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Abstract

New proposal of a fs X-ray facility, which is described in this paper, is based on the
use of X-ray SASE FEL combined with a fs quantum laser. An ultrashort laser pulse
is used for modulation of the energy and density of the electrons within aslice of the
electron bunch at a frequency wope- The density modulation exiting the modulator
(energy-modulation undulator and dispersion section) is about 10%. Following the
modulator the beam enters an X-ray SASE FEL undulator, and is bunched at a
frequency wp. This leads to an amplitude modulation of the beam density at the
sidebands wy Tweg:. The sideband density modulation takes place at the part of the
electron pulse defined by the duration of the seed laser pulse that is much shorter
than the electron pulse. Following the SASE FEL undulator the beam and SASE
radiation enter undulator section (radiator) which is resonant at the frequency wy —
wepe Because the beam has a large component of bunching at the sideband, coherent
emission is copiously produced within [s slice of the electron bunch. Separation of
the sideband frequency from the central frequency by a monochromator is nsed to
distinguish the fs pulses from the sub-ps intense SASE pulses. In this paper we
analyze a possibility for integration of s facility into the soft X-ray SASE FEL at
the TESLA Test Facility (TTF) at DESY. Based on the parameters of the SASE
FEL and laser pulses of 30 fs duration and 6 puJ energy at a repetition rate of 10
kHz (from Tisapphire laser system), it should be possible to achieve an average
brilliance of 10%? photons s—'mrad~2mm~2 per 0.1% BW. The fs source, which is
described in this paper, will provide soft X-ray pulses with 30 fs (FWIM) duration.
The average number of photons at the monochromator exit can exceed 10* photous
per pulse. The fs facility at the TTF is designed to be tunable in the photon energy
range 25-100 eV. Present conceptual design is compatible with Phase | and Phase
11 (self -seeding scheme) of X-ray SASE FEL at the TTF.
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1 Introduction

Phase transitions, surface processes, and chemical reactions are ultimately
driven by the motion of atoms on the time scale of one vibration period (=
100 fs). Unfortunately, the pulse length of existing synchrotron sources is too
long for resolving atomic motion on the 100 femtosecond time scale. Recent
efforts at applying 300 fs X-rays pulses to probe structural dynamics have used
a synchrotron source combined with a femtosecond optical quantum laser [1].
Femtosecond synchrotron radiation pulses were generated directly from an
electron storage ring (ALS). An ultrashort Jaser pulse was used to modulate
the energy of electrons within a 100-fs slice of the stored 30-ps electron bunch.
The energy-modulated electrons were spatially separated from the long bunch
and used to generate 300-fs X-ray pulses at the bending magnet beamline.
The same technigue can be used to generate 100 fs X-ray pulses of higher
flux and brightness with undulator. On the basis of the parameters of an ALS
small-gap undulator and laser pulses of 25 s and 100 pJ at a repetition rate
of 20 kHz, one can expect in {he future an average brilliance of 10'! photons
s 'mrad~2mm™? per 0.1 % BW at the photon energy of 2 keV [1].

Another proposal of femtosecond synchrotron radiation soft X-ray facility
is based on the use of a linac as a driver [2]. Proposed technique includes the
generation of energy chirped short electron bunches that wonld subsequently
spontaneously radiate frequency chirped soft X-ray pulses in an undulator.
These pulses are then spectrally dispersed using grazing incident grating. The
spectrum is propagated through an exit slit (spectral window) which filters
the fs pulses. The shortest temporal structures (about 10 fs) are limited by
the energy chirp and longitudinal emittance of the electron bunch, number
of undulator periods, and resolution of the monochromator. Potential of the
Tesla Test Facility (TTF) at DESY for construction of such a femtosecond
X-ray facility has been analyzed in [2]. On the basis of the TTF linac pa-
rameters it should be possible to achieve an average brilliance of 10'* photons
s~'mrad=—2mm~2 per 0.1% BW in the photon energy range 50-200 eV. The av-
erage number of photons at the monochromator exit (at the monochromator
efficiency 10%) can exceed 10° photons within 30 fs pulse. The pulse duration
can be tuned by changing the resolution of the monochromator (by means of
changing the spectral window) from 30 fs to 160 [s.

Papers [3,4] discuss how to use an X-ray SASE I'EL to produce high power
femtosecond pulses. The possibility of producing femtosecond pulses by chirp-
ing and compressing (in grazing incidence grating compressor) the output
X-ray SASE FEL radiation is analyzed in [3]. Proposed technique includes
the generation of energy chirped short electron bunches that would subse-
quently coherently radiate frequency chirped X-ray pulses in an undulator.
Another idea for production of femtosecond high power X-ray pulses is based
on a technique of "manipulating” the energy spread along the electron bunch
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Fig. 1. Basic scheme of a sideband seeded SASE I'BEL

[4]. Since the radiation amplification process in the SASE FEL is extremely
sensitive to the value of the energy spread, only that part of the electron bunch
radiates whicli has low energy spread. Extension of the soft X-ray SASE FEL
at the I'TI at DESY for generation of high power femtosecond pulses is ana-
lyzed in [4]. A novel technique is proposed for preparation of electron bunches
with required shaping of the energy spread. On the basis of the TTF param-
eters it should be possible to achieve an average brilliance of 10%? photons
s™'mrad "2 mm=? per 0.1 % BW. The average number photons can exceed 1()!?
within 30 fs (FWHM) pulse duratio.

