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We propose a novel scheme to generate attosecond soft x rays in a self-seeded free-electron laser (FEL)
suitable for enabling attosecond spectroscopic investigations. A time-energy chirped electron bunch with
additional sinusoidal energy modulation is adopted to produce a short seed pulse through a self-seeding
monochromator. This short seed pulse, together with high electron current spikes and a cascaded delay
setup, enables a high-efficiency FEL with a fresh bunch scheme. Simulations show that using the Linac
Coherent Light Source (LCLS) parameters, soft x-ray pulses with a FWHM of 260 attoseconds and a peak
power of 0.5 TW can be obtained. This scheme also has the feature of providing a stable central wavelength
determined by the self-seeding monochromator.
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I. INTRODUCTION

Over the past few decades, investigations of ultrafast
phenomena with ever shorter radiation pulses have paved
the way for crucial progress in our understanding of the
fundamental processes in matter. For example, time-
resolved spectroscopy at the femtosecond time scale has
opened a new field in femtochemistry to the study of
atomic-scale dynamics of chemical bonds [1]. Extending
this technique to the attosecond domain would provide an
ideal tool for investigating electronic dynamics on the
atomic/molecular scale [2], which are expected to inspire
new breakthroughs in ultrafast science [3,4].
Attosecond radiation pulses are currently generated with

the high-order harmonic generation (HHG) technique [5,6],
which mainly works in the extreme-ultraviolet (XUV) and
soft x-ray (up to a few hundred eV) spectral regions.
Although many important applications of attosecond pulses
have been demonstrated, improving the performance of
such short pulses is still highly required [7,8]. One
limitation of the HHG-based radiation source is the
relatively low photon flux due to the low conversion
efficiency of the harmonic generation process. The high-
harmonic cutoff also imposes a limit on achieving higher
photon energy. Extending the photon energy to the keV
energy level is still a very challenging and exciting topic in
the HHG community [9].

X-ray free-electron lasers (FELs) [10,11], which over-
come the intensity and photon energy limit of the HHG-
based radiation source, provide an alternative way for
generating high brightness ultrashort radiation pulses.
While a typical x-ray FEL pulse is tens of femtoseconds
long, various schemes have been proposed and developed
to generate subfemtosecond pulses [12–28]. In a FEL, the
radiation slips along the electron bunch in the forward
direction and gets amplified. Therefore, a phase correlation
inside the slippage distance is formed. This slippage
distance is proportional to the cooperation length [29],
which determines the temporal spike width (or coherence
time) and the shortest achievable pulse. In the hard x-ray
spectral region, e.g., at 5 keVor higher, the coherence time
is a few hundred attoseconds, while in the soft x-ray region,
e.g., ∼1 keV, it is about 1–2 fs.
Most of the proposed attosecond FEL schemes leverage

the shorter coherence time associated with the production
of hard x-rays. However, the plenitude of atomic reso-
nances and efficient photoabsorption in the soft x-ray
spectral region has made generating intense attosecond
soft x-ray pulses highly desirable by, for instance, the
atomic, molecular, and optical (AMO) scientific commu-
nity [30] and the condensed matter science community
[31]. The production of attosecond pulses at soft x-ray
FELs is, though, nontrivial. A higher FEL efficiency,
namely, a larger ρ [32], would help reduce the coherence
time but it requires improving the electron beam brightness.
Very recently, two schemes [33,34] of selective lasing with
multiple delays have been proposed which are expected to
achieve terawatt-level attosecond hard x-ray pulses. In
these two schemes, besides taking advantage of the short
pulse feature from the enhanced self-amplified spontaneous
emission (ESASE) [16] or slotted foil techniques [35],
superradiant behavior [36] leveraged to shorten the pulse
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length and increase the power. The involvement of an
optical delay in [33] makes the scheme technically very
challenging. The naturally longer coherence time in soft
x-ray FELs also limits the slotted foil mode in [34] to
achieve attosecond soft x-ray pulses. In parallel, a few soft
x-ray attosecond schemes [37–40] were proposed relying
on a coherent emission process with a short undulator to
avoid slippage problem, but the output power is relatively
low (at 100 s of Megawatts level).
In this paper, we propose a scheme to generate high

