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A simple and compact scheme that enhances the brightness of self-amplified
spontaneous-emission (SASE) free-electron lasers is presented. The method
combines the high-brightness SASE scheme and the optical klystron concept to
increase the temporal coherence of the produced radiation and to reduce the
required length of the undulator beamline at the same time. The scheme is very
simple and only requires compact chicanes between the modules of the
undulator beamline. Simulations show that, in comparison with SASE, the
brightness can be improved by up to a factor of ten and the required length to
achieve saturation can be reduced by 20% or more.

1. Introduction

X-ray free-electron lasers (FELs) are leading-edge research
instruments employed in multiple research fields such as
biology, chemistry and material science. FELs produce high-
power transversely coherent radiation with wavelengths down
to the sub-angstrom level and pulse durations of tens of
femtoseconds and shorter (Pellegrini et al., 2016; Emma et al.,
2010; Ishikawa et al., 2012; Kang et al., 2017; Ackermann et al.,
2007; Allaria et al., 2012, 2013). Most of the current FEL
facilities are based on self-amplified spontaneous emission
(SASE) (Kondratenko & Saldin, 1980; Bonifacio et al., 1984)
which starts from incoherent radiation based on the inherent
electrons’ shot noise of the arrival time at the undulator
entrance. Typically, the generated SASE radiation has limited
temporal coherence, given the attainable relative bandwidth
of the order of 10> or 10™* for X-ray FELs.

There are various methods to improve the longitudinal
coherence of the SASE-FEL pulses. One possibility is to start
the FEL process with a coherent seed signal larger than the
shot noise power of the electron beam. The seed can be an
external laser or monochromated SASE radiation produced
in an early stage. Laser-based seeding can consist of seeding
directly with a high-harmonic-generation source (Ferray et
al., 1988) or by employing more sophisticated schemes with
magnetic chicanes and modulators, such as for example in the
high-gain harmonic generation (Yu, 1991) or the echo-enabled
harmonic generation (Stupakov, 2009) methods. External
seeding based on the high-gain harmonic generation scheme
has produced nearly fully coherent FEL radiation for extreme
ultraviolet (Allaria et al., 2012) and soft X-rays (Allaria et al.,
2013). These schemes are currently limited to the wavelength
range of a few nanometres, and aiming for smaller wave-
lengths may be difficult due to the reduced laser power at
short wavelengths and noise amplification issues (Saldin et al.,
2002). The second type of seeding, called self-seeding (Feld-
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haus et al., 1997; Saldin et al., 2001; Geloni & Saldin, 2010), has
been demonstrated for soft and hard X-rays (Ratner et al,
2015; Amann et al., 2012). Self-seeding can produce close to
transform-limited FEL radiation but it requires an undulator
beamline longer than for SASE, a monochromator and an
electron bypass line.

A different approach is to increase the FEL slippage length,
i.e. the cooperation length between the electron and photon
beams. Several methods have been proposed to increase the
slippage: the high-brightness SASE (HB-SASE) scheme [also
called improved SASE or iSASE (Wu et al, 2013b)] uses
magnetic chicanes between the undulator modules to imprint
delays on the electron beam (McNeil et al., 2013); the purified
SASE method employs undulator modules tuned at the
subharmonic of the wavelength of interest (Xiang et al., 2013);
harmonic lasing schemes are analogous to purified SASE but
propose to start the FEL process already with an undulator
section tuned to a subharmonic of the wavelength of interest
and to continue in a second stage tuned to the wavelength
of interest, both for SASE (Schneidmiller & Yurkov, 2012;
Schneidmiller et al, 2017) and self-seeding configurations
(Geloni et al., 2011, 2015; Prat & Reiche, 2018). The most
promising slippage-enhancing scheme is HB-SASE. Similar
to the seeding methods, HB-SASE can potentially generate
transform-limited FEL pulses if the chicanes between short
undulator modules are isochronous. Compared with the
seeding schemes, HB-SASE has a single-stage configuration,
does not require an external laser or a monochromator, and
can work at any repetition rate. HB-SASE has been demon-
strated with a limited setup (Wu et al., 2013a) and is planned
to be further exploited at future facilities such as CLARA
(Clarke et al., 2014) and the soft X-ray beamline of SwissFEL
(Ganter, 2017; Prat et al., 2016).