In this paper we propose sideband seeded X-ray SASE FEL capable to pro-
duce femtosecond pulses (see Fig. 1). An ultrashort laser pulse is used to mod-
ulate the density of electrons wilhin a femtosecond slice of the electron bunch
at a frequency wope. We begin the FEL operation by positioning the interaction
region on the electron bunch. The seed laser pulse will be timed to overlap
with central area of the electron bunch. This ultrashort laser pulse serves as
a seed for modulator which consists of an uniform (energy-modulation) undu-
lator and a dispersion section. The interaction of seed pulse with the electron
beam produces an energy modulation at Wope. This energy modulation is con-
verted into a spatial bunching in the dispersion section. Density modulation at
the modulator exit is about 10%. The energy modulation, introduced by the
modulator, is smaller than the initial energy spread. Following the modulator
the beam and seed radiation enter SASE undulator which is resonant with
X-ray radiation at frequency wy. The process of amplification of the radiation
in the X-ray undulator develops in the same way as in the conventional SASE
FEL: fluctuations of the electron beam current density serve as the input sig-
nal. The seeding optical radiation does not interact with the electron beam in

the X-ray undulator and is diffracted out of the electron beam. By the time
the beam is bunched in the SASE FEL undulator at [requency wy, the X-ray
radiation power has reached saturation. This leads to amplitude modulation of
density at the sidebands (w + wopt). The sideband density modulation takes
place only at that part of the electron bunch defined by the length of the
seed laser pulse that is much shorter than the electron bunch. Following the
SASE FEL undulator the beam and X-ray radiation enter undulator section
(radiator) which is resonant with the Wy~ Wope radiation. Because the beam
has a relatively large component of bunching at the long wavelengtl sideband,
coherent emission at wy — Wopt 15 copiously produced within femtosecond slice
of electron bunch. After leaving the radiator the electron beam is deflected
onto a beam dump, while the photon beam enters the monochromator, which
selects fs soft X-ray pulse.

Ln this paper we analyze a possibility for integration of proposed ferntosec-
ond facility into the soft X-ray SASE FEL being under construction at the
TESLA Test Facility at DESY. On the basis of the parameters of TTF SASE
FEL and laser pulses of 30 fs duration and 6 ) energy at a repetition rate
of 10 kHz (from a Ti:sapphire laser system), it should be possible to achieve
an average brilliance of 10% photons s~'mrad~2mm* per 0.1 % BW in the
photon energy range 25-100 eV. The femtosecond SASE FEL will provide
soft X-ray pulses with 30 fs (FWHM) duration. T'he number of photons at
the monochromator exit (at monochromator efficiency 10%) can exceed 10"
per pulse which is by three orders of magnitude above the background. This
creates perfect conditions for experiments. It is important to notice that the
proposed femtosecond option of SASE FEL at the T°IT is an additional to a
fully functioning SASE FEL improving the output radiation beam properties
considerably and thus extending the range of possible applications.

The paper is organized as follows. In Sec. 2 we describe the basic ideas
of the proposal. In section 3 we consider the issue of modeling the basic FEL
interactions. An introductory section 3.1 provides an overview of FEL physics,
concentrating on modeling issues pertinent to the performance of femtosecond
FEL. Next, in sections 3.2 and 3.3 we describe the modification of the simula-
tion code in order to include sideband generation from optical laser seed. The
femtosecond FEL parameter optimization and performance characterization
are described in section 3.4.

2 General description of femtosecond X-ray FEL option at TTI

The main goal of the present study has been to design a femtosecond soft
X-ray facility which is compatible with the layout of the TTF and the soft
X-ray FEL being under construction at DESY, and which can be realized with
minimal additional efforts. The first goal of the TTF FEL is to reach SASE
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FEL saturation in the soft X-ray range with six undulator modules (Phase 1
[5]), and in the second phase to built fully coherent soft X-ray facility based
on an idea of the self-seeding option (Phase 11 [6,7]). The X-ray self-seeding
scheme consists of two undulators (four and five modules, respectively), and
electron bypass and X-ray monochromator located between them. The layout
of the soft X-ray SASE FEL facility at TTF without and with self-seeding
option is shown in Figs. 2 and 3, respectively.

Figures 4 and 5 illustrate how the proposed femtosecond facility fits the
TTF FEL layout for Phase I and Phase II. This design makes use of the spent
electron beam leaving the SASE FEL. An additional facility to be installed is a
sideband modulator and sideband radiator. The sideband modulator is located
in front of main undulator and consists of 0.4 m long undulator (magnetic
period length A,, = 7.5 cm, the maximum value of magnetic field is Hy = 0.7T)
and 0.5 m long dispersion section (chicane consisting of permanent magnets).
The sideband radiator is located after the main undulator and consists of one
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or two 4.5 m standard TTF undulator modules ( Ay = 2.73 cm, H, =0.51"1T)
tuned to the sideband frequency. In this conceptual design we assume to use a
Ti:sapphire laser system as a seed laser, which provides at 400 nm wavelength
(the 800 nm pulses will be doubled to 400 nm in a frequency conversion crystal)
a train of 30 fs pulses with 6 pJ optical energy per pulse, at 10 kllz repetition
rate. The installation of the femtosecond seeding system is greatly facilitated
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Fig. 7. Summary of the description of the sideband generation for the case of the
density modulation as initial conditions.

by the fact that present design of the SASE FEL at T'TF provides required
free space for the input optical elements and sideband modulator.

Femtosecond soft X-ray pulse synthesation through sideband generation
and spectral filtering in sketched in Figs. 6 and 7. The sideband seeded SASE
FEL operates as follows (to be specific, we consider the case of 10 nm SASE

FEL). The seed laser pulse is timed to overlap with central area of electron
bunch. This ultrashort laser pulse interacts with the electron beam in the short
modulator undulator, which is tuned to be resonant to 400 nm. The resulting
energy modulation (about 0.5 MeV) is then converted to spatial bunching
while the electron beam traverses a dispersion section (a three-dipole chicane).
Deusity modulation at the chicane exit is about 20%. Following the modulator
the beam and seed radiation enter SASE undulator which is resonant with X-
ray radiation at 10 nm. The process of amplification of the radiation in the
10 nm undulator develops in the same way as in the conventional SASE FEL:
fluctuations of the electron beam current density serve as the input signal. The
400 nm seeding optical radiation does not interact with the electron beam in
the 10 nm undulator and is diffracted out of the electron beam. By the time the
beam is bunched in the SASE FEL undulator at 10 nm, the X-ray radiation
power has reached GW level. This leads to amplitude modulation of density
at the sidebands 10+ 0.25 n. The sideband density modulation takes place
at the 30 fs part of the electron pulse, defined by the duration of the seed
laser pulse that is much shorter than electron pulse (400 fs FWHM). When
this coherently bunched beam enters the sideband radiator undulator there is
a rapid coherent generation of 10.25 nm radiation. For an optical wavelength
400 nm, the peak-to-sideband separation has a value of 2.5% . Monochromator
with resolution 0.5% located at the end of beamline provides a means for
selecting radiation originating from different frequency regions of radiation
spectrum. Because the SASE FEL bandwidth (about 0.5 % FWHM) is much
less than the separation of the sidebands from the main peak, we obtain clean
fs pulse after the monochromator.

