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X-ray free-electron lasers (XFELs) are cutting-edge research tools that produce almost fully coherent
radiation with high power and short-pulse length with applications in multiple science fields. There is a
strong demand to achieve even shorter pulses and higher radiation powers than the ones obtained at state-
of-the-art XFEL facilities. In this context we propose a novel method to generate terawatt-attosecond XFEL
pulses, where an XFEL pulse is pushed through several short good-beam regions of the electron bunch.
In addition to the elements of conventional XFEL facilities, the method uses only a multiple-slotted foil
and small electron delays between undulator sections. Our scheme is thus simple, compact, and easy to
implement both in already operating as well as future XFEL projects. We present numerical simulations
that confirm the feasibility and validity of our proposal.

DOI: 10.1103/PhysRevLett.114.244801 PACS numbers: 41.60.Cr, 29.20.Ej, 42.55.Vc

X-ray free-electron lasers (XFELs) are modern research
tools in various fields such as biology, material science,
chemistry, and physics. The existing and planned XFELs are
based on the self-amplified spontaneous emission (SASE)
mechanism [1,2], andmost of them include the option of self-
seeding [3–6] to improve the longitudinal coherence of the
SASE XFEL. State-of-the-art XFELs are able to produce
almost fully coherent radiation with very high pulse energies
and very short pulse lengths. For instance, the Linac
Coherent Light Source (LCLS) [7] can generate radiation
with a pulse energy of the order of 1 mJ for FWHM pulse
lengths of several tens of femtoseconds or more, correspond-
ing to radiation power levels in the gigawatt range. Shorter
pulses (e.g., several femtoseconds) can be obtained with
pulse energies reduced accordingly. There is, however, a
strong demand to achieve even higher pulse powers and/or
shorter pulse lengths in research fields such as bioimaging
and nonlinear optics—see, for instance, Refs. [8–14].
Several ideas have been proposed to further shorten the

pulse length, mostly employing one or more external lasers
(see, for example, Refs. [15–21]), but also by generating very
short electron bunches [22,23]. Recently, Tanaka proposed a
scheme that, in addition to generating shorter XFEL pulses,
produces high peak powers up to the terawatt range [24]. His
design, however, is complex and imposes significant changes
to a standard machine beyond demonstrated beam line
elements (like slotted foils [22] and chicane delays): it
requires a so-called enhanced-SASE section [17] consisting
of an optical laser, an undulator module, and a magnetic
chicane, and a section with optical mirrors that delays the
radiation beam with respect to the electrons.
Here we propose a novel scheme to generate terawatt-

attosecond XFEL pulses. Our scheme utilizes a baseline
configuration of an XFEL facility and adds a slotted foil
[22] and very small chicanes to delay the electron bunch
between certain undulator modules. Our proposal is simple
and compact, and it could be implemented at already

existing XFEL facilities, such as LCLS [7] or the
Spring-8 Angstrom Compact Free Electron Laser
(SACLA) [25], with very small hardware modifications.
The method is based on the superradiant behavior of short

pulses [26,27], where the power level can significantly
exceed the saturation power of an XFEL while shortening
its pulse length. The process starts with several short pulses,
which are obtained from a multiple-slotted foil [22] that
effectively chops the electron bunch by preserving the
emittance only of the bunch slices that travel through the
slots. We name the unaffected electron beam region defined
by one slot the unspoiled beam region (UBR). Later, by
delaying the electron bunch with chicanes, the first radiation
short pulse is shifted to fresh parts of the electron bunch,
which can further amplify the superradiant spikes.Anuneven
spacing of the slots prevents the buildup of multiple short
pulses and allows the growth of only a single short pulse,
where the delays are matched to the spacing of the UBRs.
Figure 1 shows a layout of the proposed scheme and