intensity attosecond pulses specially for the soft x-ray
region. A time-energy chirped electron bunch, which has an
additional sinusoidal energy modulation, is used to gen-
erate a short seed pulse from a regular soft x-ray self-
seeding configuration [41]. This short seed is amplified by
one of many high-current spikes that are formed after the
self-seeding chicane. The short seed pulse interacting with
only a single current spike is a key feature in this scheme,
which enables a cascaded delay to compensate the slippage
effect and allows further amplification of the seed pulse by
adjacent “fresh” current spikes. In this way, both higher
FEL efficiency from enhanced current and superradiance
with fresh bunch help achieve shorter pulses with higher
power. Simulations show that half-terawatt pulses with a
duration of ∼200 attoseconds at 830 eV can be generated.
In addition, the seeded mode provides a stable central
wavelength, which also distinguishes this scheme from the
ones in Refs. [33,34].
In the following sections, we will first discuss the

methods of the proposed scheme in Sec. II, including
the layout and optimization of the parameters. In Sec. III,
we discuss the FEL simulation performance. Finally, the
results are summarized in Sec. IV.

II. METHODS

The proposed layout is shown in Fig. 1. A time-energy
chirped electron bunch is used instead of a regular flat-chirp
beam.We add an optical modulation section (W) at the very
beginning to generate a sinusoidal energy modulation at the
optical laser wavelength. This energy-modulated beam then

traverses the first section of the undulator (U1) from which
a time-frequency chirped self-amplified spontaneous emis-
sion (SASE) pulse is generated. As studied earlier [42], a
monochromator can be used to select a narrow bandwidth
from this chirped radiation pulse, and therefore a short
segment of the original radiation can be isolated. In this
way, we generate a shorter seed pulse compared to the
electron bunch. Meanwhile, the electron beam goes
through a bypass chicane and recombines with the seed
in the next stage.
The bypass chicane, which exists in self-seeding configu-

ration used for delaying the electron beam and washing out
the electron beam microbunching built up in the SASE
undulator, now has an additional function. It converts the
energy modulation of electron beam into a density modu-
lation at the optical wavelength, formingESASE-like narrow
current spikes with significantly increased peak current [16].
Since the chicane has multiple purposes, we set the magnet
strength by satisfying the seeding requirement and then
adjust the optical laser intensity to control the current spike.
The FEL amplifier stage after the self-seeding section

comprises multiple undulator sections separated by small
delay chicanes, which introduce cascaded delay of electron
current spikes. At the entrance of the first undulator section
(U2A), as illustrated in Fig. 1, the short seed pulse is
aligned with the tail current spike. After amplification in
the first section, the electron bunch is delayed to align the
radiation pulse with the front current spike so that the
radiation is continuously amplified by a “fresh” beam.
We applied two delay sections in the amplifier stage. The
output radiation pulse duration from the FEL amplifier is
determined by the length of the interacting part of the
electrons and the FEL slippage. Since we have very high
current at the spikes, it enables high efficiency FEL gain
which reduces the FEL coherence time. The slippage is also
compensated by delaying a fresh current spike to overlap
with the seed pulse in a new stage.
A time-energy chirped electron beam can be generated

by setting the electron beam at an off-crest rf phase in the
linac. In this study, we take the overcompressed beam and
undulator parameters from the present Linac Coherent
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FIG. 1. Layout of the proposed scheme based on a self-seeded FEL configuration (not to scale). A time-energy chirped electron beam (a)
is used. Amodulator comprising an infrared optical laser and a short wiggler (W) is added to modulate the chirped electron beam (b). The
seeded FEL stage consists of three undulator sections (U2A, U2B, and U2C) separated by two delay chicanes. (c), (d), (e), and (f) are
sketches of electron current (blue curves) and FEL power (red curves) profiles after U1 and before U2A, U2B, and U2C, respectively.
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Light Source (LCLS) operation [43]. The electron beam
central energy E0 is 4.3 GeV for generating 1.5 nm
(830 eV) radiation. To be simple, we assume a uniform
current profile with a pulse duration of 90 fs and peak
current of 2.5 kA. The time-energy chirp, α ¼ δ=Δt, is
−3.33 × 10−4 fs−1 based on the measured data at the LCLS
[44], where δ ¼ ΔE=E0 with ΔE the correlated rms energy
spread. The main parameters used in this study are
summarized in Table I.
We follow two criteria to determine the modulation laser

