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A method for generating femtosecond-duration x-ray pulses with a free-electron laser is presented. This
method uses an energy-chirped electron beam propagating through an undulator to produce a frequency-

chirped x-ray pulse by self-amplified spontaneous emission.

A short temporal pulse is created by use of a

monochromator to select a narrow radiation bandwidth. A second undulator is used to amplify the short-

duration radiation.

The radiation characteristics produced by a chirped-beam two-stage free-electron laser

are calculated, and the performance of the chirped-beam two-stage option for the Linac Coherent Light Source

is considered. © 2002 Optical Society of America

OCIS codes: 140.2600, 340.7480, 320.1590, 320.2250, 230.1480.

1. INTRODUCTION

A single-pass free-electron laser (FEL) has the ability to
extend the energy range of lasers into the x-ray regime.!
The Linac Coherent Light Source (LCLS) is a proposal? to
construct a single-pass FEL that generates x rays
through self-amplified spontaneous emission® (SASE).
As described in this paper, a SASE-FEL, such as the
LCLS, can be modified to produce short-duration (femto-
second) radiation. Atomic structural dynamics, e.g.,
chemical reactions, phase transitions, and surface pro-
cesses, are driven by the motion of atoms on the time
scale of the atomic vibrational period (=100 fs). Since x
rays are effective structural probes, development of a
source of high-brightness femtosecond x rays would be an
important tool for studying the structural dynamics of
materials on the fundamental time scale for atomic mo-
tion.

The proposed scheme for short-duration radiation gen-
eration is based on frequency chirping the radiation
pulse. An energy-chirped electron beam is injected into
an undulator. The FEL operates in the high-gain linear
regime of amplification and produces frequency-chirped
radiation with the usual SASE properties.* After the un-
dulator, the radiation is passed through a monochro-
mator, which transmits a narrow bandwidth. Since the
radiation frequency is correlated to the longitudinal posi-
tion within the beam, a short temporal radiation pulse
will be transmitted through the monochromator. We con-
sider using a second undulator to amplify the short-pulse
radiation. A chicane can be used to delay the electron
beam, compensating for the path delay introduced in the
radiation pulse by the monochromator and allowing the
radiation to recombine with the electron beam at the en-
trance to the second undulator. The second undulator
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acts as a FEL amplifier and amplifies the short-pulse ra-
diation to saturation. Figure 1 illustrates the basic sche-
matic of a chirped-beam two-stage FEL.

The chirped-beam two-stage FEL offers two major ad-
vantages over the standard single-pass SASE-FEL.
First, it provides control of the radiation-pulse duration
and allows the possibility of producing femtosecond radia-
tion pulses. The short-duration pulse will reach satura-
tion in the second undulator and therefore has the same
peak power as the standard single-pass SASE-FEL. Sec-
ond, it provides stability of the shot-to-shot fluctuations in
the central wavelength due to shot-to-shot fluctuations in
the mean electron-beam energy. The fluctuations in the
mean electron-beam energy are caused by jitter through-
out the linear accelerator (linac), which accelerates the
electron beam before the first undulator.

The seeding of the second undulator has many benefits
compared with a single undulator followed by x-ray op-
tics. By seeding the radiation in a second undulator
(FEL amplifier), any power loss in the monochromator is
recovered in the FEL amplifier. The shot-to-shot
radiation-intensity fluctuations after the monochromator
are reduced, owing to operation of the FEL amplifier in
the nonlinear regime. Since the peak power after the
first undulator is much less than the saturation power,
the damage to optical elements of the monochromator is
reduced. The monochromator will absorb the spontane-
ous synchrotron radiation power from the first undulator;
therefore the total spontaneous synchrotron radiation
power at the exit of the second undulator will be less than
the standard single undulator SASE-FEL designed to
reach saturation. Growth of the uncorrelated energy
spread in the electron beam due to longitudinal resistive-
wall and surface-roughness wake fields can degrade the

© 2002 Optical Society of America
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Fig. 1. Schematic of chirped-beam two-stage FEL for short-
duration x-ray generation.

Table 1. Linac Coherent Light Source
Free-Electron Laser Parameters

Radiation wavelength 1.5 A
Electron-beam energy 14.3 GeV
FEL parameter 5% 107*
Undulator type planar
Undulator period 3 cm
Peak undulator field 1.32T
Undulator parameter 3.7
Repetition rate 120 Hz

performance of the FEL.2 These undulator wake-field ef-
fects can be mitigated by staging, effectively reducing the
undulator length.

