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X-ray free electron lasers (XFELSs) are innovative research tools able to produce high-power and short
radiation pulses for multiple scientific applications. We present a new method to produce XFEL radiation
with much higher power and shorter pulse lengths than the ones obtained at standard XFEL facilities. This
will enable new kinds of experiments in scientific fields such as nonlinear optics and bioimaging. The
scheme is based on introducing a transverse tilt to the electron beam, thus limiting the fraction of the bunch
able to produce XFEL radiation. In the first part of the undulator beam line only the tail of the electron
bunch lases. Then, by properly delaying and correcting the trajectory of the electron beam between some
undulator modules, all the electrons can contribute to the amplification of a very short XFEL pulse. Apart
from being efficient, our method is flexible since by tuning the tilt amplitude one can obtain shorter or more
energetic XFEL pulses. The scheme can readily be applied since, besides the standard components of an
XFEL facility, it only needs small chicanes between certain undulator modules. We have confirmed the

validity of our proposal with numerical simulations done for the SwissFEL case.
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I. INTRODUCTION

X-ray free electron lasers (XFELs) are cutting-edge
scientific instruments in various research fields such as
biology, material science, chemistry, and physics. Most
XFELs are based on the self-amplified spontaneous emis-
sion (SASE) process [1,2], though self-seeding allows
improving the longitudinal coherence of the SASE-
XFELs for both the soft and the hard x-ray regime
[3—6]. State-of-the-art XFELs generate almost fully coher-
ent radiation with pulse powers of a few tens of gigawatts
and pulse durations of several tens of femtoseconds and
shorter [7,8]. There is, however, a strong desire in research
areas such as nonlinear optics and bioimaging to achieve
even shorter pulses and/or higher radiation powers—see for
example Refs. [9-15].

There are several proposals to shorten the XFEL pulses
below the femtosecond level keeping an equivalent radi-
ation power level as in standard facilities, either by
reducing the electron pulse length [16,17] or by using
external lasers [18—24]. In 2013 Tanaka proposed a scheme
to generate attosecond pulses with radiation powers in the
terawatt level [25]. More recently we presented a simple
and feasible method to achieve terawatt-attosecond XFEL
pulses [26]. These two latter proposals share, however, the
inconvenience that the electron bunch is not used very
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efficiently: in the scheme of Ref. [25] the use of an
emittance spoiler [16] and the enhanced-SASE technique
[20] limits significantly the number of electrons contrib-
uting to the lasing process, and in our case [26] the
emittance spoiler entails that only about 20% of the
electron beam contribute to the generation of the XFEL
pulses.

Here we present a new method to generate short and
high-power XFEL pulses in an efficient and flexible way:
practically 100% of the electrons can contribute to the
XFEL process and the scheme can be tuned for minimum
pulse length or maximum pulse energy. The method is
based on superradiance [27,28] and the use of a trans-
versely tilted beam. Emma and Huang already proposed to
tilt the beam to reduce the XFEL pulse duration [29]. Here
we extend their idea to generate shorter and high-power
XFEL pulses: by suitably correcting the trajectory and
delaying a tilted electron beam between certain undulator
sections all the electrons can contribute to enhance a short
XFEL pulse in the superradiance regime. Besides the
standard elements of a typical XFEL facility, the scheme
only needs small magnetic chicanes between certain
undulator modules. The transverse tilt can be achieved
with standard procedures (see below). Therefore, our
scheme is feasible and can be implemented in any of the
existing or future XFEL facilities with modest hardware
modifications.

II. DESCRIPTION OF THE SCHEME

The scheme is physically based on: (i) the superradiant
regime [27,28], in which there is a shortening of the XFEL
pulse length and an increase of the pulse energy at the same
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time; (ii) the stringent requirements on the trajectory of the
electron beam for the XFEL process, since the amplifica-
tion process of the XFEL pulses requires a good transverse
overlap between the electron and photon beams.

A. Layout and working principle

Figure 1 shows a layout of the proposed scheme. An
undulator section consists of one or more undulator
modules. In the first part before the undulator beam line
the electron beam is transversely tilted, i.e., a monotonic
correlation between the trajectory and the longitudinal
position of the bunch is introduced. In Sec. II C we will
discuss how to generate the transverse tilt. We will restrict
ourselves to a linear transverse tilt, although in general the
tilt only needs to be monotonous. We define the tilt
amplitude in offset and angle as dx/ds and dx'/ds,
respectively, where x is the trajectory offset, x' is the
trajectory angle, and s is the longitudinal position along
the bunch.