Here we propose a method that combines the HB-SASE
idea with the optical klystron effect (Vinokurov & Skrinsky,
1977, Saldin et al., 2003; Ding et al., 2006; Penco et al., 2015) to
improve the brightness of the SASE-FEL radiation in a more
compact beamline. Since the brightness is increased but the
required undulator beamline is also reduced, we call this new
scheme compact high-brightness SASE (CHB-SASE). The
method is simple and it only requires small chicanes in the
inter-undulator sections of the FEL beamline. In Section 2,
after outlining the concept and limitations of the HB-SASE
and the optical klystron schemes, we will describe the CHB-
SASE method. In Section 3 we will present simulation results
showing that the scheme can improve the FEL brightness up
to a factor of ten and, at the same time, reduce the saturation
length by at least 20%.

2. Description of the method

CHB-SASE combines the HB-SASE and the optical klystron
concepts. Both methods use magnetic chicanes placed
between the undulator modules of the FEL facility. Before
describing the HB-SASE and optical klystron schemes, we
briefly need to explain the difference between standard and
isochronous chicanes. Standard chicanes consist of only dipole

magnets and have two physical effects: they delay the elec-
trons with respect to the photons and they introduce long-
itudinal dispersion to the electron beam. These two effects
are coupled, the longitudinal dispersion being approximately
twice the delay. A non-zero longitudinal dispersion implies
that the longitudinal position of an electron will change after
the chicane depending on its energy. Due to its longitudinal
dispersion, a standard chicane will alter the microbunching
of the electron beam and therefore will influence the FEL
process. By contrast, isochronous chicanes only delay the
electron beam and have no longitudinal dispersion; i.e. the
change of longitudinal position of an electron within the
chicane is independent of the electron’s energy and therefore
the FEL microbunching is not affected. Isochronous chicanes
require at least three quadrupole magnets to cancel the
longitudinal dispersion and are significantly longer than
standard chicanes.

The fundamental idea of HB-SASE is to increase the FEL
cooperation length by delaying the electrons with respect to
the photon beam using magnetic chicanes. With frequent shifts
the radiation of hot spots (locations with a high density of
electrons and thus enhanced emission) is spread over the full
bunch length, delocalizing the strong emission which other-
wise would form a local spike in normal SASE radiation. For
best performance, the HB-SASE scheme requires isochronous
magnetic chicanes not affecting the microbunching. Standard
chicanes with residual longitudinal dispersion will change the
electron microbunching and, consequently, the coherence
improvement with respect to SASE will be limited to
approximately a factor of ten (McNeil et al, 2013). The
undulator module length should ideally be shorter than the
FEL field gain length to allow for frequent delays and thus
larger slippage: McNeil et al. (2013) showed that the brightness
increase with respect to SASE is approximately 100 when the
module length is half of the gain length, 50 when the module
length is equal to the gain length, and 10 when the module
length is twice the gain length. The field gain length of a typical
X-ray FEL facility such as SwissFEL is around 2 m to 4 m,
therefore an optimum HB-SASE performance requires
undulator modules with a length of about 2 m or shorter.

In summary, an optimum HB-SASE scheme demands short
undulator modules and long chicanes with several quadrupole
magnets, reducing the filling factor (ratio between the length
of the inter-undulator section and the module length) and
therefore decreasing the efficiency of the undulator beamline.
Moreover, the optics along the undulator beamline will typi-
cally be highly disrupted due to the strong quadrupole
magnets of the isochronous chicanes. For all these reasons, it is
rather impractical for a real FEL facility to implement the HB-
SASE scheme in its optimal configuration.

The distributed optical klystron concept consists of accel-
erating the FEL process by speeding up the formation of
microbunching using the longitudinal dispersion of standard
chicanes between the undulator modules. The saturation
length can be significantly improved using the optical klystron
effect, e.g. simulations performed for the soft X-ray beamline
of SwissFEL showed a reduction in saturation length of about
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30% (Prat et al., 2016). However, operating exactly at the
optimum delay for the distributed optical klystron would
deteriorate the radiation spectrum via the formation of side-
bands: hot spots are reproduced with a regular pattern when
the delay is larger than the spike length (as is normally the
case), resulting in phase-locked pulses with a modal structure
in spectrum.

