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An optimization of the undulator layout of X-ray free-electron-laser (FEL)

facilities based on placing small chicanes between the undulator modules is

presented. The installation of magnetic chicanes offers the following benefits

with respect to state-of-the-art FEL facilities: reduction of the required

undulator length to achieve FEL saturation, improvement of the longitudinal

coherence of the FEL pulses, and the ability to produce shorter FEL pulses with

higher power levels. Numerical simulations performed for the soft X-ray

beamline of the SwissFEL facility show that optimizing the advantages of the

layout requires shorter undulator modules than the standard ones. This proposal

allows a very compact undulator beamline that produces fully coherent FEL

pulses and it makes possible new kinds of experiments that require very short

and high-power FEL pulses.

1. Introduction

X-ray free-electron lasers (FELs) are cutting-edge research

tools with multiple scientific applications in fields such as

physics, chemistry, material science and biology. State-of-the-

art FEL facilities are usually based on the SASE (self-ampli-

fied spontaneous emission) mechanism (Kondratenko &

Saldin, 1980; Bonifacio et al., 1984) and provide transversely

coherent radiation pulses with peak powers of several tens of

gigawatts and pulse durations of a few tens of femtoseconds

and shorter (Emma et al., 2010; Ishikawa et al., 2012). Seeding

techniques are used in different facilities to improve the

longitudinal coherence and therefore the brightness of the

SASE-FEL pulses (see, for example, Togashi et al., 2011;

Amann et al., 2012; Allaria et al., 2012; Ackermann et al., 2013;

Ratner et al., 2015). In addition to fully coherent FEL pulses,

the scientific users of the FEL facilities strongly demand

shorter and higher-power FEL pulses than the ones obtained

at standard facilities (see, for instance, Capotondi et al., 2015).

The undulator beamline of a standard FEL facility consists

of several undulator modules with a typical length of about

3–5 m each. The space between undulator modules, normally

shorter than 1 m, is used to place quadrupole magnets to focus

the electron beam, phase shifters to control the phase between

the electron and photon beams, dipole magnet correctors to

steer the electron beam, and other components such as diag-

nostics.

In this work we present an optimization of the undulator

layout of FEL facilities. We propose to add at every inter-

undulator section a magnetic chicane consisting only of dipole

magnets, i.e. a large phase shifter. Such chicanes have two

physical effects: they delay the electron beam with respect to

the produced FEL radiation and they introduce longitudinal
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dispersion (R56). In a chicane consisting of only dipole

magnets the R56 is approximately two times the electron beam

delay. The maximum applied delay is up to a few femtose-

conds; therefore such compact chicanes can be placed in the

inter-undulator space of a typical FEL facility (see x6 for more

details).

Installing chicanes between the undulator modules has the

following advantages: the R56 of the chicanes can be used to

reduce the undulator length required to reach saturation

thanks to the optical klystron effect (Vinokurov & Skrinsky,

1977), the delays can be employed to improve the longitudinal

coherence of the SASE-FEL pulses without the need of any

seeding technique (Thompson et al., 2010; Wu et al., 2013a;

McNeil et al., 2013), and delaying the electrons opens up the

possibility to achieve FEL pulses with much higher power and

shorter durations than the ones produced in standard facilities

(Prat & Reiche, 2015; Prat et al., 2015). Our proposal repre-

sents a step forward in the design of FEL facilities: it allows a

very compact design that offers fully coherent FEL pulses, and

it can provide FEL pulses with unprecedented small durations

and high powers, thereby creating new opportunities in FEL-

based sciences.

In the following sections we will describe in more detail the

above-mentioned benefits of the new design and we will

analyze the influence of the undulator module length on the

performance of the scheme. Installing chicanes can offer other

advantages such as the generation of phase-locked short pulse

trains (Thompson & McNeil, 2008); this option, however,

requires additional hardware and will therefore not be further

discussed here. We will see that maximizing the benefits of the

chicanes, especially the improvement of the FEL brightness,

requires shorter undulator modules than the standard ones.