Figure 2 indicates how the scheme functions qualita-
tively. In the case of a tilted electron bunch, only a small
region of the bunch with an adequate trajectory will
produce XFEL radiation, while the rest of the bunch will
not contribute to the lasing process. Let us call this part of
the beam the good trajectory region (GTR). In our proposal
the tail of the bunch corresponds to the GTR at the entrance
of the undulator beam line. After the first undulator section
formed by a few undulator modules, the produced radiation
consists of a short XFEL pulse defined by the GTR. After
that the electron beam is delayed such that the photon pulse
overlaps longitudinally with a fresh part of the electron
beam just behind the tail, a region that did not produce
XFEL radiation in the previous stage. To allow also a
transverse overlap, this region of the electron beam must
become the new GTR of the bunch, which is achieved by
modifying the electron trajectory with dipole corrector
magnets. In the next undulator section the XFEL pulse will
be further amplified in the superradiant regime by the new
and fresh GTR, while the rest of the electrons will not
contribute to the XFEL process. This procedure will be
repeated until several regions of the electron beam have
contributed to amplify the XFEL pulse.

The length of the GTR is related to the trajectory
acceptance (TA) of the XFEL radiation, i.e., the trajectory
limits for which the XFEL process can occur. The TA for a
given radiation wavelength depends on the electron and
undulator parameters and needs to be measured and/or
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FIG. 1. Layout of the proposed scheme.
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FIG. 2. Working principle of the proposed scheme for an
example case with three undulator sections. The horizontal axis
for all the plots is time in the reference system of the radiation
field. The dashed green lines define the GTR outside of which the
electron beam cannot significantly amplify the XFEL radiation.
In the first undulator section only the tail of the electron beam
produces XFEL radiation. After each undulator section the
electron beam trajectory is corrected and the bunch is delayed
such that all other regions of the electron beam contribute
consecutively to enhance the XFEL pulse generated in the first
undulator section.

simulated. The ratio between the TA and the tilt defines the
GTR: for instance, if the TA in offset is 0.1 mm and the tilt
amplitude in offset is 1 mm for the whole bunch length, the
GTR will be 10% of the total bunch length. If the transverse
tilt along the whole bunch length is smaller than the TA all
the electrons of the bunch will produce XFEL radiation like
in a normal SASE scheme.

A layout with n undulator sections corresponds to
(n — 1) locations to delay and correct the trajectory of
the electrons, and to slicing the beam into n parts. A certain
region of the electron beam is supposed to lase at its
corresponding section—for instance, if there are five
undulator sections, the last 20% of the bunch should lase
at the first undulator section, the next 20% at the second
section, and so on. The delay between each section should
be the total bunch length divided by n, less the slippage
length along the upstream undulator section. The trajectory
must be corrected such that at a certain undulator section
the related electron beam region is centered.

B. Performance of the scheme

In comparison to previous proposals [25,26], this method
is more efficient since all the electrons of the bunch can
potentially contribute to the XFEL process. If the GTR is
shorter due to a stronger tilt the beam allows for more
regions. Of course it then has to be matched with the same
number of undulator sections for maximum efficiency.
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In other words, if the available number of undulator
sections is n, the most efficient use of the electron beam
occurs when the GTR length is equal to the total electron
bunch length divided by n. Let us call this optimum GTR
length L,. If the actual GTR is shorter than L,, some of the
electrons will not contribute to the XFEL process but the
XFEL power will remain constant: the XFEL pulse will be
shorter at the expense of a smaller pulse energy. At the
other extreme, if the GTR is longer than L,, the XFEL
pulse would overlap in the second and following undulator
sections with nonfresh electrons that already contributed to
the XFEL process in upstream undulator sections, resulting
in a degraded XFEL performance. This will result in a
decrease of the XFEL peak power: although the XFEL
pulse energy may increase, it will be outweighed by the
associated increase in XFEL pulse length. Therefore, for a
good performance the GTR length should be equal to or
shorter than L, (the ratio between the total bunch length
and the number of undulator sections).