The wavelength of femtosecond soft X-ray pulses can be tuned contin-
uously in a wide range. At fixed gaps of the modulator undulator and the
sideband radiator undulator the tunability of the output radiation is provided
by changing simultaneously the electron energy and the wavelength of the seed
laser. In this case the sideband radiator undulator is a version of the standard
TTF FEL undulator module with the peak magnetic field on axis a few per
cent larger comparing with the main undulator. This undulator can be real-
ized with minimal additional efforts. It should be noticed that the problem of
a powerful tunable fs seed laser is not a sitnple one. In particular, this requires
the development and construction of a high peak power optical parametric
amplifier (OPA). Tortunately, required parameters for OPA are close Lo those
of OPA developed for the pump-probe facility at the TESLA Test Facility 8].
An additional possibility of variable gap modulator undulator and radiator
undulator would allow to increase further the tunability of output radiation
from the sideband seeded SASE FEL. Application of both methods (variable
gap modulator and radiator undulator and tunable seed laser) would allow to
cover the wavelength range of the sideband seeded SASE FEL at TTF from
40 to down 10 nm.

The synchronization of the optical laser with the electron pulses to within
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900 fs is the most challenging task of this proposal. Femtosecond pnlses from
the laser system should be synchronized to the photoinjector master clock
with phase-locking technique. The main problem is the time jitter (£1 ps)
of electron and seed laser pulses. The jitter of electron pulses originates in
the photoinjector laser system (laser pulse jitter) and in the magnetic bunch
compressors ([rom predicted +0.1% electron bunch energy jitter). Due to this
uncertainty not every femtosecond optical pulse will produce ferntosecond X-
ray pulse. The predicted probability of positioning the interaction region on
the electron bunch is about 10% only, as can be verified easily from the sketch
in Fig. 8. Random production of femtosecond soft X-ray pulses needs to be
controlled. A basic question at this point is Low femtosecond soft X-ray pulses
will be identified. Separation of the sideband frequency from the central fre-
quency can be used to distinguish the 30-fs pulses from the intense 200-fs
SASE pulses. Le., appearing of X ray pulse at the sideband frequency will
indicate that the seed optical pulse is overlapped with the central part of the
electron bunch. Moreover, this also indicates that the seed optical pulse and
output fs X-ray pulse are synchronized with an accuracy better than 30 fs.

Pump probe techniques which are commonly used with optical lasers, are
highly desirable in order to make full use of the femtosecond soft X-ray pulses.
Since in this case precise timing is needed with a jitter of less than 30 fs, we
suggest to combine the femtosecond soft X-ray pulses with optical pulses gen-
erated in the seed laser system. It should be emphasized that in proposed
scheme femtosecond X-ray pulse is naturally synchronized with his femtosec-
ond optical pulse and cancel jitter.

In addition, for any experiment in which synchronization with optical fem-
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{osecond pulse is not critical, THz train of femtosecond optical pulses can be
used as a seed signal. For example, if an experiment is not based on the use of
pump-probe technique, we can use as a seed signal the sequence of five 30-fs
optical pulses, separated by 0.5 ps as illustrated in Fig. 9. In this case proba-
bility of positioning interaction region on the electron bunch can be increased
up to 50%. A technique best suited for the THz pulse train generation from
single fs optical pulse consists of "manipulating” the pulse spectrum in am-
plitude and phase [9]. The corresponding experimental arrangement is shown
in Fig. 10.

Tables 1-3 list some of the basic parameters of the electron beam, un-



Table 1
Parameters of the electron beam at the TESLA Test Facility accelerator

Electron beam

beam energy, MeV 500-1000
bunch charge, nC 1

rms bunch length, um 50

rims energy spread, MeV 1

normalized emittance, # mm-mrad 2

number of bunches per train 7200
bunch spacing, ns 111
repetition rate, Hz 10

dulators, seed laser system, monochromator and output radiation. Based on
the parameters of TTF SASE FEI, and laser pulses of 30 fs and 6 pJ at
repetition rate of 10 kHz (from a commercially available Ti:sapphire laser
system), it should be possible to achieve an average brilliance of 1022 photons
s™'mrad=2mm=2 per 0.1 % BW . Tor fs facility at T'T'F, a monocliromator and
beamline optics, with an overall efficiency of 10 % (30 % grating efficiency and
five glancing incidence mirrors al 0.8 reflectivity each) can be used to obtain
resolution Aw/w = 0.5 % . The femtosecond SASE FEL will provide soft X-
ray pulses with 30 fs (FWIHM) duration. The average number photons at the
monochromator exit can exceed 10'! photon/pulse. The femtosecond facility
at TTF is designed to be tunable in the photon energy range 25-100 eV.

The design of fs X-ray source, which is described above, makes use of the
spent electron beam leaving the X-ray SASE FEL undulator. A more radical
solution has been planned to use SASE FEL which operales at 10 nm in
the linear regime. In order to obtain saturation at sideband wavelength, the
sideband radiator undulator which resonant at 10.25 nm, can be extended by
two additional modules. These modification include simultaneously decreasing
the number of SASE FEL undulator modules. As a result, there is a space for
the possible implementation of a full version to produce high power fs soft
X-ray pulses. Fig. 11 presents layout of the full scale fs facility which fits with
the self-seeding option (Phase I1). In this case we can produce GW level power
fs pulses having transform-limited bandwidth.