Hardware considerations of the new design are discussed

in x6. We will use as an example the soft X-ray beamline of

SwissFEL (Ganter, 2012), which is described in the next

section, but the obtained results are of a general nature and

are easily applicable to any other FEL facilities with similar

beam parameters such as LCLS-II (Galayda, 2014).

2. Example case: SwissFEL

SwissFEL (Ganter, 2012) is an FEL facility under construction

at the Paul Scherrer Institute. It will serve two beamlines: a

hard X-ray beamline (Aramis), presently under construction,

which will provide FEL radiation from 2017 with photon

energies between 1.77 and 12.40 keV, and a soft X-ray

beamline (Athos), currently in its design phase and expected

to provide FEL light from 2020 with photon energies ranging

between 0.18 and 1.77 keV.

The simulations shown in the following sections are

performed using the code GENESIS 1.3 (Reiche, 1999) for the

Athos case. Based on our design choices (Ganter, 2012) and

our measurements at the SwissFEL Injector Test Facility (Prat

et al., 2014), the electron parameters used in the simulations

are the following, unless specified otherwise: the beam charge

is 200 pC, the current has a flat profile with a peak value

between 2 and 3 kA, corresponding to a total electron beam

duration between 100 and 67 fs, the energy is 3 GeV, the RMS

uncorrelated energy spread is 350 keV, and the normalized

emittance is 300 nm. The undulator modules have a period of

40 mm and the photon energy is 1.24 keV, if not indicated

differently. Table 1 shows the typical parameters used in the

simulations presented in this paper.

Since Athos is in the design phase, the length of an undu-

lator module is a parameter that still can be optimized for best

performance. For the calculations presented here we will vary

the undulator module length, thereby keeping the space

between the modules fixed to 0.75 m, which is sufficient to add

a chicane to the existing components (see x6). For each choice

of undulator module length we focus the electron beam as

much as possible. With shorter modules the electron beam can

be more focused, which in general leads to a better FEL

performance. For instance, the �-functions corresponding to

module lengths of 1 m, 2 m and 4 m are 3 m, 5 m and 9 m,

respectively.

3. Reduction of saturation length

The undulator length required to achieve FEL saturation can

be reduced by applying the optical klystron effect (Vinokurov

& Skrinsky, 1977), i.e. the generation of the microbunching

during the FEL process can be accelerated with the R56 of the

dispersive sections between undulator modules. The optical

klystron concept has been studied for SASE-FELs (Saldin et

al., 2003; Ding et al., 2006) and has recently been demonstrated

in a VUV FEL (Penco et al., 2015). A reduction of the

saturation length implies a shorter undulator beamline or,

alternatively, more space to increase the FEL power via

tapering of the undulator field (Kroll et al., 1981).

The performance of the optical klystron configuration is

very sensitive to the uncorrelated energy spread of the beam:

the optical klystron effect in a given chicane is not effective

when R56��ð2�=�Þ < 1 (Ding et al., 2006) (where �� is the

relative energy spread of the beam and � is the radiation

wavelength). For our beam parameters at a radiation wave-

length of 1 nm (1.24 keV), taking the maximum R56 of 1 mm

(corresponding to a delay of 3.3 fs), the energy spread should

be smaller than 480 keV. This condition is well fulfilled with

our energy spread of 350 keV. The additional energy spread

induced by incoherent synchrotron radiation in the chicanes

turns out to be, for our parameters, insignificant compared

with 350 keV. The uncorrelated energy spread will probably
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Table 1
Typical simulation parameters.

Parameter Value

Electron beam charge 200 pC
Electron peak current 2–3 kA
Electron current profile Flat
Electron pulse duration 100–67 fs
Electron energy 3 GeV
RMS uncorrelated energy spread 350 keV
Normalized transverse emittance 300 nm
Undulator period 40 mm
Photon energy 1.24 keV



become a limitation for the implementation of the optical

klystron effect for harder X-rays.