In this paper we put forward the idea of combining the HB-
SASE and the optical klystron concepts using standard
chicanes with the dual objective of enhancing the longitudinal
coherence of the produced radiation while reducing the FEL
saturation length. The delay of the chicanes is used to improve
the brightness of the FEL radiation using the HB-SASE
concept, while the longitudinal dispersion is employed to
reduce the saturation length via the optical klystron effect. In
particular, we propose to use monotonously decreasing delays
along the undulator beamline around the optimum value that
maximizes the optical klystron effect.? Our strategy is to start
with a more or less periodic decrease of the delays along the
beamline and to finish with rather small delays. By taking
different delay values we efficiently fill the gaps of the power
profile between the radiation spikes, thereby conveniently
increasing the coherence based on the HB-SASE concept.
Using different delays also avoids the onset of sidebands in the
spectrum profile that would appear if the same delay were
used in all chicanes. Moreover, this delay configuration allows
us to take advantage of the optical klystron effect in an effi-
cient way, since the delays are kept around the optimum value
of the optical klystron configuration. Finally, by finishing with
small delays we avoid the overbunching at the end of the
beamline that would deteriorate the FEL performance — if
rather large delays were used close to saturation of the FEL
process, where the bunching is close to maximum, the beam
would be overbunched and as a consequence the FEL emis-
sion would be limited. Our approach is to select the optimum
delay configuration based on both the brightness and the
saturation length, but giving a higher weight to the coherence
improvement. Considering that different delay sequences will
provide an equivalent result in brightness, a possibility is to
choose from these cases the one giving the shortest saturation
length.

As mentioned before, the change in microbunching caused
by the longitudinal dispersion of the standard chicanes will
reduce the achievable brightness with respect to an optimized
HB-SASE scheme with isochronous chicanes. The maximum
coherence improvement will be about a factor of ten with
respect to the standard SASE case, still significantly far from
the Fourier limit. Since the maximum brightness with standard
chicanes is already limited, in our scheme it is not worth or
necessary to employ undulator modules significantly shorter
than the gain length. The fact that the CHB-SASE scheme
uses compact chicanes and does not require very short

% Prat et al. (2016) have already suggested using the HB-SASE scheme with
dispersive chicanes and decreasing delays to take advantage of the optical
klystron effect. In that work, however, we optimized the brightness increase
and the saturation length independently. Here we propose to simultaneously
optimize the FEL brightness and the saturation length.

undulator modules makes it efficient in terms of FEL
performance. In general, undulator modules with a length
around the FEL gain length will be sufficient, but an individual
optimization of the module length will be required for a given
FEL facility. As an example, Prat et al. (2016) found for the
soft X-ray beamline of SwissFEL that, at a radiation wave-
length of 1 nm, the achievable brightness no longer improves
when reducing the undulator length to less than 2 m. More-
over, shorter undulator modules would compromise the FEL
efficiency due to a poor filling factor.

A merit of the proposed scheme is its simplicity. Only
standard compact chicanes between undulator modules are
required, and extremely short undulator modules are avoided.
To be as compact as possible, the dipole magnets should be
permanent and not electromagnetic. As an example, the
permanent-magnet chicanes designed for the soft X-rays of
SwissFEL (Ganter, 2017; Prat et al., 2016) occupy only 20 cm
and are able to delay up to 5fs an electron beam with an
energy of 3 GeV, sufficient for the implementation of the
CHB-SASE scheme. This kind of chicane can be placed at any
inter-undulator section of a standard FEL facility without
significantly increasing the total length of the beamline.

3. Simulation results

The simulations are performed for the soft X-ray beamline of
SwissFEL (Ganter, 2017), planned to deliver FEL radiation
with wavelengths between 0.7 and 5 nm to scientific users from
2020. We carry out the numerical calculations with the code
Genesis 1.3 (Reiche, 1999) for four different wavelengths:
0.7 nm, 1 nm, 3 nm and 5 nm. The electron beam parameters
are the following: the current profile is flat with a current value
of 2kA and a total duration of 100 fs (corresponding to a
bunch charge of 200 pC), the maximum beam energy is
3.4 GeV, the slice energy spread is 0.5 MeV, the normalized
emittance is 400 nm, and the average B-function in the
undulator is 10 m. The undulator modules are 2 m long, they
have a period of 38 mm and the maximum field parameter K is
3.5. We consider a beamline with up to 18 undulator modules.
Each inter-undulator section is 0.72 m long, including among
other components the magnetic chicane and a quadrupole
magnet to focus the beam. For radiation wavelengths of 0.7, 1
and 3 nm, the beam energy has a maximum value of 3.4 GeV,
with the K value adapted to fit the corresponding resonant
condition. For the wavelength of 5 nm, we take a maximum K
value of 3.5 and reduce the beam energy to 2.6 GeV to match
the resonant wavelength. This is the tuning scheme foreseen at
SwissFEL to match the resonant condition for different
wavelength values.