The method is flexible since the GTR length, and
therefore the XFEL performance, can be changed conven-
iently by tuning the tilt amplitude. In the next section we
will show with numerical simulations how the XFEL peak
power, pulse energy, and pulse length depend on the tilt
amplitude.

For an optimum performance, the XFEL process should
go into the exponential regime in the first undulator section
but without entering into saturation, while the length of the
following undulator sections should allow a continuous
radiation growth beyond the saturation level. The number
of modules for each undulator section is a parameter that
needs to be optimized by numerical simulations and/or
empirically. The length of a section is chosen such that with
an additional module no further growth occurs. At that
point the radiation is shifted to the next GTR. In the
superradiant regime this occurs when the electron beam has
slipped forward a distance equivalent to the separation
between two spikes. Further slippage will not allow a
further growth since the preceding spike has spoiled the
electron beam quality.

Similar to the scheme of Ref. [26], in this proposal
the wakefields along the undulator beam line can be
compensated locally [30], since only a small part of the
bunch lases at each undulator section. This allows using
higher compression factors than in the standard operation
where the full electron bunch is supposed to generate XFEL
radiation, therefore requiring a global compensation to
keep the entire bunch in resonance. In comparison to our
recent proposal [26], this scheme is more robust against
time and energy jitter since the long delays applied to a
small region of the bunch are avoided here.

C. Implementation of the scheme

The scheme requires a transversely tilted electron bunch.
The generation of the tilt can be achieved in different ways

using standard components of a typical XFEL facility, as
discussed previously in Ref. [29]. One possibility is to
streak the beam with a transverse deflector structure [31],
which is routinely used in several facilities to measure the
longitudinal properties of the beam. Another option is to
employ the wakefields [32] of the accelerator structures of
the facility—more effective devices like corrugated pipes or
dielectric structures may also be used. Moreover, the
transverse tilt can be achieved by introducing dispersion
to an energy-chirped beam [33]: the energy chirp can be
generated by going off-crest in some accelerator structures
of the XFEL facility, and/or by using the wakefields of
accelerator cavities or the so-called dechirpers [34-36],
while the dispersion can easily be obtained by having it
leaking out from locations with strong dispersion (e.g.,
bunch compressors or energy collimators). Since our
method works locally an energy chirp is tolerable, which
otherwise blows up the bandwidth in standard SASE
operation. In the case with an energy chirp, the field of
the different undulator sections will have to be tuned to
keep the radiation wavelength on resonance along the entire
undulator beam line. An advantage of a chirped beam is
that a monochromator can be used to remove the residual
radiation generated at different wavelengths by other parts
of the bunch at different energies.

The magnitude of the tilt needs to be measured to have full
control over it and thus over the performance of the scheme.
The tilt can be measured by streaking the beam in the opposite
direction of the tilt—e.g., a horizontal tilt can be measured by
streaking the beam vertically. The streaking can be done in the
same way as the tilt was generated, for instance with a
transverse deflector, using transverse wakefields or introduc-
ing dispersion to an energy-chirped beam. The tilt amplitude
in offset and angle can be reconstructed by measuring the tilt
amplitude in offset for different optics—this is equivalent to
an emittance measurement where the beam size is measured
for different optics. More information about how to measure a
transverse tilt can be found in Ref. [37].

The dipole strengths required to achieve an optimum
transverse overlap can be calculated from the known tilt
(offset and angle) at the undulator entrance and the optics
along the undulator beam line. If necessary an orbit
response measurement will help to do the work. The delay
to be applied by the chicanes corresponds to the bunch
length divided by the number of sections, less the slippage
along the undulator section. The delay is at most only a
fraction of the bunch length: considering that the typical
electron pulse duration is a few tens of femtoseconds, the
required delays will be up to several femtoseconds. The
overlap after each undulator section can be empirically
optimized by adjusting the electron beam delay and
trajectory while monitoring the XFEL performance (pulse
length and energy).

A magnetic chicane consisting of three dipole magnets
can be employed to delay the electron beam up to several
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femtoseconds. The chicanes can be designed with standard
dipole magnets (with peak fields on the order of one Tesla)
to be shorter than one meter, thus they can be placed in the
space between undulator modules of a standard XFEL
facility. If the dipoles of the chicanes have independent
power supplies, the chicane can also be used to correct the
trajectory of the electrons. Alternatively, the trajectory
correction can be achieved with an additional pair of dipole
corrector magnets.