Fig. 1 displays the evolution of the FEL power along the

undulator beamline with and without the optical klystron

configuration for the Athos beamline with a module length of

4 m. For the optical klystron case there is a magnetic chicane

after each undulator module. The R56 of each chicane is

optimized to maximize the FEL power after the following

undulator module. We consider delays between zero and 3.3 fs

in steps of 0.33 fs. The figure shows that the required length to

achieve saturation decreases by about 30% (i.e. from about

32 m to about 22 m) when harnessing the optical klystron

effect.

Concerning the optimization of the module length, on the

one hand a shorter module is preferable because the optical

klystron effect can be applied in a more continuous and

smooth manner. Moreover, a shorter module allows for

stronger focusing and therefore smaller electron beam sizes,

which are generally favorable for the FEL performance. On

the other hand, a shorter module has the disadvantage of a

lower filling ratio for the same inter-undulator spacing, i.e. the

fraction of the beamline occupied by undulator modules is

smaller. In addition, for a shorter module the mode mismatch

between the undulator modules is worse: the transverse size of

the FEL pulse is constant along the undulator module due to

gain guiding but it increases within the drift space, no longer

matching with the fundamental FEL eigenmode in the next

undulator module, therefore causing an effective reduction of

the field capable of coupling to the electron beam.

We have optimized the optical klystron configuration for

eight different undulator module lengths: 0.5 m, 1 m, 1.5 m,

2 m, 3 m, 4 m, 6 m and 8 m. For all cases there is a chicane at

every inter-undulator section and the focusing is adjusted to

provide the minimum allowed �-function. Fig. 2 shows the

FEL power along the undulator beamline using the optical

klystron effect for the different module lengths. The shortest

saturation length is around 20 m and is achieved for an

undulator module length of around 2 m. We note that without

chicanes the optimum module length for minimum saturation

length is about 3 m, balancing focusing versus filling factor and

mode mismatch. Therefore, the undulator module has to be

shortened to benefit the most from the optical klystron effect.

4. Improved coherence

The natural bandwidth of the SASE-FEL pulses is of the order

of the Pierce parameter � (Bonifacio et al., 1984), with typical

values for an FEL facility varying between 10�3 and 10�4.

Various seeding methods can be used to decrease the band-

width of the SASE-FEL pulses. One possibility is to use the

self-seeding mechanism (Feldhaus et al., 1997; Saldin et al.,

2001; Geloni et al., 2010): a monochromator is placed at a

location in the undulator before the SASE-FEL reaches

saturation levels, and the monochromatic signal is later used as

a seed in a second amplification stage. Another option is to

employ external lasers, either seeding directly with a high-

harmonic generation source (Ferray et al., 1988) or by using

more complicated layouts with modulators and chicanes such

as in the high-gain harmonic generation (Yu, 1991) or the

echo-enabled harmonic generation (Stupakov, 2009) schemes.

Self-seeding has been proven to work for hard and soft X-rays

(Amann et al., 2012; Ratner et al., 2015), while laser-based

seeding has a present limitation at a photon energy of around

0.3 keV (Allaria et al., 2013). Surpassing this limitation seems

very difficult due to a drop in the efficiency of external seeding

sources and noise degradation problems (Saldin et al., 2002).

Instead of seeding, the longitudinal coherence of the SASE-

FEL pulses can be improved by delaying the electrons with

respect to the photons between undulator modules, thus

increasing the cooperation length between electrons and

photons (Thompson et al., 2010; Wu et al., 2013a; McNeil et al.,

2013); the cooperation length is the distance over which the

phase of the signal is correlated. The delays required in this

so-called high-brightness SASE (HB-SASE) scheme can be

obtained with magnetic chicanes. Recently a proof-of-prin-

ciple experiment of the HB-SASE scheme was successfully

carried out in the X-ray regime (Wu et al., 2013b).
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Figure 1
Power along the undulator beamline with and without optical klystron
configuration for an undulator module length of 4 m. There is a chicane in
every inter-undulator space of 0.75 m. The applied delays for the optical
klystron are 2 fs in the first two chicanes and 0.7 fs in the third chicane,
while the following chicanes are set to zero delay.