Here it. is relevant to compare scientific capabilities and technical challenges
of fs soft X-ray FEL which based on a technique of "manipulating” the energy
spread along Lhe electron bunch (4] and sideband seeded s X-ray FEL which
described in this paper. Specific realization of the proposed in [4] [s FEL is
compatible with Phase I of X-ray SASE FEL at TTF and can provide soft X-
ray pulses with 30 fs (FWHM) duration. Nevertheless, for many applications,
one needs to generate a femtosecond scale X-ray pulses. The main advantage of
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the scheme, which based on a technique of "manipulating” the energy spread
along the electron bunch, is the absence of physical limitations which would
prevent operation al very short pulse duration close to the coherence time (of
about few fs in our case). The obvious disadvantage of previous conceptual
design is the absence of the possibility to integrate this option with Phase IT
of X-ray SASE FEL at TTF (see Fig. 3). The situation is quite different in
the case of femtosecond FEL scheme, which is described in this paper. This
design is compatible with Phase I and Phase 11 of X-ray SASE FEL at TTF.
Source, which would involve bandwidth limited 30-fs pulses and shot-to-shot
stability, would offer a further major advance in scientific capabilities of X-ray
FEL at TTF. Nevertheless, analysis of the practical limit for the achievable
pulse duration has shown that there are physical limitations which prohibit
attaining femtosecond scale pulse duration. Since the ultrashort optical pulse
is used to modulate the density within a slice of electron bunch, the output
X-ray pulse duration is limited by the optical pulse duration. A first question
that arises is: what is the shortest laser pulse duration? It does not come as
surprise that laser pulse duration corresponds to, at least, few optical cycles.
In wavelength range 400-800 nm each cycle corresponds to about 1-2 fs. As
a result, there is a limitation: At 400 nm wavelength 4 fs pulse duration cor-
responds to only three aptical cycles. A practical limit for achievable pulse
duration of Ti:sapphire laser system is about 10 fs. Undulator, which is used
for density modulation, must have, at least, few magnetic periods, too. When
the electron bunch moves along the undulator, electromagnetic wave advances
the electrons by one wavelength at one undulator period. As a result, starling
with optical pulse of about 10 fs duration we can obtain minimum about 15
fs pulse duration of the output radiation.
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3 FEL Physics and Simulations

In this section we discuss the analysis of the physical processes in the dif-
{erent sections of the sideband secded SASE FEL, the numerical simulations,
and the parameter optimization.

3.1 The physics of femtosecond FEL

This introductory section provides a brief overview of FEL physics, con-
centraling especially on modeling issue pertinent to the performance of a fem-
tosecond FEL. Let us cousider the sideband seeded FEL process. The ul-
trashort seed laser pulse interacts with the electron beamn in the modulator
undulator resonant to wepe and produces an energy and density modulation.
The modulated electron beam then passes through the main SASE undulator
resonant to we. Upon passing through the main undulator SASE radiation
at wy exponentially amplified. This undulator is long enough to reach strong
spatial bunching. Finally, a sideband radiator undulator resonant Lo one of
the sidebands w = wepy is used to produce ultrashort radiation pulse.

Jrom the very beginning of this section we combine all the conditions suffi-
cient for the effective operation of a fs SASE FEL. During the passage through
a long main SASE undulator the electron density modulation at optical wave-
length can be suppressed by energy spread in the electron beam. When the
energy spread in the electron beam is Gaussian the suppression factor is given
by

S= expl—((Af)’)Lb)wipl/(‘Zd‘7&'53)1 )

where 7 = ‘7/(1«%1\'(22’/2)'/2 is the longitudinal relativistic factor, K(g) and Lz
is the undulator parameter and undulator length, respectively, the subscript
(2) refers to the main undulator. For effective operation of the fs FEL energy
spread suppression factor should be close to unity. This leads to following
condition:

(ALY L ywipe (271 E5) €1 (1)

The chosen parameters for the SASE FEL and the seed laser system satisfy
this condition, and to make preservation of the beam density modulation in
the case of the T'TF SASE FEL parameters is possible. Parameters in our case
are :

\/((AE)’)L(,,/(-y,QEO) ~15am, A= 27c/wep =400 nm .

As a result, Sagp = aope and the microbunching is not destroyed when the

electron bunch passes the main undulator.
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In what follows we use the following assumptions:

W 3> Wopt P> AWSASE - (2)
We also assume that

Awsasg > [Topt > 1/7e . (3)

Here 7opt and 7. is the seed optical pulse and electron pulse duration, respec-
tively. Such assumptions do not reduce significantly the practical applicability
of the result obtainéd. Let us consider condition (2). It is obvious that the pa-
rameter wop /wy is much less than unity for X ray SASE FEL. We also assume
that the SASE bandwidth is much less than the separation of the sidebands
from the main peak. This requirement is of a critical importance to the overall
performance of the fs SASE FEL. In this case, monochromator can be used
to distinguish the fs pulses from the intense SASE pulses.

Let us discuss the problem of choosing the output radiation wavelength
range for the fs SASE I'EL. Increase of the operating frequency wy leads
to the increase of the SASE bandwidth Awsasg- In our case, the maximum
frequency is limited by the requirement that ratio Awgase/Wope Must be small.
Analysis of parameters of fs X-ray SAST FELs shows that its output radiation
wavelength range is limited by the value of about few nm. In order to go
{o wavelength range beyond nm, the bandwidth of output radiation would
therefore be decreased. The development of sell-seeding SASE FEL now offers
the possibilities of powerful X-ray sources with narrow band of photons. For
the self-seeding case, a sub-nm fs FEL based on sideband generation is feasible
because of small bandwidth of output radiation Awoyt € wopr € Awsasg.
Fortunately, in the case of the TTF FEL the value of the Awsasg is much less
than wepe and our design allows for the future incorporation of fs X-ray SASE
FEL option without and with self-seeding scheme.

The present study assumes wavelength of seed light to be very long com-
pared to the SASE radiation wavelength. Under this limitation we neglect the
gradient of density and energy within the SASE radiation wavelength at the
entrance of main undulator. Due to this reason it is also convenient to describe
effect of the energy and density modulation not by energy-phase distribution
function, but by periodical bunch profile and periodically correlated energy
spread. The physical interpretation of approximation Awspasp/wopr € 1 is
that the slippage of the radiation with respect to the electrons per gain length
(in the SASE FEL) is mmuch longer than the seed laser wavelength.