III. SIMULATIONS

We have confirmed the validity of the proposed scheme
with numerical calculations performed with the code
Genesis 1.3 [38]. Simulations of the XFEL process with
a strong tilt are challenging because the grid upon which
the radiation field is evaluated must be extended by more
than 1 order of magnitude, increasing the computational
time by the same amount. To overcome this limitation the
latest version of Genesis [39] has been used, which tracks
particles but does not discard them once they are outside of
the domain of the radiation grid. In this way the entire
bunch can be modeled self-consistently and in a single run.

A. Electron and undulator parameters

The simulations are done for the SwissFEL project [40],
presently under construction at the Paul Scherrer Institute.
We have simulated the scheme for a radiation wavelength
of 1 A. The electron beam has the following parameters:
flat current profile with a value of 6 kA and a total charge of
200 pC, flat energy profile with a mean energy of 5.8 GeV
and a slice energy spread of 350 keV (a flat profile is not
required but it simplifies the simulations), normalized
transverse emittance of 300 nm (consistent with our
measurements at the SwissFEL Injector Test Facility
[41]), average p-function in the undulator of 10 m. The
undulator modules are 4 m long, the undulator period is
15 mm and the nominal undulator parameter K is 1.2,
which corresponds to a radiation wavelength of 1 A. Table I
shows the electron and undulator parameters used as input
in the simulations.

TABLE 1. Electron and undulator parameters for SwissFEL
taken as input for the simulations.

Radiation wavelength 1A
Current 6 kA
Total charge 200 pC
Energy 5.8 GeV
Energy spread 350 keV
Normalize emittance 300 nm
Average f-function 10 m
Undulator module length 4 m
Undulator period 15 mm
Undulator K-value 1.2

The space between undulator modules is 0.75 m. The
dipole magnets of the second bunch compressor of
SwissFEL have a length of 50 cm, an aperture of
22 mm, and can deflect a 5.8 GeV electron beam by
1.38 degrees. Equivalent magnets could be built with
12 mm aperture and 5 cm length to provide a deflection
of 0.25 degrees. A magnetic chicane of 0.45 m made of
such magnets would be able to delay the electrons by 10 fs,
which is more than sufficient in our case. The trajectory
correction could be done with the first and last dipole
magnets of the chicane (the correction strength is only a
fraction of the required strength for the delay). A quadru-
pole magnet required to focus the beam could be placed in
the remaining space before or after the chicane.

B. Results for two different tilt amplitudes

Considering an initial tilt only in offset in the horizontal
direction, we have simulated two different cases: one with a
moderate tilt amplitude in offset of dx/ds = 50 (i.e., an
initial offset of 0.5 mm along the whole bunch) and one
with a strong tilt amplitude in offset of 100 (an initial offset
of 1 mm). These transverse tilts could be obtained for
instance by generating dispersion with a quadrupole
magnet at the second bunch compressor of SwissFEL."

Preliminary simulations show that the GTR is a bit
shorter than 10% of the total bunch length for the first case
with an initial tilt amplitude in offset of 50. We used ten
undulator sections for that initial tilt—in this way we are
using the electron beam quite efficiently but with some
margin to prevent the overlap of the XFEL radiation with
degraded parts of the electron beam. For the second case
(initial tilt amplitude in offset of 100) we have chosen a
configuration with 20 undulator sections. The electron
beam delays between the undulator sections are about
1 um for ten sections and 0.5 um for the 20 sections case.
The tilt in both offset and angle evolves along the undulator
following the optics of the beam line, which consists in a
continuous Focus-Drift-Defocus-Drift (FODO) Ilattice.