Fig. 2 indicates how the scheme works qualitatively. The
first part consists of a slotted foil inserted between the
second and third dipole magnet of one of the bunch
compressors (BC) of the accelerator. At the slotted foil
position there is a strong correlation between the longi-
tudinal and transverse coordinates of the bunch, since at the
BC the dispersion (correlation between transverse and
energy coordinates) is high (typically a few cm) and, as
a requirement for the compression, the beam features a
large monotonic correlation between time and energy

FIG. 1 (color online). Layout of the proposed scheme.
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(typically of the order of 1%). Then, a foil with slots in the
transverse bending direction in the BC can be used to select
time slots of the electron beam. The foil contains multiple
slots with uneven spacings between them. For instance, the
separation between the slots can be 1x, 2x, 3x, 4x, 5x, etc.,
where x is a certain constant distance. The slotted foil
deteriorates the quality of the longitudinal parts of the
electron beam that go through the foil—only the electrons
passing through the slots will keep the small emittance
required to produce XFEL radiation. The slot width cannot
be arbitrarily small and has to fulfill certain conditions: the
final time duration of the UBR depends on the β function,
the emittance, and the dispersion at the foil location [22].
After the slotted-foil section the electrons are accelerated

to their final energy. The electron bunch then produces
normal SASE-XFEL radiation in the first undulator section.
An undulator section consists of one or more undulator
modules. The output XFEL pulse at the first undulator
section consists of several short pulses defined by the
UBRs. Following the irregular distribution of the slots, the
separation between the different XFEL subpulses is also
uneven. After the first undulator section the electrons are
delayed in such a way that the second UBR overlaps in the
second undulator section with the first radiation subpulse.
This causes an efficient seeding of the second UBRwith the
field from the first part, while the other subpulses, over-
lapping with electrons with large emittance, will not grow
further. This procedure is repeated until all the UBRs have
contributed to amplify the first radiation subpulse, while the
rest of the radiation pulse, overlapped with bad quality
beam slices, is kept to an insignificant power level. A good
transverse and longitudinal overlap between the electron
and photon beams is required after the chicanes: the
transverse overlap can be optimized by tuning the elec-
trons’ position and angle using dipole magnet correctors,

while the longitudinal overlap can be tuned with the
strength of the chicane. In summary, the uneven separation
of the slots and the delays of the electron beam are chosen
in such a way that only the first subpulse of the XFEL
radiation is amplified in all the different stages. At the end a
terawatt-attosecond XFEL pulse is produced.
In the first undulator section the XFEL growth does not

reach saturation. In the second and subsequent sections the
power of the first subpulse goes beyond saturation, but the
radiation generated from the rest of the UBR starts from an
insignificant level and does not reach saturation. This is to
avoid an excessive increase of the energy spread of the
electron beam, which would limit the radiation growth of
the selected subpulse in the next undulator section. The
number of undulator modules per each section is a
parameter that needs to be optimized per each case by
numerical simulations.
In the second undulator stage the length of the XFEL

radiation spikes can be longer or shorter than the length of
the UBR, while in the next stages there will be a narrowing
of the superradiant spikes. In the case of a longer radiation
spike, only one single spike will be enhanced, which will
result in a very short radiation pulse; in the other case,
several spikes will be created, turning into a longer
radiation pulse but also to a higher XFEL power for the
same radiation wavelength (since more spikes contribute to
the total pulse energy). Some control of choosing the first
or the second regime can be obtained by tuning the electron
peak current and/or by varying the slot width. In our
simulation cases, for a radiation wavelength of 1 Å, the
pulse will be formed by a few spikes, while for 5 Å only
one or two spikes will be created (see below). In the case of
more than one spike in a radiation subpulse, the radiation
slippage along one undulator section has to be shorter than
the separation between the radiation spikes. Otherwise, if
the slippage is longer than the spike separation, the spikes
would be enhanced by nonfresh parts of the bunch (with
increased energy spread due to their contribution to the
enhancement of other spikes) and, therefore, the radiation
growth would be limited.
In our scheme collective effects like wakefields can be