First of all we find the optimum delays for the distributed
optical klystron configuration. We scan the delays, which are
the same for all the chicanes, from 0 to 5 fs in steps of 0.33 fs.
In principle the ultimate optimization of the saturation length
based on the optical klystron effect would require different
delay values for the chicanes along the undulator beamline
(larger at the beginning and smaller afterwards). For our
purposes, however, obtaining the optimum by using the same
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Figure 1

Left: average FEL pulse energy along the undulator beamline for
different distributed delays in optical klystron configuration for a
radiation wavelength of 1nm (for the sake of readability not all
simulated cases are shown). Right: average spectrum at FEL saturation
for the delay giving the minimum saturation length (1.33 fs).

delay for all chicanes before FEL saturation is sufficient. Fig. 1
shows, as an example for a wavelength of 1 nm, the FEL pulse
energy along the undulator beamline for some of the applied
delay sequences, together with the average spectrum at
saturation for the optimum case. As shown by the figure, the
spectrum presents strong sidebands around the central
radiation wavelength. The delay for the shortest saturation
length is 1 fs for a radiation wavelength of 0.7 nm, 1.33 fs for a
wavelength of 1 nm, 4.33 fs for 3 nm and 4.66 fs for 5 nm. As
expected, the optimum delay increases with the radiation
wavelength (Ding et al., 2006).

We then perform simulations for CHB-SASE with
numerous delay configurations. We try 20 or more delay
sequences for each radiation wavelength. In each sequence the
delays are decreasing along the undulator beamline and start
with values around the obtained optimum for the optical
klystron configuration. For each delay configuration we
average the results over ten simulations with different random
seeds for the electrons’ shot noise. We select the best delay
sequence for each wavelength, as mentioned before, giving
higher importance to the brightness than to the saturation
length. Fig. 2 shows for the central wavelength of 3 nm the
spectral bandwidth and the FEL pulse energy along the
undulator beamline for different CHB-SASE cases using
different delays sequences, together with the SASE and the
optimum optical klystron configurations.

Table 1 lists the saturation lengths and the spectral band-
width at saturation for the best CHB-SASE case in compar-
ison with the standard SASE configuration. Figs. 3-6 show for
the different central wavelengths the FEL pulse energy along
the undulator beamline and the spectrum profile at saturation
for the CHB-SASE and SASE cases. For a better comparison
of the performance we define a measure for the saturation
length as the position where the FEL pulse energy reaches a
certain value, close to the saturation point. We choose this
value to be 200 pJ for the shorter radiation wavelengths

Table 1
Relative FWHM bandwidth at saturation, and saturation length for
SASE and CHB-SASE.

SASE CHB-SASE
0.7 nm
Bandwidth 16.9 x 107* 1.9 x 1074
Saturation length (m) 473 393
1 nm
Bandwidth 21.0 x 107 23 %107
Saturation length (m) 36.4 28.1
3nm
Bandwidth 349 x 1074 64 x 1074
Saturation length (m) 26.3 19.1
5nm
Bandwidth 37.0 x 107 13.5 x 107*
Saturation length (m) 23.0 17.2

(0.7 and 1 nm) and 500 pJ for the longer wavelengths (3 and
5 nm). In comparison with SASE, the saturation length for the
CHB-SASE case is reduced by about 8 m for wavelengths of
0.7 and 1 nm, about 7 m for 3 nm wavelength, and 6 m for a
wavelength of 5 nm. This is equivalent to three undulator
modules for the short wavelengths. In percentage terms, the
saturation length is reduced by approximately 20% for the
short wavelengths (0.7 nm 1 nm) and by about 25% for the

S3 —8S4 8§ =——S6 S7 S8 SASE — Optical klystron
1 0O T T T T

s
1)
N

Relative FWHM
Spectral bandwidth
S

FEL energy (uJ)

Beam delays (fs)