'"The invariant of the electron beam trajectory is
I = yx* + 2axx' + px'?, where a, f, and y are the Twiss
parameters. A total trajectory offset of 1 mm along the bunch
at the undulator entrance, i.e., 0.5 mm from the bunch center,
corresponds for our beam optics to an invariant / = 67 nm. For
/ = 25 m at the quadrupole position, the required trajectory kick
(angle) to generate this invariant would be about 50 prad. This
corresponds, considering that at the second bunch compressor the
electron beam has an energy chirp of about +1%, to a dispersion
angle of about 5 mrad (the energy chirp is later removed using the
wakefields of the accelerator structures). The required integrated
normalized gradient along the quadrupole k! can be calculated as
the ratio between the needed dispersion angle and the dispersion
offset at the magnet position. Taking into account that the
dispersion at the second bunch compressor of SwissFEL is up
to about 250 mm, a dispersion angle of 5 mrad could be achieved
with a quadrupole magnet of a length / of 0.1 m and a strength k
of about 0.2 m~2,
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After every undulator section, the centroid offset and angle
are corrected to achieve a good transverse overlap between
the XFEL radiation and the next fresh region of the electron
beam. Figure 3 shows the trajectory offset and angle along
the bunch length after every other undulator section for the
case of an initial tilt amplitude in offset of 50.

For the two cases we have optimized the number of
modules to be placed in each section and the linear tapering
of the undulator field [42], in the same manner as we did in
Ref. [26]. For each of the configurations we have run five
simulations utilizing different seeds for the generation of
the electrons’ shot noise. The best configuration for the
undulator beam line is with four modules in the first
section, with two modules in the second and third sections,
and with one module in all of the following sections. The
optimum taper is about 0.1% per section between the first
and fifth undulator sections. For the remaining sections the
undulator field is kept constant.

Undulator entrance Undulator entrance
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FIG. 3. Trajectory offset (left plots) and angle (right plots) as a

function of the longitudinal position of the bunch at the undulator
entrance (top plots) and after every other undulator section for the
case of an initial tilt amplitude in offset of 50. The blue solid lines
indicate the tilt and the red dashed lines show for reference the
aligned trajectory. The horizontal axis corresponds to longi-
tudinal position along the bunch in all plots. The trajectory
correction at the exit of each section can be performed with the
first and last dipole magnets of the magnetic chicane used also to
delay the electron beam (see text for more details). The phase
advance per undulator module is about 30 degrees.

For the case with the moderate tilt and ten undulator
sections, the obtained final XFEL poweris 0.91 + 0.21 TW
(the error indicates the standard deviation over the five
seeds), the pulse energy is 492 £ 24 pJ, and the rms pulse
duration is 563 £ 17 as. For the stronger tilt and 20
undulator sections, the final obtained XFEL power is
2.38 +£0.94 TW, the pulse energy is 732 =41 uJ, and
the rms pulse duration is 363 6 as. As expected, for
shorter GTRs we have fewer spikes and therefore stronger
fluctuations. Figure 4 shows the evolution along the
undulator beam line of the XFEL pulse peak power, pulse
energy, and pulse duration for all the simulated cases. As
expected, one observes that, for the same undulator length,
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FIG. 4. XFEL peak power (top), XFEL pulse energy (center),
and rms pulse duration (bottom) along the undulator beam line
for the two simulated cases: initial tilt amplitude in offset of 50
with ten undulator sections (blue curves) and initial tilt amplitude
in offset of 100 with 20 sections (red curves). We note that the
rms pulse length is significantly affected by the spontaneous
radiation background until z ~ 30 m.

100701-5



EDUARD PRAT, FLORIAN LOHL, AND SVEN REICHE

Phys. Rev. ST Accel. Beams 18, 100701 (2015)

section 1 (x 100)
section 2
section 3

08} section 4 B
section 5
section 6
section 7
061 section 8 i
section 9
section 10

XFEL power [TW]

0.2} i

0 1 2 3 4 5 6 7 8 9 10
s [um]

FIG.5. XFEL peak power at 1 A along the longitudinal position
of the electron bunch after each undulator section for the case
with an initial tilt amplitude of 50 in offset. The final XFEL peak
power is around 1 TW, the pulse energy is around 500 pJ, and the
rms pulse duration is around 500 as.

the XFEL power level is equivalent for both cases and that
for the stronger tilt the XFEL pulse is shorter at the expense
of a smaller XFEL pulse energy. Equivalently, for the weaker
tilt the pulse energy is larger at the expense of a longer pulse.
Figure 5 shows the XFEL pulse at the exit of each undulator
section for one of the five shot-noise seeds corresponding to
the case with the moderate tilt. Table II summarizes the
simulation results for the two considered cases. As can be
seen from the table and from Fig. 4, the XFEL peak power
depends approximately quadratically on the undulator
length, as expected from the superradiance regime
[27,28]. This is more efficient than standard tapering with
self-seeding, where the growth is only linear [43].