Let us consider condition (3). It is obvious that the fs FEL has advantage
over conventional SASE FEL only when electron bunch is much longer than
the seed laser pulse. This allows us to neglect electron bunch profile eflects
and to use the model of a rectangular electron bunch of suflicient duration T',
such as 1" > 7opi- The physical interpretation of condition Awsase > 1/ 7ope is
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that the optical pulse is much longer than the slippage of the radiation with
respect to the electrons at one gain length.

To obtain clear physical picture, we start with simple physical considera-
tions in the framework of the one dimensional model. In the proceeding sec
tions we confirm them with the results of simulations with three-dimensional,
time-dependent simulation code FAST. The main emphasis is put on the de-
scription of the sideband effects. One-dimensional model assumes the input
shot noise and the output radiation to have full transverse coherence. Let us
discuss the region of validity of one-dimensional approximation, 'I'he results of
one-dimensional calculations can be applied to the fs FEL because the trans
verse coherence of the radiation is settled at the SASE undulator exit. Thus,
the sideband harmonic is also transversely coherent. In frame work of one-
dimensional approximation the spectrum of SASE radiation is concentrated
within the narrow band, Awsasp/wo ~ 0.5%, near the resonance frequency.
Ou the other hand, there is a large Fourier harmonic of current at the side-
band frequency, and it is well known that Lhe frequency of undulator radiation
have a wide spectral width. Taking Lhe frequency as wy on axis (0 = 0), and
wo — Aw off axis at angle 0, then taking ratios, one obtains

s ~ ~76* , ! (4)

wo
where this expression shows how the frequency decreases as one observes the
radiation off axis. Note that (he cone of half-intensity half angle encloses a
relative spectral bandwidth of about 25 % [10]. In our case, separation of
long wavelength sideband from main peak is wopr/wo ~ 2.5% only. So, the
reasonable question arises of whether one-dimensional model describes cor-
rectly physical process in fs FEL. Simple physical considerations show that
this model is valid. The result (4) is for a single electron. A more useful result
would be the power radiated by spatially modulated electron bunch. In this
case the radiated fields due to different electrons are correlated: that is, we
sum fields, not intensities. A large number of transverse radiation modes are
excited when the electron beam enters the SASE undulator. These radiation
modes have different grows rates. Starting from some undulator length the
contribution to the total power of the fundamental (TEMgo) mode (corre-
sponding to the resonance frequency wy) becomes to be dominant. Thus, the
sideband harmonic of current density is also transversely cohierent and should
be distributed according to TEMgy eigenfunction. Typical angular divergence
of radiation due to diffraction effects is about of Af ~ \/D, where D is the
transverse size of the radiation beam. In the case of TTF SASE FEL, the
diffraction expansion of the radiation at one gain length will be small and
transverse size of 1'EMyy mode is close to the transverse size of electron beam
(D =~ o,). As a result, coherent sideband radiation in the SASE undulator
should be directed at zero angle within the cone of hall angle 8 ~ ¢/(ouw,).
On the other hand, this diffraction angle is much smaller comparing with reso-
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nance angle, ., ™ \/Yfwope /wo, from (4). Thus, we find that one-dimensional
approximation is valid.

Let us begin with a qualitative analysis of sideband generation process.
All the formulae refer the case of a planar undulator. The transverse current
density may be written in the form

v =vy(2)hs(2, ) /e

The velocity components of the electron moving in the field of the planar
undulator are given by the expressions:

: bt .,
vz =0, v, =—elsin(kwz), v,=v-— - sin“(kyz) .

Here v is the total velocity of the electron. One can obtain that the radiation
ol the electron beam in the undulator is in resonance with the electron motion
when

wo W

ke + = -2 =0,

c v,
where 9, = v — ¢f} /4 is the velocity of the electron along the z axis, averaged
over undulator period.

The spectrum of the SASE radiation is concentrated within the narrow

band near the resonance frequency wy. Therefore, the electric field of the wave
can be presented as

Ey(z,t) = E(z,1)exp liwo(z/c—1)] + C.C., (5)
where I is the slowly varying complex amplitude:
[OE[ 01| < wolB| , |0E[0z] < ka|E] .

It is convenient to write down an expression for the current density in the
following form:

J:(z,t) = __,’U+_7a(z,[)exp(iy’-')+C.C‘ : (6)
where
. Ldugf
‘v’: v - wlz/c — = 2 s = N
' =kyz bwolzfe— 1) — Qsin (2kyz) , Q S

and —jo is the current density.

Prior to numerical simulations of the sideband generation process, it is
relevant to present a qualitative physical picture. First, we lave used the
following simplifying assumplion about SASE bunching parameter

laol = la(z,t)/do] < 1.



This means that the SASE FEL operates in a linear regime. We use the model
of a long electron bunch with rectangular axial profile of current. When the
SASE FEL operates without laser modulation, the driving electron beam can
be considered as an active medium whose properties do not depend on the
time and longitudinal coordinate. In this case investigation of the SASE 'EL
process is performed with steady-state spectral Green’s function connecling
the Fourier amplitudes of the outpul radiation field and the Fourier ampli-
tudes of the input noise signal. Since in the linear regime all the harmonics
are amplified independently, we can use the result of steady-state theory for
each harmonic and calculate the corresponding Fourier harmonics of output
radiation field. Let us analyze the nature of self-consistent solution at exact
resonance w = wo. The bunching parameter at sulficient distance from the
(second) undulator entrance can be represented as g = Aexp(Agz), where
Ao is growing root of eigenvalue equation al exact resonance. Let us now study
the influence of seed laser modulation on the spectrum of the beam current.
In this case, al the end of the main undulator, there is an energy and density
oscillations at the seed laser frequency. Tn the framework of accepted limita-
tions we consider the case when the bunching parameter dgp at the exit of the
main undulator is much smaller than unity. The process of sideband genera-
tion can be easily understood from analysis of nonlinear current perturbation
terms, which are of the order of dotop. 1 factor Qgpe 18 much smaller than
unity, the effects of density modulation and energy modulation can be studied
separately.