parameters. First, the separation between the current spikes
should be larger than the seed pulse duration. This is
essential in our scheme to generate isolated single pulse.
Otherwise satellite low-power peaks would probably show
up from the neighboring current spikes. Second, the
modulated electron beam should get fully compressed at
one side of the zero-crossing phase region after the bypass
chicane. Since the chicane strength is predetermined by the
self-seeding requirement, we adjust the laser intensity to
control the energy modulation strength for getting a full
compression of the modulated electrons.
The distances between the neighboring electron current

spikes after the bypass chicane can be approximated using

d ≈ ð1þ αR56=cÞλm; ð1Þ
where λm is the modulation laser wavelength, and c is the
speed of light in vacuum. We consider the laser wavelength
λm at 2 μm and 5 μm here. With the LCLS soft x-ray self-
seeding bypass chicane R56 about −0.4 mm [41], the
current spike distances are estimated to be 2.9 μm and
7.2 μm when λm is 2 μm and 5 μm, respectively. Note here
one side of the modulated chirp has the right sign for
compression, the other side gets decompressed, and the
overall bunch is also decompressed with the chirp sign we
have from overcompression mode.
The seed pulse duration after the self-seeding mono-

chromator is mainly determined by the chirp and mono-
chromator bandwidth. This can be calculated using [45]

σt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðσω=ω0Þ2 þ ðσm=ω0Þ2
4α2

þ 1

4ω2
0ðσm=ω0Þ2

s

; ð2Þ

where σt is the rms pulse duration after the monochromator,
σω is the rms bandwidth of the SASE radiation from an
unchirped electron beam, σm is the rms bandpass of x-ray
monochromator, ω0 is the central SASE frequency. With
parameters in Table I, ω0 ≈ 1.24 × 1018 Hz, σm=ω0≈
8.5 × 10−5, and σω=ω0 ≈ 4.5 × 10−3. Consequently, the
FWHM of radiation pulse after the monochromator is
approximately 6 μm. From earlier discussion using
Eq. (1), a laser with 5-μm wavelength would have a current
spike separation of 7.2 μm, which is larger than the seed
pulse duration. Hence a 5-μm laser is an appropriate choice
considering the beam chirp we used here to fulfill the first
criterion. It is worth pointing out that σω=ω0 herein was
derived from GENESIS [46] simulations using λm ¼ 5 μm
as an example. It is significantly increased compared to a
typical SASE FEL, owing to the large energy spread of the
modulated electron beam.
After determining the modulation laser wavelength, the

second criterion, achieving full compression of the modu-
lated electron beam at the zero-crossing phase region, can
be met with a peak-to-peak modulation depth of 25.6 MeV
with the bypass chicane R56 at -0.4 mm. Based on this
requirement, we can determine the optical laser intensity.
For example, with a laser at λm ¼ 5 μm, and using a
5-period wiggler with the period length of 0.35 m and
strength parameter Kw ¼ 63.6, both analytical formula [47]
and ELEGANT [48] tracking show the required laser
power to be about 35 GW. A plot of electron beam
longitudinal phase space after the modulator is shown in
Fig. 2(a). After passing through the bypass chicane, the

TABLE I. Main electron and radiation parameters.

Parameters Value Unit

Energy E0 4.3 GeV
Time-energy chirp α −3.33 × 10−4 fs−1

Slice energy spread ΔEs 1 MeV
Bunch charge Q 225 pC
Bunch length FWHM Lb 90 fs
Peak current I 2.5 kA
Normalized emittance γϵ 0.5 μm
Undulator period λu 3 cm
Undulator Ku 3.5
FEL wavelength λr 1.5 nm
Bypass chicane R56 −0.4 mm
Delay chicane R56 −13.2 μm
Mono. resolving power 5000
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FIG. 2. Electron beam longitudinal phase space before the
SASE undulator (a) and after the bypass chicane (b). The Wigner
transformation of the SASE field generated in U1 is shown in (c),
and the electron current profile after the bypass chicane is show in
(d). The electron bunch head is to the right.
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energy modulation is converted to density modulation, as
shown in Fig. 2(b). The current profile has over 10 kA
spikes as shown in Fig. 2(d).