Figure 2
Power along the undulator beamline for optimum optical klystron
configuration and for different undulator module lengths L.



Both with seeding and HB-SASE the FEL bandwidth can

be reduced close to the Fourier limit. A jitter of the electron

beam energy translates to an FEL pulse energy jitter in the

seeding schemes but to a photon energy jitter in the HB-SASE

case. The latter has the advantages of not requiring any laser

or monochromator, and that it can be realised at any photon

energy and repetition rate. In addition, the HB-SASE setup

requires much less undulator length than self-seeding.

We have studied the performance of the HB-SASE

mechanism for different module lengths of Athos. The elec-

tron peak current assumed in this case is 2 kA. The applied

delays in the chicanes decrease monotonously along the

undulator beamline, with an initial maximum delay of about

3 fs. Starting with larger values allows one to profit from the

optical klystron effect, while ending with shorter delays

prevents the electron beam from overbunching at the last

stages. The FWHM bandwidth for the SASE case is around

2 � 10�3. Table 2 shows the obtained results for module

lengths of 1 m, 1.5 m, 2 m, 3 m and 4 m. The total undulator

length for all HB-SASE cases is about 20 m, which is sufficient

to achieve FEL saturation. For each module length we have

taken the best result out of several delay configurations. The

values shown in the table are averaged over ten random cases

to take into account different seeds for the initial shot noise,

and the error bars show the standard deviation over the ten

cases. For modules longer than or equal to 4 m the bandwidth

is not improved with respect to SASE. For 3 m modules the

bandwidth is reduced by a factor of three, while for 2 m or less

the bandwidth is improved by approximately a factor of ten.

As expected, the best result is obtained for the shortest

modules, since in this case the delays can be applied more

regularly. Fig. 3 shows an average spectrum over ten seeds for

SASE and HB-SASE for a module length of 1.5 m, where the

bandwidth reduction in the HB-SASE case can be clearly

observed.

5. Generation of short and high-power FEL pulses

Two recent studies have proposed to use magnetic chicanes

between undulator modules to produce shorter and high-

power FEL pulses. Both schemes are based on superradiance

(Bonifacio et al., 1990, 1991), a regime with quadratic growth

of the radiation power as a function of the undulator length

and a shortening of the pulse length while it slips into fresh

(unspoiled) regions of the electron bunch. In the first proposal

(Prat & Reiche, 2015), a multiple-slotted foil determines

several unspoiled regions of the electron beam, which will

produce several FEL pulses in the first section of the undu-

lator beamline. Then, by suitably delaying the electron beam

with magnetic chicanes after some undulator modules, only

the first of the initial FEL pulses will be enhanced by all the

other unspoiled regions of the electron beam. The separation

between the slots in the foil must be uneven to prevent the

growth of the other unwanted FEL pulses. The second method

(Prat et al., 2015) suggests inducing a transverse tilt, i.e. a

correlation between transverse and longitudinal (or time)

coordinates, to the electron bunch. The tilt can be generated in

different ways using standard components of a typical FEL

facility. In the first part of the undulator beamline, only the tail

of the electron beam will have an aligned trajectory and

therefore generate significant radiation. After that, by prop-

erly delaying the electron beam with chicanes and correcting

its trajectory between certain undulator modules, the whole

electron bunch can contribute to amplify a short FEL pulse.

This second proposal is more efficient since all the electrons

can contribute to the FEL process, and more flexible since by

tuning the tilt amplitude one can minimize the pulse duration

or maximize the FEL pulse energy.

We have simulated the generation of short and high-power

FEL pulses using a transverse tilt for the soft X-ray beamline

Athos; we refer to Prat & Reiche (2015) and Prat et al. (2015)

for simulations for the hard X-ray beamline of SwissFEL. The

tilt is defined with its amplitudes in offset dx/ds and angle

dx0/ds, where x is the transverse offset, x0 is the transverse

angle, and s is the longitudinal coordinate along the bunch. We

assume a peak current of 6 kA corresponding to a total

electron beam duration of 33 fs for 200 pC, and a photon

energy of 0.62 keV. A higher current than the design one is

justified in this configuration because the longitudinal wake-

fields of the undulator only have to be compensated locally at

the slices that contribute to the amplification of the short FEL

pulse, in contrast to the conventional SASE configuration,
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Table 2
FEL bandwidth achieved with HB-SASE for different undulator module
lengths compared with the standard SASE mode.