Let us consider the current perturbation under the influence of density
modulation. In the framework of accepted limitations (2) introducing the den-
sity modulation does not change SASE process. Indeed, the present study as-
sumes the slippage of the radiation with respect to the electrons per gain length
to be very large compared to optical wavelength. With respect to calculation
of SASE FEL process, it allows us to neglect the effect of beam density modu-
Jation and Lo use steady-state Green’s function. This qualitative consideration
allows one to find sideband harmonic components. Current perturbation at
the SASE undulator exit under the influence of seed optical laser is given by

J=(t) = —J0[1 + 2Re(dopt expliwopet ) )]0 exp (iwot) -+ C.C.

The expression in the square bracket is the periodical variation of the bunch
profile. Fourier expansion of this function gives the sideband harmonic com-
ponents of the current converted from the beam profile modulation. Thus,
we conclude that the sideband (nonlinear) harmonic current is determined by
factor Gplope.
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8.2 An approach for construcling time-dependent numerical simulation code

Complete calculation of the parameters of the femtosecond X-ray FEL can
be performed only with numerical simulation code. In this section we consider
one-dimensional model to give an idea about upgrade of a time-dependent
code for calculations of the sideband seeded SASE FEL. An extension of this
approach to three-dimensional case is straightforward.

Let us start with the solution of the electrodynamic problem. The wave
equation for the electromagnetic wave, I = €,E,(z,t), amplified by the elec-
tron beam in the planar undulator, has the form:

75,108, _ 4l
922 ¢ orr T 2ol

(7)

The solution of wave equation in resonance approximation for the slowly vary-
ing amplitudes j, and E has the form:

5 Ay F- — 2
E(z.c)=a"”‘—”/ja(z',t—’ )d

c c
0

where Ay) = [Jo(Q) — H(Q)).

The next point is the solution of the dynamical problem. As we have al-
ready mentioned, for a particle moving with nominal velocity . (which corre-
sponds to the nominal energy &), the phase ' is constant along z. Therelore,
d '/ d z # 0 only in the case when the particle energy deviates from the nom-
inal value: P = & — & # 0. Then the equations of motion averaged over an
undulator period have the form:

dr

dz

d¥ _ P
dz - L“)"zg() '

= —2 AyediE(z, V) exp (i) + C.C. ,

To perform the numerical simulations of fs FEL, we should go over to
discrete quantities. Suppose, we have an electron bunch of length [,. We divide
it into Ny = lp/\ boxes, where A = 2mc/wo. When the number of particles in
the bunch is equal to N, the number of particles per box is equal to Ny = N/Ny,
(we neglect fluctuations of this number with the relative standard deviation
1/+/Na, since they are always small). Let us consider the coordinate s = z2—0,t
and defined the position of the bunch tail as s = 0 and that of the bunch head
as s = . Then we assign a number to each box in accordance with the formula
7 = [s/A], where [- - -] denotes the integer part of a number. At any fixed point
z along the undulator the arrival times of boxes differ by At = #;—1;4, = A ;.
The position of each particle within the bunch is defined by the box number
j and by the phase 0 < 2 < 27. Indeed, for a particle moving with nominal
energy & (which corresponds to the nominal velocity ) the phase ¥ is
constant.
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The phase of each particle may be written in the form:

== (-

Let us now introduce the notion of bunching in jth box:

: x BB , _
@’ = =3 exp(—iny”) (8)
A k=1

where y"") is the phase of the kth particle inside the jth box. The complex

amplitudes j, and @, are connected by the relation:
Ia(z,5)do = —ai(z) .
Let us perform the normalization procedure
Pz,  P=P/p&),
C=0CIr, E=EE,

I

z

where
P = [miobfwo Al !9 I3 (2) )3
=eyil/e, Ey = c&y{T?/(ebiwnAry) ,

Iy ~ 17 kA is the Alphven current. As a result, we can wright the self-
consistent equations in the following reduce form:

df)(]) i a . G : 1 :'fl) .
i =@ ree, U _ g (9
ﬁ'(i)(;) = _2iA3 Z &gj'"‘)(é —mAz) (10)
=t

where E‘(”(z') = E‘(é,t,-)/En is the normalized field in the jth box, P,f’) =

P,E"/(p&)) is the normalized energy deviation from the nominal value of the
kth particle in the jth box, A2 = I'A,, and n = [2/AZ] = [z/Au].

Simultaneous solution of (9) and (10) allows one to calculate the evolution
in time and space of the electromagnetic field and of the particle motion
under given initial condition at the undulator entrance. The beam bunching is
calculated according to (8). The simulation proceeds iu the following way. At
each integration step over the 3 coordinate the normalized field amplitude is
calculated in each box using (10). Then equations (9) for the particle motion
are integrated within each box. At the next step of integration, at 7 | Az,
the bunching and the field are recalculated, and the procedure is repeated. In
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the code, it is modular from 0 to 27, and when the particle increases past 2w,
the code automatically subtracts 2u to keep it within the range. This time-
dependent algorithin was used for simulations of the FREL amplifier starting
from shot noise [11].

3.3 Modification of the time-dependent code to include sideband generation

Now we discuss the modifications of described above code required to carry
oul. the calculations of the sideband generation. If electron bunch interacts
with laser radiation in the main undulator, one should keep in mind several
effects. The first effect is the axial variation of the electron bunch profile,
Suppose that the electron bunch at the exit of modulator has a waveform
axial profile of the current density:

S(s) = —j(s)/jo =1+ Gigpt cos(2ms/Aopt)

To simulate the FEL amplifier driven by electron bunch with a gradient profile,
we should modify the self-consistent equations. The period of modulation is
assumed to be large, Api/A > 1. Under this limitation only equation (10) for
the complex field amplitude should be replaced by

"

EUN(3) = —21A3 ¥ §U-mIglo-m(s _ mAz) , (11)
1

m=1

where S() is the value of the function S(s) in the yth box.