The staged two-undulator scheme is similar to propos-
als to develop a monochromatic x-ray laser,>® where the
desired radiation is selected and seeded into subsequent
undulators for coherent amplification. Here we are pri-
marily interested in short-duration x-ray pulse genera-
tion and not in monochromatization, although short-pulse
generation by this method can result in improved tempo-
ral coherence.

The discussion throughout this paper is focused on the
parameters for the LCLS.2 The basic LCLS FEL param-
eters are listed in Table 1.

2. RADIATION CHARACTERISTICS

The radiation wavelength N\ of a FEL depends on the
beam energy measured in rest mass units y as

Ay
N = 2—72(1 + K2, (1)
where \, is the undulator period and K, is the average
normalized vector potential of the undulator field.
Therefore chirping the electron beam (i.e., providing an
energy spread that is correlated to the longitudinal posi-
tion of the electrons within the beam) before the beam en-
ters the first undulator allows control of the frequency
distribution of the radiation pulse generated in the undu-
lator. Chirping of the electron beam may be accom-
plished by acceleration of the electron bunch in a linac at
an off-crest phase of the accelerating field. We will con-
sider a linear energy chirp on the electron beam such that

Sy l

a—, (2)
y Ly
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where L, is the full width at half-maximum (FWHM)
bunch length and [ is the longitudinal deviation from the
beam centroid. Due to the resonant condition Eq. (1), the
energy chirp Eq. (2) will produce a correlated frequency
chirp of the resonant radiation dJw/w = 25y/y
= 2al/Lb .

The temporal structure of a radiation pulse produced
by a SASE-FEL? will consist of randomly distributed
spikes (wave packets) of root-mean-square (rms) duration
(coherence length) o, determined by the rms FEL band-
width o,

1 A 1/2
= ~ ——(N s 3
I 20, 47TpC( uP) @)

where p is the FEL parameter,® M4mp is the cooperation
length, and N, is the number of undulator periods. The
FEL process saturates at N, ~ 1/p. There is full longi-
tudinal coherence of the radiation within one spike but no
phase correlation between spikes. The number of spikes
in the distribution is approximately given by N,
~ L,/(2mco,), where L, is the FWHM radiation-pulse
length. For the LCLS, the cooperation length is 48 nm,
and the rms spike duration at saturation is o, ~ 0.16 fs.

The width of the spectral distribution of the SASE ra-
diation will be determined by the frequency chirp, pro-
vided the frequency chirp is larger than the FEL band-
width (i.e., o = 2aw > o,). The spectral distribution
will also consist of N, random spikes (modes). For large
chirp éw = 2aw > N,o,, the spectral width of each
mode is the FEL bandwidth Aw ~ o,. For LCLS, the
rms FEL bandwidth is o,/ ~ 107%. For the unchirped
case dw = 2aw < o,, the spectral width of each mode is
determined by the Fourier-transform-limited bandwidth
Aw ~ ¢/L,. For the LCLS, \/L, = 2 X 1076,

The growth of the radiation due to the collective FEL
instability in the high-gain regime will be modified by the
energy chirp on the electron beam. The -coupled
Maxwell-Boltzmann equations describing the FEL insta-
bility are solved in Appendix A. Linear analysis of the
generalized FEL dispersion relation [Eq. (19) of Appendix
Al indicates that the increase in gain length will be small
if the energy chirp over one slippage length is small,
a < Lyp%/\. As shown in Appendix A, the leading order
correction to the one-dimensional (1D) gain length can be

A

approximated as
u 1( a\ )2}
~ —— 1+ —|—5—] |. 4)
¢ 47Tp\/§ 9\ p°L,

Equation (4) indicates that, to lowest order in the linear
regime, the gain length is independent of the sign of the
electron-beam energy chirp. Note that a\/(Lyp?)
~ 1072, for LCLS parameters with & = 5 X 1073,

