major multi-user FEL facilities sub-band transitions. Direct linear probing of defect modes
around the world (see Table 1). In the last year they and buried interfaces with bond specificity is possible [122].
have collectively provided over 14000 h of beam time to Measuring energy distributions and line shapes probes
researchers. They are applying light for research in materialmode coupling and energy dissipation into the electron or
sciences, chemical technology, biophysical science, medi-phonon continuum of the substrate. Low-frequency modes
cal applications, surface studies, and solid-state researchin large biomolecules such as nucleic acids and proteins
Despite this active agenda, the number of FEL users doescan be excited in FIR for similar studies of energy flow.
not approach that of synchrotrons and other such light An interesting by-product of research in this area is the
sources. This is primarily due to the fact that the FEL development of a far infrared streak camera capable of
supports more or less a single user at one time. While it operation out to 10@:m with picosecond resolution [123].
is feasible to split the FEL’s output beam among several
groups, all must agree on the wavelength, pulse length,
pulse structure, etc., which is an unlikely event in most B. Infrared Spectra
cases. Therefore, except for parasitic alignment activities, Most existing FEL’s operate in this wavelength range.
the FEL will continue to support single user activities for For many uses at wavelengths less than around:/mQ
the most part. An exception to this is the FEL facility at existing tabletop lasers can satisfy most researchers needs
Stanford, which has installed a system for beam separationdue to the development of optical parametric oscillators
to permit sending the independently adjustable beam to (OPO's) for nanosecond and optical parametric amplifiers
alternate wigglers on a macropulse basis [121]. (OPA's) for picosecond pulses. These use b-barium borate

The FEL applications span a wide wavelength range and (BBO), potassium trihydrogen phosphate (KTP), lithium
the sorts of applications that occur in each range are treatechiobate (LiNbQ), and AgGaSe Such systems span 440
below. nm to 2 ym with 10-ns pulses producing 20 to 100 mJ of

light and from 1 to 10 mJ at 2 to 3.pm.
. Exceptions which drive users to FEL's occur when they
A. Millimeter Wave/Far Infrared Spectra need high peak powers, have a particular need to exploit

At least three groups are attempting to make high averagethe wide tunability of the FEL, or the possibility of chirped
power FEL's in the millimeter range for plasma heating. pulses. OPO’s also tend to have bandwidths which are wide
In this frequency range gyrotrons have been the principle compared to their Fourier width. Despite the competition,
radiation source. The FEL offers possibilities of better this has been a fruitful range for researchers desiring to
performance at the higher frequency ranges of interestutilize the FEL. Many of the researchers synchronized the
because the source produces a quasi-optical mode. This i$-EL output with another radiation source for measurements
easier to produce and transport without overtaxing windows in this wavelength range: Stanford used Ti:sapphire; the
and other RF components. The FEL can also excel as aMark Ill and Duke storage ring used synchrotron emission;
research tool in this range because it produces picosecondit CLIO they used frequency doubled mode locked YAG.
pulses of high intensity radiation. Typical studies include A particularly powerful technique has been sum
measurements of principle excitations in condensed mat-frequency generation. The versatility of this approach
ter systems, where it is possible to access the principalis demonstrated by the variety of applications demon-
excitations such as plasmons, phonons, magnons, and interstrated. Early examples at CLIO include sum-frequency
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measurements on the surface of Pt in methanol usinpm5- C. Visual/UV Spectra

FEL pulses and a synchronized laser. In other tests the Ajthough existing lasers in this wavelength region satisfy
FEL was used for pump probe observation of coherent most users, there were a few applications cited which
transient grating effects of narrow gap semiconductors and apply the unique advantages of the FEL. At SuperACO,
third-order nonlinearity coefficients and electron relaxation operating at an average power of 0.1 W in the 350-430
times in GaAs/AlGaAs quantum wells [124]. More nm range, time-resolved polarized fluorescence decays of
recent activities include using sum frequency generation the reduced nicotinamide adenine dinucleotide coenzyme
(SFG) to identify bonding and density monitoring when NADH in aqueous solution using single photon counting
putting polyurethane on float glass, interaction of fullerene were performed. The advantage of using an FEL on a
deposited on gold to show the surface interaction modifies storage ring is the natural synchronization with synchrotron
the fullerene geometry, and vibrational dynamics of CO at emission in bending magnets. This was used to study relax-
an electrochemical interface [125]. ational dynamics of the excited state. In other experiments,
Studies in kinetics in this wavelength range include vibra- the measured the surface photovoltage effect on Si (111)
tional energy transfers in molecules. This opens up a newand the resulting modification of electronic band bending
class of experiments to study mode selective chemistry thatusing time resolved photo emission [137].
requires high-power short pulses which excite molecular Current efforts include photo-ionization of excited he-
vibrations. For example, see [126] for isotope selective lium, FEL excitation of photocarrier and production of
multiphoton dissociation of formic acid and nitromethane. photofragments in IR, and transient absorption in excited
A group at Stanford studied second-order nonlinear sus-tumor cells [110].
ceptibility of the conduction band and valence band quan- Some proposals for commercial and other applications
tum well (QW) structures extracted from the interference have been floated and are under study, e.g., power beaming
between second harmonic fields of QW’s and GaAs sub- to satellites [138], [139]. The idea is to provide enhanced
strate as determined by the azimuthal dependence of theightintensity to increase the efficiency of solar panels. Pro-
second harmonic power. This is the first demonstration of Ponents claim an improvement of 1000% more electricity
difference frequency generation of mid IR in any QW [127]. Per panel than from the sun, which saves $0.5 billion per
Groups at Stanford also studied vibrational dynamics in Satellite slot in a geosynchronous orbit.
glass forming liquids. These are the first vibrational photon ~ Other commercial possibilities are under study. For ex-
echo experiments and first comprehensive temperature-2MPl€, processes have been identified for existing UV

dependent pump probe measurements on any condenselfmps and excimer lasers. The difficulty with conventional
matter system [128]. sources is the cost per kilo-Joule and the available power