Module length (m) FWHM bandwidth (� 10�4)

1 1.6 � 1.5
1.5 2.1 � 1.2
2 2.4 � 1.5
3 7.0 � 4.2
4 16.0 � 6.9
2 (SASE) 19.4 � 10.3

Figure 3
FEL average spectrum for SASE and HB-SASE for an undulator module
length of 1.5 m. The zero of the horizontal axis corresponds to a photon
energy of 1.2375 keV. With the HB-SASE the bandwidth is reduced by
about a factor of ten. The comparison is made for similar final FEL
energies in both cases, corresponding to an undulator beamline of 20 m
for the HB-SASE configuration and of about 30 m for the SASE case.



where the longitudinal wakefields need to be corrected rather

globally to allow the full bunch to drive the FEL process. We

have performed the simulations for three different undulator

module lengths (1 m, 2 m and 4 m) and for two different

transverse tilt amplitudes only in offset at the undulator

entrance (offset variation along the bunch of 1.5 mm and

3 mm). The maximum tilt amplitude is determined by the

dimensions of the undulator vacuum chamber; in our case

the undulator half-gap is 3 mm, which is sufficient for the

considered tilt amplitudes. We use eight undulator sections,

consisting of one or more undulator modules each, with seven

chicanes in between. For a module length of 4 m, the first

undulator section consists of four undulator modules and the

rest of the sections contain one undulator module each. When

the modules are 2 m long, we employ six modules in the first

undulator section and two modules for all the other sections.

Finally, for the case of 1 m modules, 12 modules are used in the

first undulator section, and four in all the following ones. The

length of the first undulator section varies for different module

lengths because the undulator length to reach saturation is

reduced for shorter modules due to stronger beam focusing

in this case. In total, 11, 20 and 40 undulator modules are

employed with module lengths of 4 m, 2 m and 1 m, respec-

tively. The total undulator beamline length amounts to

approximately 50 m for module lengths of 4 m or 2 m, and

about 70 m in the case of 1 m modules. Fig. 4 shows the three

layouts for the different modules lengths. The delay of each

chicane is calculated as the total bunch length divided by

the number of sections (8) less the slippage length along the

upstream undulator section, which in our case is about 3 fs for

all configurations.

For each of the cases we have run five simulations using

different seeds for the generation of the electrons’ shot noise.

We have not considered transverse wakefield effects related to

the beam tilt. The performance of the scheme, however, only

relies on the on-axis part of the bunch, therefore any kicks

induced by transverse wakefields in previous stages can be

compensated locally. Table 3 shows the results for all six

simulated configurations in terms of FEL peak power, pulse

energy and pulse duration. The error bars indicate the stan-

dard deviation of the results over the five simulation seeds.

The worst FEL performance occurs for a module length of 1 m

and an initial tilt in offset of 3 mm. This is because the effect

of reducing the FEL pulse length by increasing the tilt or

reducing the betatron function is limited by the cooperation

length of the FEL process. If the coop-

eration length is such that the field

would slip into parts of the bunch where

the betatron oscillation suppresses the

FEL amplification, the whole process

breaks down, as is the case for a module

length of 1 m and a tilt in offset of 3 mm.

For all the other cases, a peak power

above 1 TW is achieved. The shortest

FEL pulse is about 0.3 fs, which corre-

sponds to a single radiation spike. The

FEL power profile after each undulator

section for one random seed for the case

of a module length of 2 m and a tilt in

offset of 1.5 mm is shown in Fig. 5. As is

evident from Table 3, when the module

lengths are 4 m and 2 m, a larger tilt

generates a shorter FEL pulse but with

less FEL pulse energy, while a smaller
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Figure 4
Layout drawings for the generation of the short and high-power FEL pulses for different module
lengths: 4 m (top), 2 m (middle) and 1 m (bottom). The undulator modules are indicated with red
rectangles, the magnetic chicanes with blue lines.