L

A. Femtosecond Pulse Generation

A monochromator may be used to select the pulse dura-
tion due to the correlation between frequency and longi-
tudinal position introduced in the radiation. The rms
pulse length of the transmitted radiation will be approxi-
mately
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where o, is the rms frequency bandwidth of a Gaussian-
line monochromator. Transmission through the mono-
chromator will produce some intrinsic spreading of the
pulse, and the minimum pulse duration that may be se-
lected by this method is limited by the properties of wave
packets (uncertainty principle) (o,/c)o, = 1/2. The
minimum pulse duration that can be selected by this
method is oy, = [Ly/(2acw)]¥? with a monochromator
bandwidth of ¢,,/w = [aN/(27L,)]Y2.  As a numerical
example, if we consider a 0.5% chirp (o = 5 X 1072) over
the LCLS beam (L,/c = 233 fs) and a monochromator
with rms frequency bandwidth o, /w = 1.3 X 107, then
a rms pulse duration of o, /c = 3.0 fs (or FWHM pulse du-
ration of L,/c = 7.1fs) is transmitted. The minimum
rms pulse duration that can be selected by this method by
use of the LCLS beam with a 0.5% chirp is o,/c = 1.4 fs
with a rms monochromator frequency bandwidth of
o,/ow=41x 10"%. Such a pulse would have complete
longitudinal coherence.

The fluctuations in the radiation power after the mono-
chromator will approximately obey a negative-binomial
probability distribution characteristic of multimode ther-
mal radiation.”® If we choose the monochromator band-
width to be larger than the spectral interval of coherence,
i.e.,, N, > 1, the relative rms power fluctuations after the
monochromator will be

op (277007) 172

P L

Note that o, is a function of the undulator length as
shown in Eq. (3), and the FWHM pulse length L, is de-
termined by the chirp (a/L,) and the monochromator
bandwidth. As Eq. (6) indicates, the short-pulse selec-
tion will result in large radiation power fluctuations after
the monochromator.

(6)

p

B. Frequency Stabilization

We expect shot-to-shot fluctuations in the mean electron-
beam energy due to jitter throughout the linac. This will
lead to shot-to-shot fluctuations in the frequency of the
radiation. Provided the correlated energy chirp is larger
than the shot-to-shot mean energy fluctuations, the re-
sulting frequency-chirped radiation pulse will span the
expected deviation owing to the jitter. This will allow the
monochromator to select the desired frequency and there-
fore stabilize the shot-to-shot jitter. For LCLS, the ex-
pected mean beam energy jitter from the linac is 0.1%.
Stabilizing the frequency jitter by this method will intro-
duce arrival-time jitter for the short-duration radiation
pulse.

3. LINAC COHERENT LIGHT SOURCE
CASE

In this section we investigate the requirements for each
component of the chirped-beam two-stage FEL, and, as a
numerical example, we consider the performance of the
chirped-beam two-stage FEL using the LCLS design
parameters.2
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A. Self-Amplified Spontaneous-Emission Free-Electron
Laser

The first undulator operates as a SASE-FEL, starting
from noise in the beam and amplifying the spontaneous
emission. The input electron-beam and output-radiation
parameters for the first undulator are listed in Table 2.
The first undulator is required to be of sufficient length
such that the output power transmitted through the
monochromator and seeded into the second undulator is
much larger than the effective power of the electron-beam
bunching due to shot noise. Since we propose to reuse
the electron beam in the second undulator, the length of
the first undulator is limited by the growth of the uncor-
related slice energy spread. In the exponential regime of
amplification, the uncorrelated rms slice energy spread in
the electron beam increases during the SASE process as

o, ( Pl ) 1/2 (7)
— =P )
Y Psat

where P, is the output radiation power emitted in the
first undulator and P, is the saturation power. The
growth rate of the amplification becomes negligible when
o,/y = p. Therefore in order to reuse the electron beam
in the second undulator and have significant amplifica-
tion, the first undulator must terminate before satura-
tion. We will consider terminating the first undulator
such that P;/P., = 1073, For LCLS parameters, this
corresponds to a first-undulator length of L; = 43.2 m,
with mean output peak radiation power (P;) = 13 MW.
Figure 2 shows an example of the temporal structure of
the SASE radiation pulse after the first undulator. Fig-
ure 2 was generated with GENEsIS,” a fully three-
dimensional time-dependent FEL simulation code.