The secoud effect is that energy change along the electron bunch, i.e. we
need to simulate the microbunching process for the beam with correlated en-
ergy spread. Suppose that before entering the radiator undulator, the electron
distribution in energy is

1‘—,':(5) _ {‘7(5)

= 0Yope €OS(2s/Aopt + ) ,

where 84, is the energy bunching parameter. We modify the above algorithm
to include the correlated energy change effects by introducing the energy shift.
When the encrgy changes along the bunch, the energy shift is a function of
the box number j. Following this procedure equation (10) for the phase of the

particles inside the 7th box should be replaced by
d w"(ll . . -
e Y O 12

where P0) is the value of the function P.(s) in the Jth box. Under accepted
limitations (3), we neglect the gradient of energy and density on the scale of
the box. Therefore, in the code, it is modular from 0 to 2r.
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The FEL process in the sideband radiator undulator is calculated in the
same way as in the main SASE undulator. The energy-phase distribution of
the macroparticles at the exit of the main undulator serves as initial condition
for the code. One can note that the algorithm, which was described above,
allows one to use any box length (within the narrow band AMA < 1). To
perform the numerical simulations of the FEL process in the main undulator
we use Lhe resonance box length. When preforming numerical simulations of
the sideband harmonic generation in the sideband radiator, we continue to use
the same box length. As a result, the procedure for preparing initial conditions
at the entrance of the sideband radiator undulator becomes pretty simple. For
simulation of the resonance frequency shift in the radiator compared to the
second undulator we put parameter Fy = wopt/(pwa) into equation for the

phase: d al!L(’)/d 2= f.’,f") + ]3!’) + B
3.4 Simulation results

We illustrate operation of a fs option of I'EL for parameters of the T'TF
FEL operating at the wavelength of 20 nm. Parameters of the electron beam
are presented in Table 1. Parameters of the optical laser are: wavelength
400 nm, energy in the laser pulse 6 uJ, and FWHM pulse duration 25 fs
(see Table 2 and Fig. 12). The laser beam is focused onto the electron beamn in
a short (five periods) undulator resonant at the optical wavelength of 400 nin.
Optimal conditions of focusing correspond to the positioning of the laser beam
waist in the center of the undulator. The size of the laser beam waist is twice
as large than the electron beam size. Due to the resonant interaction of the
electron beam with optical field in the undulator the electron beam is modu-
lated in the energy as it is shown in Fig. 13. Upon leaving the modulator the
electron beam passes the dispersion section, is modulated additionally in the
density (see Fig. 14), and is directed to an X-ray undulator.

We start with simple one-dimensional model in order to illustrate mecha-
nism of the sideband generation. We assume that there is only main undulator
(110 sideband radiator undulator installed). We performed three independent
simulation runs with different initial conditions:

(a)  the electron beam is modulated in density at the undulator entrance as
it is shown in Fig. 14;
(b) - the electron beam is modulated in energy at the undulator entrance as
it is shown in Fig. 13;
(c) - the electron beam is modulated in energy and in density at the undulator

entrance as it is shown in Figs. 13 and 14;

in order to study which kind of initial conditions is better for the sideband
FEL option. Figure 15 shows evolution of the spectral distribution of the
beam modulation along the undulator. It is seen that initial conditions (b)
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Table 2
Parameters of the sideband modulator

Undulator
Type planar
number of periods 5
period, cm 7.5
peak field, T 0.7
external beta-function, m 1.7
Seed laser
wavelength, nm 400

min. pulse duration, s (FWHM) 25

energy per pulse, pJ 6
spectrum width transform limited
rep. rate, kHz 10
time jitter, ps 1
{7 ]
= 021
6
¥
o
0.1
0.0 T T T T
-40 -20 0 20 40

 [fs]

Fig. 12. Laser pulse of the optical seeding laser. Dashed line denotes longitudinal
profile of the electron bunch.

give better results with respect to the sideband generation. Simulations show
also that joint effect of the initial conditions (a) and (b) (case (c)) results in an
additive effect on the sideband generation. We should also stress that initial
conditions (a) seed only sidebands at frequencies wg - wop, while conditions
(1) seed also higher order sidebands. The power of the second order sideband,
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Fig. 13. Energy modulation of the electron beam at the exit of the modulator
undulator.
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Fig. 14. Density modulation of the electron beam at tlie exit of the dispersion
section.

wy &= 2wey, is rather high, and it can be used in the sideband-seeded SASE
FEL. From practical point of view this means that using the same optical
laser we can extend by a factor of two the operating range of fs SASE EL to
shorter wavelengths.

It is seen from Fig. 15 that at the initial stage of amplification spectral
purity of the sideband is relatively poor due to the shot noise in the electron
beam. In the amplification process it is improved significantly and reaches
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Fig. 15. Spectral distribution of the heam density modulation at, different length of
main undulator: 2 = 4.7, 7.5, and 10.3 (upper, middle and lower plots, respectively).
Left column corresponds to initial conditions of the density modulation (see Fig. 14),
and right column is the case of the energy modulation (see Fig. 13). Calculations
have been performed within framework of one-dimensional model.

maximal value in the end of the linear regime, at 2 ~ 10.6 (saturation takes
place at 2 ~ 13). Figure 16 shows additional details of the sideband gen-
eration process at this point. Left column in this figure present plots of the
microbunching (total and that filtered at the sideband frequency). Plots in the
right column refer to the full radiation power and that filtered at the sideband
frequency. The spectrally filtered radiation pulse has short pulse duration and
good contrast (signal to background ratio) of about 1000.

When the FEL process enters nonlinear stage, an effect of nonlinear side-
band generation takes place which leads to decrease of the contrast of the
seeded sideband. However, with the help of plots presented in Fig. 17 we can
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Fig. 16. Details of the sideband generation process at a point corresponding to the
maximal contrast of the sideband in the main undulator (£ = 10.6). Left column:
plots of the full density modulation and that filtered at the sideband [requency.
Right column: full radiation power and that filtered at the sideband frequency.
Initial conditions corresponds to general case (c). Calculations have been performed
within framework of one-dimensional model.
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Pig. 17. Left plot: Time structure of the radiation pulse from SASE FEL operating
at saturation. Right plot: Radiation pulse after spectral filtering at the sideband
frequency. Here the length of the main undulator is equal to z = 13, and there is
10 sideband radiator undulator. Initial conditions correspond to general case (c).
Calculations have been performed within framework of one-dimensional model.

conclude that at the saturation point the contrast of the radiation pulse pro
duced by the seeded sideband is still high (of about factor of 100), and the
peak power of the radiation in the fs pulse can reach the value of a few MW
at the exit of the main undulator.
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Fig. 18. Evolution of the radiation pulse in the radiator undulator at different length
of the radiator undulator: 3 = 1.5, 3.3, and 5.2 (upper middle, and lower plots,
respectively). In the left plots we present total pulse, and in the right plots - spec-
trally filtered at the sideband. The length of the main undulator is equal to £ = 10.6
and provides maximum contrast of the sideband. Calculations lhave been performed
within framework of one-dimensional model.