III. FEL SIMULATIONS

Using the modulated electron beam shown in Fig. 2(a)
with main parameters listed in Table I, we performed FEL
simulations with GENESIS. The SASE stage (U1) uses 5
LCLS undulator segments, each segment having 110
periods with a period length of 3 cm and strength parameter
Ku ¼ 3.5. This is based on a consideration of keeping the
SASE FEL power at a reasonably low level to avoid
damage to the x-ray monochromator while getting suffi-
cient seed pulse power for the next stage FEL amplifier. We
show in Fig. 2(c) a SASE field Wigner distribution function
[49] at the end of U1. It is very clear that the radiation
field has a time-frequency chirp. This allows us to choose a
small fraction in time domain by a narrow-bandpass
monochromator. The monochromator, with a resolving
power of 5000, is assumed to have a Gaussian spectral
response with a maximum power efficiency of 0.02 at
1.5 nm in our simulations.
After this SASE field passing through the monochroma-

tor, a seed pulse is generated as shown in Fig. 3(a) with a red
curve. The seed pulse duration—about 6 μm FWHM—is
consistent with the estimation from Eq. (2). We apply a fine
adjustment of the bypass chicane here to align this short seed
with the tail current spike (the alignment timing jitter will be
discussed later). This adjustment of the bypass chicane is
only a few percentage of the existing delay for seeding
requirement, and should not affect the electron beam current
distribution. The FEL amplifier consists of 3 undulator
sections (U2A,U2B, andU2C in Fig. 1) separated by 2 small
delay chicanes with R56 ≈ −13.2 μm, which introduce
electron delay of about 6.6 μm. Among the 3 undulator
sections, U2A, U2B, and U2C use 4, 2, and 3 LCLS
undulator segments, respectively. In each amplifier section,
we optimize the undulator length to have sufficient gain
from the interaction between the seed pulse and the selected

electron current spike, while at the same time to mitigate
the FEL slippage effect and the SASE growth in other
neighboring spikes. The delay chicanes realign a front
“fresh” current spike to the high-power seed and also help
wash out some of the electron beam microbunching gen-
erated in the previous undulator, which will benefit the next
stage FEL amplification.
The high peak current in these spikes leads to a strong

longitudinal space charge (LSC) force, which will accel-
erate/decelerate the head/tail part of electrons in the spike
area [50]. In the undulator, this LSC force is stronger
compared to that in a drift space due to the wiggling motion
[51]. We include this effect in the FEL simulations, and
taper the undulator strength to compensate the LSC
induced energy chirp [17,19]. In U2A, the energy chirp
caused by the LSC force is still low. The undulator
parameter is therefore kept unchanged at Ku ¼ 3.5. In
U2B and U2C, however, after interaction with the electrons
for a longer distance, the LSC force leads to a distinct time-
energy chirp in the current spikes. To preserve the resonant
condition as the radiation slips toward the high energy head
of the current spike, the Ku values of U2B and U2C are
linearly increased (reversely tapered) by 0.1% and 0.225%
per meter, respectively.
Plots in Fig. 3 illustrate the evolution of the FEL power

profiles and electron energy spread along the FEL ampli-
fier. We can see that, as the electron beam goes through
U2A, U2B, and U2C, only the electrons within the
interacting current spike show an increase of the energy
spread. This indicates that the FEL has been successfully
amplified within the overlapped spike area, and other
current spikes are relatively “fresh.” One can also see from
the figure that, after U2A, the radiation pulse becomes
much shorter as expected [see subplot (b)], since only a
portion of the radiation interacts with the electrons within
the current spike. After U2B and U2C, the radiation
pulse duration gets further reduced, reaching 260 attosec-
onds (FWHM), with a power of over 800 GW in this
example.
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FIG. 3. Simulation results of rms electron energy spread (upper) and FEL power profile (lower) right after the bypass chicane (a) and
U2A (b), U2B (c), and U2C (d) undulators. The electron bunch head is to the right. The three high energy spread regions in (a)
correspond to the three currents spikes from the center to the right in Fig. 2(d).
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To investigate the statistical fluctuation on the radiation
pulses, multiple GENESIS runs have been performed with
different random shot noise initialization in the SASE
stage. Figure 4(a) shows 10 shots of the simulated final
FEL power profiles and spectra. Simulation shows that
there is always one dominate single spike in the output
x-ray pulses. These shots have an average peak power of
550� 200 GW, and an average pulse duration of 260� 13
attoseconds. The average spectrum for these shots is
centered at 1.53 nm with a FWHM bandwidth of
about 0.5%.
In the above discussions, the system is set in an ideal