B. Monochromator

For 8.3-keV photons (A = 1.5 A), we consider Bragg dif-
fraction in crystals as the method of bandwidth selection.
For example, one can consider silicon (Si) or germanium
(Ge) crystals. Si (111) crystals have a rms bandwidth of
5.5 X 107® and would produce a 3.4-fs FWHM bunch for
the LCLS beam with 0.5% energy chirp. Ge (111) crys-
tals have a rms bandwidth of 1.3 X 10~ * and would pro-
duce a 7.1-fs FWHM bunch for the LCLS beam with 0.5%
energy chirp. Utilizing a four-reflection scheme, the
transmitted radiation pulse will remain in the same di-

Table 2. First Undulator (L,=43.2 m) Input
Electron-Beam and Output-Radiation Parameters

Input electron beam:

Peak current 3.4 kA
Bunch duration, FWHM 233 fs
Correlated energy spread 0.5%
Uncorrelated energy spread 0.006%
Output radiation:
Resonant frequency chirp 1%
Pulse duration, FWHM 233 fs
Mean peak radiation power 13 MW
Coherence length 44 nm
Rayleigh range 40 m
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Fig. 2. Temporal structure of SASE radiation pulse after first
undulator (SASE-FEL).
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rection and transverse position. Figure 3 illustrates a
four-reflection crystal monochromator. The path delay,
with respect to the straight path, introduced in the pho-
ton beam by the four-reflection crystal monochromator is

AL = 2d tan 0p, (8)

where 605 is the Bragg-reflection angle and d is the trans-
verse displacement from the straight path. As Eq. (8) in-
dicates, this method provides tunability of the path delay
AL by varying the displacement d for a fixed Bragg-
reflection angle.

Bragg reflections in perfect crystals typically have re-
flectivities of approximately 75% within the reflection
passband. For the four-reflection scheme, the power
transmission through the monochromator would be
~30%. For a LCLS x-ray beam with 13-MW peak power,
~3 wd is deposited in the monochromator per pulse. This
is equivalent to less than 0.005 eV deposited per atom
within the volume of the crystal exposed to the incident
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beam. This energy deposition per atom (at a repetition
rate of 120 Hz) is unlikely to damage the crystal mono-
chromator.

Using a Ge (111) monochromator after the first undula-
tor, with the parameters listed in Table 2, produces a
7.1-fs FWHM pulse after the monochromator. Figure 4
shows the temporal structure of the radiation pulse
shown in Fig. 2 after transmission through a four-
reflection Ge (111) monochromator.

The choice of monochromator will limit the wavelength
tunability of the FEL device. For longer radiation wave-
lengths, Bragg reflections cannot be achieved in high-
quality crystals, such as silicon or germanium, and artifi-
cial multilayer monochromators become more attractive.

C. Electron-Beam Bypass

The distance between the two undulators is defined by
the parameters of the electron-beam bypass. We can con-
sider a chicane that will match the electron-beam beta-
tron functions from the exit of the first undulator to the
entrance of the second undulator and provide a path de-
lay to the electron beam to compensate for the photon-
beam path delay induced in the monochromator. An ach-
romatic nonisochronous chicane is desirable because it
allows for some compression of the energy-chirped elec-
tron beam, providing a larger peak current for coherent
amplification in the second undulator. By selecting the
nominal frequency in the monochromator and providing
equal path delay for both the photon and electron beams,
the short-pulse radiation will recombine at the entrance
of the second undulator with the resonant electrons.

The input radiation into the second undulator must be
much greater than the effective power of bunching at the
radiation wavelength in the electron beam. Therefore
the electron bunching produced by the FEL interaction in
the first undulator should be destroyed in the electron-
beam bypass before the second undulator. This demodu-
lation of the electron beam on the scale of the radiation
wavelength is easily accomplished by passing the beam
through the nonisochronous chicane.

For the LCLS electron-beam parameters, a nonisochro-
nous (Rs; = 3.6 mm) chicane of length Ly, = 32.4 m can
be used to provide a path delay for the electron beam of 5
mm with a maximum off-axis displacement of 20.5 cm.
For an energy chirp of 0.5%, the beam is compressed
~14% in the chicane.

D. Free-Electron Laser Amplifier

The second undulator operates as an FEL amplifier and is
seeded by the radiation pulse selected in the monochro-
mator. The input electron- and photon-beam parameters
for the second undulator are listed in Table 3. We re-
quire that the mean input radiation power at the en-
trance of the second undulator dominate over the effective
power of the beam shot noise, (Py) > Py, .