Chicane number

Figure 2

Spectral bandwidth (top plot) and FEL pulse energy (center plot)
along the beamline for a radiation wavelength of 3 nm for different
configurations: standard SASE, optimum optical klystron and CHB-
SASE with different delay sequences (S1 to S8). The delays of each
sequence are shown in the bottom plot. Sequence 6 (S6) was taken as
the optimum one. For the sake of readability not all simulated cases
are shown.
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FEL pulse energy and spectrum profile at saturation for a central
wavelength of 0.7 nm for CHB-SASE and the standard SASE cases. Both
the FEL pulse energy and the spectrum are averages over ten simulations.

long wavelengths (3 and 5 nm). The saturation length could be
further reduced with a pure optical klystron optimization but,
as mentioned above, at the expense of a low-quality spectrum
with sidebands.

For the shorter wavelengths (0.7 and 1 nm) the improve-
ment in bandwidth with respect to SASE is about a factor of
ten — still about one order of magnitude away from transform-
limited pulses and equivalent to what was obtained earlier
(Prat et al., 2016) for a wavelength of 1 nm. The bandwidth
enhancement is reduced to a factor of about five for a wave-
length of 3 nm and to approximately a factor of three for the
longest wavelength of 5 nm. Moreover, the pedestal around
the central wavelength is worse for longer wavelengths. The
deteriorated performance for the longer wavelengths is
because the gain length in these cases is shorter but the delays
are still applied only every 2 m. Going to shorter undulator
modules would not significantly improve the performance for

1
2
1% FO08[
€
S5
R g
=10 806
o =
9] @
] 5
- 10%F £04r
ke I
8
107 1 Go2
——CHB-SASE
SASE
e A
0 10 20 30 40 0.997 0.999 1.001 1.003 1.005
. Z(m) A (nm)
Figure 4

FEL pulse energy and spectrum profile at saturation for a central
wavelength of 1 nm for CHB-SASE and the standard SASE cases. Both
the FEL pulse energy and the spectrum are averages over ten simulations.
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FEL pulse energy and spectrum profile at saturation for a central
wavelength of 3 nm for CHB-SASE and the standard SASE cases. Both
the FEL pulse energy and the spectrum are averages over ten simulations.

the short wavelengths [as seen by Prat et al. (2016)] but it
would enhance the efficiency for the long wavelengths. For the
soft X-ray beamline of SwissFEL, however, we decided to not
have undulator modules shorter than 2 m based on cost and
filling-factor considerations. An alternative solution to have a
better performance would be to diminish the gain length for
the long wavelengths, for instance by increasing the slice
energy spread of the beam with the laser heater or by
increasing the B-function in the undulator.

Fig. 7 shows the optimum delays for the CHB-SASE and
optical klystron schemes for all considered wavelengths. We
observe that for short wavelengths (0.7 and 1 nm) the best
performance is obtained when the first delay is about a factor
of two larger than the optical klystron optimum, while for
longer wavelengths it is better to start with shorter delays
than with the best optical klystron delay. We obtain a better
performance when the decrease in delay is rather linear along
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FEL pulse energy and spectrum profile at saturation for a central
wavelength of 5 nm for CHB-SASE and the standard SASE cases. Both
the FEL pulse energy and the spectrum are averages over ten simulations.
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Figure 7
Optimum delays for the CHB-SASE and optical klystron schemes for the
different wavelengths considered.

the beamline, except for the last chicanes for which the delays
should go gently to zero delay to avoid overcompression and
to fill the gaps between the radiation spikes. The integrated
delays are between 10 and 13.5fs for the different wave-
lengths, about an order of magnitude shorter than the total
bunch length, indicating that the coherence is not imprinted
over the whole length of the bunch.

4. Conclusion

We have presented a simple method that uses small chicanes
to improve the longitudinal coherence of the SASE-FEL
radiation within a compact beamline. The method combines
the HB-SASE scheme and the optical klystron concept to
optimize simultaneously the FEL brightness and saturation
length. Simulation results for the soft X-ray beamline of
SwissFEL show that, in comparison with SASE, the brightness
can be improved by up to a factor of ten and that the required
length to achieve saturation is reduced by at least 20%.
Installing small chicanes between the undulator modules
could be a feature for the next generation of FELSs to enhance
in a simple way both the FEL brightness and the saturation
length. The space investment of installing the chicanes is more
than compensated by the reduced saturation length, while
providing narrower spectra than standard SASE.
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