C. Performance dependence on the tilt amplitude

As explained qualitatively in the previous section, for a
given undulator length a shorter GTR (obtained with a
larger tilt) will give shorter XFEL pulses but lower pulse
energies, while a longer GTR (obtained with a smaller tilt)
will provide longer radiation pulses but with higher pulse

TABLE 1II. Simulation results for the two different tilt
amplitudes.

Moderate tilt Strong tilt
Initial tilt amplitude in offset 50 100
Undulator sections 10 20
Undulator modules 15 25
Total length [m] 70 117
Peak power [TW] 0.91 £0.21 2.38 £0.94
Pulse energy [pJ] 492 +£24 732 + 41
rms pulse duration [as] 563 + 17 363 £ 6

energies. The results for two different tilt amplitudes
presented in the previous subsection confirm this.

In this subsection we systematically analyze the depend-
ence of the XFEL performance on the tilt amplitude. For
the same electron and undulator parameters shown in
Table I, we have simulated how the XFEL pulse power,
energy and length change with the initial tilt amplitude in
offset for an undulator beam line consisting of ten sections
(15 modules). We have done the simulations for one
random seed for the generation of the shot noise. The
results are presented in Fig. 6 and indicate that the most
efficient use of the electron beam occurs for an initial tilt
amplitude in offset of approximately 40 (close to the 50
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FIG. 6. Relative XFEL peak power (top), XFEL energy
(center), and rms pulse duration (bottom) as a function of the
initial tilt amplitude in offset. The simulations are done for the
SwissFEL parameters with ten undulator sections (total of 15
undulator modules). The reference case (100% relative power,
energy and length) corresponds to the optimum case in terms of
XFEL power and is indicated by a blue dot.
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taken in the simulations of the previous subsection),
corresponding to the maximum XFEL peak power. The
XFEL peak power stays approximately constant around the
optimum value and for stronger tilts. As expected, for larger
tilts there is a shortening of the pulse length and a decrease
of the pulse energy. For initial tilt amplitudes in offset larger
than 100, however, there is a continuous decrease of the
XFEL power since for such tilt amplitudes there is an
increase of the sensitivity of the XFEL pulse power on the
trajectory—the XFEL pulse consists of only a few spikes,
which require precise alignment. For tilt amplitudes smaller
than the optimum one, especially for initial tilt amplitudes
in offset lower than 20, the performance of the scheme is
diminished since the XFEL pulse is not overlapped with
fresh regions of the electron bunch but with degraded ones
instead. The scheme is not meaningful for very small or
zero tilt amplitudes—in this case a standard undulator beam
line configuration without delaying the electron beam
would give a better performance. The scheme should
always work with GTR around the optimum one or shorter,
i.e., with tilt amplitudes around the optimum one or larger.

IV. CONCLUSION

We have presented a new method to obtain XFEL pulses
with significantly higher power and shorter pulse durations
than the ones produced at state-of-the-art XFEL facilities. It
is based on introducing a transverse tilt to the electron beam,
with the result that only a small part of the bunch is able to
produce XFEL radiation at each undulator section. In the
first undulator section only the tail of the bunch lases, then by
suitably delaying the electron beam and correcting its
trajectory between certain undulator modules the other
regions of the electron bunch can be made to enhance a
short XFEL pulse. The method is efficient since all the
electrons of the bunch can potentially contribute to the
XFEL process. Our proposal is feasible and straightforward
to implement in any of the existing or future XFEL facilities:
besides the components of a standard facility it only needs
additional small chicanes between undulator modules to
delay and correct the trajectory of the electrons. The scheme
is flexible, since by tuning the tilt one can either maximize
the XFEL pulse energy or minimize the pulse length. The
method opens the door to new kinds of experiments that
require short and high-power XFEL pulses, for instance in
the fields of bioimaging and nonlinear optics. We have
shown with numerical simulations that the method works:
for beam parameters as used for SwissFEL, it is possible to
obtain within 70 m of undulator line 1 A XFEL radiation
with a peak power of about 1 TW, a pulse energy of about
0.5 mJ, and an rms pulse duration of about 500 as.
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