The peak input radiation power at the entrance of the
second undulator is Py ~ P1T yonoT 4it] spreads Where
T mono accounts for attenuation losses in the monochro-
mator, Ty = [1 + (Ly,,/Zg)*] ! accounts for the power
loss between the first and second undulators owing to dif-
fraction of the radiation pulse with Rayleigh range Zy,
and T'gpeqq is the peak power reduction due to the spread-
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ing of the radiation wave packets in the monochromator.
If the chirp is larger than the FEL bandwidth, then the
width of the spectral distribution of the SASE radiation
field into the monochromator will be determined by
the frequency chirp dw/w = 2@, and the peak power
reduction due to pulse spreading will be Tgpead
~ (Lylo,)(0,/éw). In the regime where the wave-
packet spreading due to bandwidth selection in the mono-
chromator is small, Eq. (5) is valid, and Tgpeqq =~ 1. If
the monochromator bandwidth is much less than the FEL
bandwidth, then there will be significant spreading of the
radiation wave packets and the peak radiation power will
be reduced, Tspreaq = 0 /0 -

For the parameters in Table 2, with a Ge (111) mono-
chromator, the mean radiation power into the second un-
dulator is (Py) = 2.5 MW > Py ~ 6.4 kW. Note that
if the minimum pulse duration o, were selected, then
Tspread < 1, resulting in reduction of the peak radiation
power seeding the second undulator and therefore requir-
ing a longer second undulator to reach saturation.

The input-radiation pulse is amplified in the second un-
dulator to saturation. With the compressed LCLS beam,
the coherent amplification saturates at P ,; = 23 GW af-
ter an undulator length of L, = 51.8 m. Table 3 lists the
output-radiation characteristics for the chirped-beam
two-stage FEL based on LCLS parameters. The output-
radiation parameters were calculated with the FEL simu-
lation code GENESIS.” The total length of the system as
designed is Ly + Ly, + Ly = 127.4m. Figure 5 shows
the mean peak radiation power along the length of the de-
vice.

In addition to amplifying the short-pulse radiation
power to saturation, the second undulator operating to
saturation will reduce the peak radiation power fluctua-
tions. The shot-to-shot power fluctuations of the input
radiation into the second undulator, Eq. (6), are consider-
ably reduced in the second undulator due to operation in

Table 3. Second Undulator (L, = 51.8 m) Input
Electron and Photon-Beam Parameters and
Output-Radiation Parameters

Input electron beam:
Peak current 3.9 kA
Bunch duration, FWHM 200 fs
Uncorrelated energy spread 0.008%
Beam shot-noise power 6.4 kW

Input radiation:
Pulse duration, FWHM 7.1fs

Mean peak radiation power 2.5 MW
Bandwidth, FWHM 3.1x 107*
Power fluctuations, rms 37%

Output radiation:
Pulse duration, FWHM 7.1fs

Mean peak radiation power 23 GW
Bandwidth, FWHM 31x107*
Power fluctuations, rms 4%
Transverse rms radiation size 31 um
Transverse rms radiation divergence 0.5 urad
Mean coherent photons per pulse 4 x 10
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the nonlinear regime. Figure 6 shows the reduction in
relative power fluctuations along the length of the second
undulator as the FEL interaction moves into the nonlin-
ear regime of amplification.

The spontaneous emission due to electron-beam shot
noise is also amplified in the second undulator. For a
second undulator length of L, = 51.8 m, the SASE radia-
tion is amplified to (Pgagr(Ls)) = 0.18 GW, or 0.78% of
the peak power in the short-pulse radiation. If this back-
ground SASE radiation (noise) is too large for users, then
additional monochromators or filters would be necessary
to remove the SASE radiation produced in the second un-
dulator.

4. CONCLUSIONS

The chirped-beam two-stage FEL described in this paper
has the ability to control the pulse duration of the FEL
radiation as well as to stabilize the central radiation fre-
quency. Selection of the radiation by the monochromator
also allows the possibility of greatly improved temporal
coherence. Seeding the short-duration radiation into a
second undulator (FEL amplifier) has several advantages
compared with a single undulator (SASE-FEL) followed
by x-ray optics. By seeding the radiation into a second
undulator, any power loss in the monochromator is recov-
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ered in the second undulator, the shot-to-shot radiation-
intensity fluctuations are decreased due to operation in
the nonlinear regime, and damage to optical elements of
the monochromator is reduced since the first undulator
terminates before saturation is reached.

In this paper, we have examined a chirped-beam two-
stage FEL device based on the present LCLS design pa-
rameters. It was shown that such a device is capable of
producing high-power (P, = 10 GW) x-ray pulses with
femtosecond pulse durations. The requirements of fu-
ture users of femtosecond x-ray pulses will determine the
final selection of parameters for a chirped-beam two-stage
FEL.