Next problem Lo be investigated is that to find optimal parameters of the
fs FEL consisting of the main undulator and the sideband radiator undulator
tuned to the sideband frequency. Simulations show that optimization is rather
simple in this case. The length of the main undulator is given by the condition
of the maximal purity of the beam density modulation at the sideband which
takes place in the end of the linear regime (of about two field gain length
before the saturation). Figure 18 show the evolution of the beam modulation
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Fig. 19. Energy in the radiation pulse versus undulator length for 20 nm
SASE FEL at the TESLA Test Facility. Calculations have been performed with
three-dimensional, time-dependent simulation code FAST.
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Fig. 20. Left plot: Time structure of the radiation pulse for 20 nm SASE FEL at
the TESLA Test FAcility operating at saturation. Right plot: Radiation pulse after
spectral filtering at the sideband frequency. Calculations have been performed with
three-dimensional, time-dependent simulation code FAST.

density and the radiation power in the sideband radiator undulator. It is seen
that proposed techniques allows one to produce fs pulses with output power
comparable with the saturation power of the conventional SASE FEL.

Up to now we performed simple physical considerations in the framework
of the one-dimensional model in order to prove the principle of sideband gener-
ation. Final optimization have been preformed with three-dimensional, time-
dependent code FAST [12] taking into account all physical effects influencing
the FEL amplifier operation (diffraction effects, energy spread, emittance, slip
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Table 3
Parameters of the sideband seeded X-ray SASE FEL (Phase 1)

Radiator undulator

Type planar
number of periods 150
period, cm 2.73
peak field, T 0.51
external beta-function, m 1.7

Grating monochromator

resolution, % 0.5-1
efficiency, % 10
wavelength range, nm 1040

Output radiation after monochromator

wavelength, nm 10-40
min. pulse duration, fs (FWHM) 30
number of plotos per pulse 10"
spectrum width, % (FWHM) 0.5

page effect, etc). It has been found that all complications do net violate the
principle of the sideband generation and result in a correction of the output
characteristics only, as usually takes place when going over from 1-D to 3-D
FEL model. The results of optimized configuration of 20 nm sideband-seeded
option of SASE FEL at the TESLA Test Facility are summarized in Table 3.
Initial conditions for the seeded sideband have been fixed with general case,
i.e. the slice of the electron bunch is modulated in energy and in density at the
entrance to the X-ray undulator (see Figs.. 13 and 14). First we consider the
case of uniform undulator, i.e. there is no sideband radiator undulator tuned to
the sideband frequency. Figure 19 shows the evolution of the energy in the ra-
diation pulse versus the undulator length. Saturation occurs at the undulator
length of about 13 m. Temporal structure of the radiation pulse at saturation
is shown in Tig. 20. Right plot in this Figure presents time structure of the
radiation pulse after spectral filtering at the sideband frequency. Comparison
with Fig. 17 shows that one-dimensional approximation provides visible over
estimation of the radiation power at the sideband. However, absolute value is
still high enough and is about one megawatt within fs pulse.

Next problem is that of optimization of the seeded sideband FEL consist-
ing of the main undulator and the radiator tuned to the sideband frequency.
Optimal length of the main undulator is given by the condition of maximum
spectral purity of the sideband. In the case under study optimal length of the
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Fig. 21. Evolution of the radiation pulse in the radiator undulator. In the left plots
we present total pulse, and in the right plots - spectrally filtered at the sideband.
The length of the radiator undulator is equal to 0, 1 and 2 m for upper, middle and
lower plots, respectively. Calculations have been performed with three-dimensional,
time-dependent simulation code IFAST.

main undulator should is equal to 10 m. Figures 21 and 22 show the evolu-
tion of the fs radiation pulse in the sideband radiator undulator. Figure 2
shows evolution of the spectral distribution of the output radiation power in
the sideband radiator. Analysis of the spikes of the complete radiation pulse
(plots in the left column of Figs. 21 and 22) shows that the radiation, pro-
duced in the main undulator, does not interact with the electron beam. Only
that slice of the electron bunch, seeded by the sideband, produces the radia

tion. Cul structure of the spikes of the central part of the beam is due to the
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Fig. 22. Evolution of the radiation pulse in the radiator undulator. In the left plots
we present total pulse, and in the right plots — spectrally filtered at the sideband.
The length of the radiator undulator is equal to 3, 4 and 5 m for upper, middle and
lower plots, respectively. Calculations have been performed with three-dimensional,
time-dependent simulation code FAST.

interference of the radiation form the main undulator with frequency w and
from the sideband radiator with frequency w — wope. After 5 m long sideband
radiator the radiation power in fs pulse rapidly reaches the level of a few GW,
and the energy in the fs pulse reaches the value of about 30 juJ (see Fig. 24).
Further increase of the radiator undulator does not lead to significant increase
of the power, while the contrast of fs pulse starts to reduce drastically because
of sideband growth in the nonlinear regime. Total undulator length of the
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Fig. 23. Evolution of the spectral distribution of the output radiation power in the
radiator undulator. In the left plots we present spectrum in logarithmic scale, and
in the right plots — in the linear scale. The length of the radiator undulator is equal
to 0, 3 and 5 m for upper, middle and lower plots, respectively. Calculations have
been performed with three-dimensional, time-dependent simulation code FAST.

sideband seeded SASE FEL is about 15 meters.

In conclusion to Lhis section we should note that calculations of the radi-
ation power (see Figs. 20 — 24) have been performed for the case of an ideal
monochromator. In the wavelength range of 10-40 nm the monochromator
efficiency is about 10 per cent only, so the radiation power available for user
experiments is roughly by one order of magnitude less than that shown in
Figs. 20 - 24.
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Fig. 24. Energy in a fs pulse versus length of the radiator undulator. Calcula-
tions have been performed with three-dimensional, time-dependent simulation code
FAST.
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