Among the extensive studies carried out at the FELI per unit'. This represents an opportunity for the FEL if
facility in Japan are resonant excitations of molecular Lhehdeswed wavelengtll“omoe(l)(?lvnm) dcan be ptr)(lnduced a_llfh
vibrations [129], band discontinuities of semiconductor igh average power ( ) and reasonable cost. The

heterojunctions [130], and isotope separation [131]. The h'g/h powe(rjrquwremoegt gojyce?i Komtthet “e?‘dt t(; treatt_looo
user facilities at this lab have become among the most ' /MIN and defiver ©.5= patent exists for anti-

productive in the world, providing over 2000 h of beam m|crob|al_nylon with wide qpphcatlon if suitable source
. : characteristics can be obtained [140].
time in the last year.
Studies in medical applications at Vanderbilt are leading
in 1998 to the first use of an FEL in human neurosurgery by D. Deep UV and X-Ray Spectra

taking advantage of particular absorption bands to produce |, e deep UV range the FEL competes with synchrotron

an exceptionally fine cut in bone and tissue.[132]. FELI sources. Typically, synchrotrons provide average, not peak
has also ablated and hardened dental materials [133] andpOWer and the pulses are 10 s of ps in duration at 1-ns

studied photodynamic therapy [134]. The tunability, power, intervals as opposed to the few picoseconds of FEL’s. FEL
and pulse variability of the FEL has made it an efficient scillators also provide a narrow linewidth, so when peak
biophysical research tool [135]. power at a particular wavelength is desired, the FEL will

Commercial applications have been proposed which usenold the edge and the synchrotron will have the advantage
a high average power FEL to heat the surface of polymers for average powers of wide bandwidth. While a number of
for enhancements to the surface morphology. This usespossible applications have been identified for such sources,
infrared at 5.8 to 6.2:m wavelengths where high ab- no FEL yet has the necessary radiation characteristics.
sorption results from carbonyl-related molecular absorption  |n the X-ray region, competition is from laser pumped
bands. Representing a major market, they would plan to X-ray sources. A number of workers in the field believe
treat many billion pounds per year. The key is to achieve the FEL will be the fourth-generation light source to
very high average power (100 kW) at reasonable costs peruse in probing at the atomic scale. Applications would
photon «$0.01/kJ). By enhancing surface roughness in involve flash X-ray microscopy, measurements of transient
polyester and nylon fibers, the fabrics can be made softer, lattice distortions and melting, microbe analysis, imaging,
hydrophilic, and the material more readily accepts dyes tomography, near resonant scattering, angiography, and
[136]. lithography.
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Compton scattering in an FEL provides MeV level poten- infrared regenerative amplifier FEL,” iffree-Electron Laser

i i i Challenges, Proc. SPIEL997, vol. 2988, pp. 28-37.

tially polarized photons, which are l.JS(.erI.prObes of nuclear [16] J. M. J. Madey, “Relationship between mean radiated energy,
matter [141] or therapy [142]. This is likely to prove a mean squared radiated energy and spontaneous power spectrum
fruitful area for future research. in a power series expansion of the equations of motion in a

free-electron laser,Nuovo Cimentpvol. 50B, pp. 64-88, 1979.
[17] H. P. Freund and A. K. Ganguly, “Three-dimensional theory of
V]. SUMMARY the free-electron laser in the collective regim@Hys. Rev. A
. . . vol. 28, pp. 3438-3449, 1983.

In this brief survey of FEL'’s, we have tried to convey of [18] L. H. Yu, S. Krinsky, and R. L. Gluckstern, “Calculation of
the basic physics, engineering, and app”cations of FEL'S, as universal scaling function for free-electron laser gaiRfiys.
well as the principal future directions of the field. Of course Rev. Lett, vol. 64, pp. 3011-3014, 1990. N

; p. .p . o ' ' [19] Y. H. Chin, K. J. Kim, and M. Xie, “Three-dimensional
this last subject is highly subjective and represents the best  theory of the small-signal high-gain free-electron laser including
judgment of the authors at the present time. As a result, the  betatron oscillations,Phys. Rev. Avol. 46, pp. 6662-6683,

1992.
reader should be aware that future developments may takqZO] J. C. SlaterMicrowave Electronics New York: Van Nostrand,

alternate directions which are not presently apparent. Be 1950.

that as it may, however, the reader should be aware that ap{21] F. G. Yee, J. Masud, T. C. Marshall, and S. P. Schlesinger,
“Power and sideband studies of a Raman free-electron laser,”

plications of this.techn.ology abound.and that, unlike oth_er Nucl. Instrum. Meth.vol. A259, pp. 104—106, 1987.
vacuum electronic devices, the FEL is capable of operation[22] J. Masud, T. C. Marshall, S. P. Schlesinger, F. G. Yee, W. M.
over virtually the entire electromagnetic spectrum. Fawley, E. T. Scharlemann, S. S. Yu, A. M. Sessler, and E. J.

Sternbach, “Sideband control in a millimeter-wave free-electron
laser,” Phys. Rev. Lettvol. 58, pp. 763—-766, 1987.

[23] J. C. Goldstein, B. E. Newnam, and R. W. Warren, “Sideband
suppression by an intracavity optical filter in the Los Alamos
free-electron laser oscillatorNucl. Instrum. Meth.vol. A272,
pp. 150-154, 1988.

[24] E. T. Scharlemann, A. M. Sessler, and J. S. Wurtele, “Optical
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