APPENDIX A

In this appendix, the linear FEL theory is extended to in-
clude an electron beam with an energy distribution corre-
lated to the longitudinal position within the beam, and
the effects of the energy-chirped electron beam on the evo-
lution of the FEL radiation are investigated. Our ap-
proach is to solve the coupled Maxwell-Boltzmann equa-
tions in one dimension in the exponential gain regime. It
is convenient to define the FEL phase 6 = k(z — ct)
+ k,z, where k = 27/\ and k, = 27/\,, and to change
the independent variables from (z, ¢) to (#,z). The con-
jugate variable to 6 is the energy deviation 7 = (y
- vo)/ vy, where 7y, is the mean electron-beam energy.
The equations of motion for each electron in the laser and
undulator fields are given by the well-known FEL pendu-
lum equations!®:

6= 2k,n, (9a)

7 = —kpa exp(i0), (9b)

where a = [eA/(mc?)]exp[—ik(z — ct)] is the laser-field
envelope (i.e., amplitude of the normalized transverse
vector potential of the laser field). The constant in Eq.
(9b) is kg = ka,[JJ)/(2%2), where a, = eB,/(mc?k,) is
the normalized undulator magnetic field strength and, for
a planar undulator, [JJ] = J({) — J1({) with ¢ = ai/
(4 + 2a%). The dots indicate differentiation with re-
spect to z.

The Maxwell equations can be combined, assuming a
slowly varying laser-field envelope, to yield the evolution
equation

J J

s ku%)a = kMeXp(—l9)f dnf, 10)

where f'is the electron-beam phase-space distribution and
KM = wgau[JJ]/(éiczyok). Here wz = 47ne?/m is the
plasma frequency of the electron beam with number den-
sity n. The constants kg and «y; define the FEL param-
eter: kykp = 4k3p3.

The phase-space distribution of the electron beam can
be expressed as a Klimontovich distribution, 12

k
f0,m,2) = —>, 56— 0)6(n—7m), (1D
no Jj
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where o is the transverse beam area. The electron-beam
phase-space distribution satisfies the phase-space conti-
nuity equation,

g 9 P

&z+030+7]¢97;f 0. (12)
We will assume that the normalized laser-field amplitude
is in the nonrelativistic regime, i.e., ¢ < 1. In the expo-
nential gain regime, we can consider the first-order evo-
lution of the electron-beam distribution f = f, + Af,
+ f1, where f is the unperturbed distribution ensemble
average () = fo, Af, is the initial fluctuations in the dis-
tribution, and f; is a small (of the order of the laser am-
plitude a) perturbation to the distribution. The en-
semble average of the unperturbed distribution may be
decomposed into £y = (6 — #z)V(8 — 0z, 5), where x(6)
is the initial smooth bunch profile and V(6, %) is the ini-
tial energy spread, which may contain phase dependence
(i.e., an energy spread that is correlated to the electron
position). Linearizing the Boltzmann equation, Eq. (12)
yields

a 4 o
— 4+ 9 — = 1 6 —, 13
P 20 f1 = xpa exp(i )z?n (13)

with the solution for the distribution perturbation
dfo (2 )
fi1= KBeXp(ie)a—f dz' exp[if(z' — z)]a(6', z'), (14)
nJo

where 0’ = 6 — 0(z — z').

The coupled linear Maxwell and Boltzmann equations
Egs. (10) and (13) can be solved'!? for the evolution of
the laser-field envelope by applying the Laplace trans-
form,

ds
a(b, z) = JdB’H(B - 0’)J — | ay(8")
L27TL
+ Kde (i) —T0
— exp(—i6') ———
k, 7exp s+ 2iy

s(kyz — 0+ 6"

o )3'f6d9”fd fol ", )
P, (s + 2ip)?

where a¢(0) = a(6,z = 0) is the initial laser-field ampli-
tude, and H is the Heaviside step function. The contour
integration in the complex s plane lies to the right of all
poles. The FEL radiation intensity is proportional to the
ensemble average of the square of the field amplitude,'?