compensated locally [28], in contrast to conventional SASE
operation where the entire bunch is supposed to lase, which
requires a flat wake potential that can be globally compen-
sated to keep the full bunch in resonance. This opens theway
to higher compression factors: the resulting stronger wake-
fields can be neutralized locally and, in addition, this inhibits
the enhancement of competing pulses by the other UBRs.
We have proved the validity of our method by numerical

simulations done with the code GENESIS [29]. The calcu-
lations are done for radiation wavelengths of 1 and 5 Å. The
electron beamproperties and the lattice parameters have been
chosen based on the SwissFEL project [30], presently under
construction at the Paul Scherrer Institute in Switzerland.
The electron bunchhas the following characteristics: a flattop

FIG. 2 (color online). Sketch to show the working principle
of the proposed scheme for an example case with three undulator
sections. The horizontal axis is the same for all the plots: time in the
reference system of the radiation field. The electron beam is delayed
after each undulator section to overlap all the good emittance
regions with the first XFEL subpulse (see text for more details).
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longitudinal profile with a peak current of 6 kA and a total
charge of 200 pC, an energy of 5.8 GeV, an energy spread of
350 keV, a normalized slice emittance of 300 nm, and an
average β function along the undulator of 10m. The assumed
emittance value is consistent with our measurements at the
SwissFEL Injector Test Facility [31,32]. Each undulator
module is 4 m long and has a period length of 15 mm and a
variable gap with a nominal undulator-parameter value of
1.2. The distance between modules is 0.75 m, which is
enough to place a quadrupole magnet to focus the electron
beam and a chicane to apply the delays required in our
concept. Typical delays are up to several femtoseconds,
which can be achievedwith 0.5m long chicanes consisting of
dipole magnets with a length of several centimeters and a
standardpeak field of about 1T. The delay is enough to smear
out the electron bunching created at the previous undulator
section, which helps to have an efficient radiation growth in
the next undulator stage.
Figure 3 shows the transverse emittance (for both the

horizontal and vertical directions) along the electron bunch
at the undulator entrance. The foil has 7 slots that define 7
UBRs along the bunch, which correspond to 7 undulator
sections with 6 beam delays between them. Each of the
UBRs represents 2.5% of the total bunch, so 17.5% of the
full bunch will contribute to the generation of the XFEL
radiation. The fraction of the electron beam contributing to
the lasing process could be increased by using wider slots,
but at the expense of longer radiation pulses. The separation
between the slots is uneven and increases progressively
along the bunch. More UBRs could be obtained for a longer
initial bunch, which would require a higher electron bunch
charge. We assume that the foil degrades the emittance by a
factor of 20 and that there is a smooth transition between
the spoiled and unaffected regions of the bunch. Taking into
account the considerations of Ref. [22], the realization of
this slotted foil would be feasible in the final bunch
compressor of a typical XFEL facility.
Based on numerical simulations, we have systematically

optimized the number of undulator modules per each
section and the linear tapering of the undulator field [33]
along the beam line to maximize the output XFEL power

and energy. Tapering is necessary to compensate the energy
loss of the electrons as they generate XFEL radiation along
the undulator beam line, thus allowing the radiation field
growth above the saturation level. We have run 5 simu-
lations using different seeds for the generation of the shot
noise of the electron beam. For the 1 Å case, the best
configuration is with four modules in the first two undu-
lator sections and with two modules in the rest of the
sections. In total, 18 undulator modules are used. The
applied delays between the undulator sections to match all
the UBRs with the first radiation subpulse are the following
(written in consecutive order): 2.7, 3.6, 4.5, 5.0, 5.7, and
6.1 fs. We note that more undulator modules could be
placed in the last undulator section to further increase the
XFEL power until the spikes slip out of the last UBR.
Figure 4 shows the taper optimization and the radiation
pulse energy along the undulator line for the best case. The
optimum taper is 0.12%, which corresponds to a final
XFEL pulse energy of 180� 14 μJ (the error bars indicate
the variation among the five simulated seeds). For these
optimum conditions, the maximum XFEL power along
the pulse is 1.07� 0.24 TW and the rms pulse length is
234� 15 as. For three of the five simulated cases the
FWHM pulse length is below 45 as, because a single spike
is dominant. However, for our conditions it is impossible to
enforce such singles spikes at 1 Å due to the stochastic
nature of the generation of SASE spikes.
We have also simulated the performance of our