condition. That is, the timing between the modulation laser
and the electron bunch and the delay of the electron beam in
the chicanes are properly optimized. For a practical
operation, however, jitter could affect the performance in
this scheme. Here the main jitter source includes the
electron beam energy jitter and the timing jitter between
the electron beam and the modulation laser. The photon
energy is determined by the monochromator, and electron
beam energy jitter mainly affect the timing after passing
through chicanes. For example, with a typical energy jitter
at the 10−4 level, it converts to timing jitter of about 0.1 fs
after the self-seeding bypass chicane. This is relatively
small compared to the seed pulse duration (∼20 fs). Thus
the main concern in this scheme will be the timing jitter

between the optical modulation laser and the elec-
tron bunch.
An achievable timing jitter between the electron beam

and the modulation laser is at the 20-fs level, as reported in
[52]. Since the modulation laser is assumed to be much
longer than the electron bunch, they can easily overlap in
time. So the overall timing between them is not a problem.
However, after the bypass chicane, this timing jitter will be
converted to current spike position jitter (the current spike
is shifting around along the bunch). While the seed pulse,
determined by the beam chirp and the monochromator,
stays at a fixed longitudinal position with respect to the
electron bunch. Thus the current spike position jitter
will cause a misalignment between the seed pulse and
current spike. Based on the parameters discussed in this
paper, the duration of seed pulse from the monochromator
is σs ≈ 2.5 μm, and the spacing between the current
spikes is Δs ¼ 7.2 μm. If we require the acceptable align-
ment to be within�σs, the ratio of the “good” aligned shots
would be ∼70% assuming the current spike is a delta
function. The small delay chicanes should be always set
at a fixed delay value determined by the spacing of the
current spikes, thus we only need to consider the timing
jitter in the first amplifier stage (U2A). Also note that the
modulation is periodic, so the value of the timing jitter does
not affect the ratio of good shots as long as they are
overlapped.
Comparing to the results with a perfect alignment shown

in Fig. 4, how the FEL performance will be affected with
�σs misalignment? One could imagine that some low-
intensity satellite radiation spikes will come up because the
seed pulse may cover two spikes due to the misalignment.
In our study, we noticed that this is true in the early
amplifier stages, but the cascaded delay actually helps
suppress the satellite spikes in the following stages.
We show this delay-enabled selecting process in Fig. 5.
A misalignment of 8 fs was set in this example. In the
U2A stage, we have two pulses with one of them
dominant. Then after delaying both of them to fresh
spikes, the dominant high-power pulse will grow faster.
Finally we can still achieve a single-spike FEL pulse with
high power.
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FIG. 4. Multiple-shot simulation results of FEL power profile
(left) and spectrum (right) at the end of U2C undulator. The solid
curves in the plots are the average over all shots.
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FIG. 5. An example of FEL power profiles at U2A entrance (a), U2A exit (b), U2B exit (c), and U2C exit (d) with a misalignment of
8 fs between the modulation laser and the electron bunch. Multi-spikes appear at the first amplifier stage (U2A), but the cascaded delay
helps select the dominant spike.
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IV. SUMMARY

In summary, we have presented a scheme for generating
attosecond soft x-ray pulses in a self-seeded FEL mode
using a modulated chirped electron beam. Numerical study
has been carried out to demonstrate this scheme with the
LCLS parameters. At 1.5 nmwavelength, simulation shows
x-ray pulses with a FWHM of approximately 260 atto-
seconds and a peak power of a few hundred gigawatts can
be obtained. This scheme also has the feature of providing a
stable central wavelength which is determined by the self-
seeding monochromator. Also note the modulation laser
could provide a reference signal for the pump-probe
experiments in the x-ray hutch. As discussed, the timing
jitter should be considered during operation. A delay-
enabled selecting process helps suppress the side peaks,
and we expect more than half of the shots to be single spike
considering a random jitter between the optical modulation
laser and the electron beam.
The electron beam chirp used in this study is based on

the present measured beam with over-compression mode at
the LCLS [44]. With this chirp and the present LCLS soft
x-ray monochromator, here we chose a 5-μm wavelength
optical laser. A larger chirp would be possible to allow
shorter wavelength laser such as at 2 μm. A recent
dechirper device using corrugated structure at the LCLS
has been commissioned and would help increase the chirp
in the over-compression mode [53,54]. This chirp control
provides more flexibilities on choosing the laser parameters
for this scheme.
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