X exp

, (15)

2

(a*a) = U do'ao(0")Gca
Kok

+ —f d6’ x(6")|Gsasgl®
kino

2

u

K2
Y]

u

2
M
Jde’x(ﬁ’)exp(iﬁ’)GSASE , (16)




1788 J. Opt. Soc. Am. B/Vol. 19, No. 8/August 2002

where Ggagp(6, 0',2z) and Gca(6, 6',z) are the Green
functions for self-amplified spontaneous emission (SASE)
and coherent amplification (CA) respectively. The first
term on the right-hand side of Eq. (16) is responsible for
the coherent amplification of the initial radiation field in
the FEL. The second term of Eq. (16) is the usual inco-
herent SASE, and the third term is the coherent SASE
due to initial bunching of the electron beam at the radia-
tion wavelength. For the case of the chirped-beam two-
stage FEL, the incoherent SASE term dominates in the
first undulator, and the CA term dominates in the second
undulator. The CA term dominates throughout the sec-
ond undulator because the input radiation power into the
second undulator is much greater than the electron-beam
shot-noise power (which seeds the incoherent SASE ra-
diation), the bunching at the radiation wavelength re-
sponsible for the coherent SASE term is destroyed in the
electron-beam bypass, and the second undulator termi-
nates many gain lengths before the saturation of the in-
coherent SASE radiation.
The Green’s function in Eq. (16) is

ds
——exp[s(k,z — 60+ 6')]
L2l

2P)3 f Onf

1 for CA

Vi, 0 .
X f a7 g sase 7
s+ 2iy

G(6,0,z) =H(0—6)
fo 0", n)

X ex
P s+2n))

The Green’s function vanishes when 6 — 0’ = k,z; hence
only electrons within one slippage length before 6 can con-
tribute to the field at §. The Green’s function can be ex-
pressed in the convenient form'*

w—i€ d
G(0,0,z) = f ﬁexp[lqw - 0]
ds exp(sk,z)
Lﬁ D
1 for CA
X Vin, 6")
jdnn—. for SASE’
s+ 2iy
(18)

where € is an infinitesimal positive number, ¢ = (w
— wg)/wq is the frequency detuning, and D is the gener-
alized dispersion relation for the FEL interaction,

' l(2p)3 fo( 0", )
D=s+iq— d0 2”7)2 (19)

The roots of the dispersion relation Eq. (19) determine the
exponential growth of the Green’s function Eq. (18)
through the residues of the inverse Laplace contour.
Equations (15)—(19) are a generalization of previous 1D
FEL theory™ 1 to include the possibility of an electron
beam with an energy distribution correlated to the longi-
tudinal position within the beam.
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For the case of a flattop unbunched monoenergetic
beam f, = 6(7), the generalized dispersion relation Eq.
(19) reduces to the usual cubic characteristic equation of
1D FEL theory,?

i(2p)°

D=s+iq— 3
s

(20)

The real part of the fastest growing root of the cubic equa-
tion, assuming q/(2p) < 1, is

-3

2" 9lzp

S
Re| —
2p

(21)

Solving Eq. (18) by use of the fastest growing root Eq. (21)
yields the well-known 1D gain length L, = 1/(23pk,)
and Gaussian dependence on the frequency detuning,
with FEL bandwidth o, = w,[9p/(\3%,z)]"2.

Consider the case of an energy-chirped electron beam
fo = 6(n — &6). Here we are considering an energy de-
viation that is linearly proportional to the FEL phase
(longitudinal position within the electron beam) 7,(0)
= af(0)/[(k + k,L,] = a6;(0). For the case of an
energy-chirped electron beam, the dispersion relation Eq.
(19) is

i(2p)?
D=s+iq— - - . (22)
(s + 2ia6)(s + 21a6")

Equation (22) reduces to the cubic characteristic equation
for an unbunched monoenergetic electron beam [Eq. (20)]
if |2&6| < |s|. Since |0 < |k,z| (i.e., only electrons
within one slippage length will contribute), the correction
to the FEL dynamics due to the energy chirp will be small
if |ak,z/p| < |s/2p| ~ 1, or

a [N
—(—) < p. (23)

Therefore the corrections to the dynamics due to the en-
ergy chirp will be small if the energy chirp over one slip-
page length is much less than the FEL parameter. For
LCLS parameters (with 0.5% energy chirp), a\/(p?L,)
~ 1072, Assuming that [aM/(p%L,)] < 1, the lowest-
order correction to gain length L (a) is

Lg(a) — L,(0) 1( a\ )2
L,(0) T 9lL,p?)

(24)

where L,(0) = 1/(2k,p \/3) is the 1D gain length for an
unchirped electron beam.
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