scheme for a radiation wavelength of 5 Å. The optimum

FIG. 3 (color online). Normalized horizontal and vertical
emittance along the longitudinal position of the electron bunch
used in the numerical simulations.

FIG. 4 (color online). XFEL energy versus undulator tapering
(upper plot) and XFEL energy for the optimum taper along the
undulator beam line (lower plot). The solid line of the lower plot
indicates the mean pulse energy of the 5 simulated seeds, while
the dashed lines include the error bars considering the standard
variation over the 5 seeds. The final energy is 180� 14 μJ and is
obtained for a linear tapering of 0.12%.
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configuration for 5 Å is with two undulator modules in the
first and last sections and with one module in the rest of the
undulator sections, which results in a total of 9 undulator
modules. The best linear taper for this case is 0.13%. The
electron delays between the undulator sections are similar
to the 1 Å case. The obtained XFEL energy is 206� 24 μJ,
the maximum XFEL power 0.95� 0.32 TW, and the rms
and FWHM pulse lengths are 222� 28 and 142� 37 as,
respectively.
Figure 5 shows the XFEL radiation pulse at the end of

the undulator line for all the simulations. For the radiation
wavelength of 5 Å, due to the longer slippage, the final
XFEL pulse consists of almost one single spike. Figure 6
shows the maximum XFEL power along the undulator line
for all simulated cases. A power of ≈1 TW is reached in all
simulations. For the 5 Å cases, however, only half of the
undulator length is necessary to reach this power level.
The bunch length jitter coming from amplitude and phase

jitter of the accelerator rf structures can limit the performance
of our procedure: a significant variation of the bunch length
may compromise a good longitudinal overlap between the
electron and photon beams required after the chicanes. In our
case, the bunch length jitter is expected to be less than 10%
[34], which should not significantly affect the performance
of the scheme. For more unstable conditions, taking longer
UBRs will improve the robustness of the method.
In conclusion, we have presented a novel method to

generate terawatt-attosecond XFEL pulses, which is sim-
ple, compact, and easy to implement. In addition to
standard components, it only needs a multiple-slotted foil
and small electron beam delays between undulator sections.
It does not require any external laser or seeding scheme.
Our scheme could be easily tested in any of the present or
future XFEL facilities worldwide. The immediate imple-
mentation of our proposal at facilities such as LCLS or

SACLA would only require the installation of a multiple-
slotted foil and small chicane delays between certain
undulator modules. We have shown with numerical sim-
ulations that this proposal improves the radiation pulse
power and length by orders of magnitudewith respect to the
state-of-the-art XFELs: for SwissFEL parameters, radiation
pulses of about 1 TW and rms lengths of about 200 as can
be generated in about 80 m of undulator line for a
wavelength of 1 Å, and in about 40 m for a wavelength
of 5 Å. We note that our scheme offers scalability towards
higher power by using longer pulses and more slots. The
system can also provide higher pulse energies by increasing
the width of the slots. This would, however, increase the
pulse length toward the femtosecond level but make it also
applicable for soft XFELs, where the minimum pulse
length is determined by the longer cooperation length.
The XFEL pulses obtained from our scheme pave the way
for outstanding progress in research fields like nonlinear
optics and bioimaging, entering the regime required for
single-molecule imaging experiments [9].
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