Table 3
Generation of short and high-power FEL pulses: results for three
undulator module lengths (L) and two tilt amplitudes in offset.

Configuration
FEL peak
power (TW)

FEL pulse
energy (mJ)

FWHM pulse
duration (fs)

L = 4 m, tilt 1.5 mm 1.02 � 0.07 2.21 � 0.14 3.21 � 0.42
L = 4 m, tilt 3.0 mm 1.40 � 0.19 1.81 � 0.19 1.92 � 0.90
L = 2 m, tilt 1.5 mm 1.62 � 0.58 1.01 � 0.24 0.46 � 0.26
L = 2 m, tilt 3.0 mm 1.48 � 0.20 0.52 � 0.05 0.30 � 0.01
L = 1 m, tilt 1.5 mm 1.52 � 0.06 0.64 � 0.02 0.30 � 0.01
L = 1 m, tilt 3.0 mm 0.46 � 0.16 0.18 � 0.06 0.34 � 0.01

Figure 5
FEL peak power along the time coordinate of the electron bunch after
each undulator section for a module length of 2 m and a tilt in offset along
the bunch of 1.5 mm.



tilt produces longer but more energetic FEL pulses; this effect

is discussed in more detail by Prat et al. (2015). This result is

not observed for a module length of 1 m since for this case the

FEL performance is simply degraded when going to larger

tilts, as explained above.

Shorter modules are generally preferable. First of all, the tilt

required for a given performance is reduced when using

shorter modules, because in this case the focusing can be

stronger and, therefore, an equivalent effect in terms of FEL

disruption can be achieved with smaller tilts. In our case, for

an initial offset of 3 mm the FEL pulse is shortened to about

2 fs for a module of 4 m, while for 2 m modules an initial offset

of 1.5 mm is sufficient to reduce the pulse duration to about

0.5 fs. Equivalently, a tilt offset of 3 mm is required to achieve

a pulse duration of 0.3 fs for a module length of 2 m, while for

1 m module length a tilt offset of 1.5 mm is sufficient to obtain

the same pulse duration. In addition, the smaller beam sizes

achievable with shorter modules in general improve the FEL

performance; in our simulations the FEL peak power is larger

for the cases where the module is 2 m and 1 m long (except for

the problematic case with the strongest tilt and 1 m modules).

Moreover, with shorter modules the delays could be applied

more often, which could potentially lead to even higher FEL

peak powers. Finally, with shorter modules, it is easier to

prevent a radiation spike from slipping over the location of the

next spike, which would saturate the FEL power increase; this

is particularly important for smaller photon energies. Going to

shorter modules has, however, the disadvantage that, due to

the lower filling factor the required beamline length to achieve

a given performance is increased: for our case, the undulator

beamline increased from about 50 m to 70 m when going to a

module length of 1 m.

6. Hardware considerations

6.1. Inter-undulator sections

In our proposal the space between the undulator modules is

equipped with a magnetic chicane, a quadrupole magnet to

focus the beam, dipole corrector magnets to tune the electron

beam trajectory, and other components such as diagnostics

and vacuum valves.

We propose to build dispersive chicanes with only dipole

magnets. In this way, the delay and the longitudinal dispersion

are coupled; the R56 is approximately equal to twice the beam

delay. Another possibility would be to use isochronous

chicanes that delay the electrons but have no longitudinal

dispersion, R56 = 0, and therefore do not affect the micro-

bunching of the electron beam, as proposed for instance in

the original HB-SASE study (Thompson et al., 2010). Such

chicanes would require quadrupole magnets to close the

dispersion and would occupy much more space than in our

proposal. As mentioned earlier, our design with its decre-

mental sequence of delays takes advantage of the micro-

bunching generation in the first undulator stages (optical

klystron) while avoiding significant overbunching in the latter

stages. Therefore, there is no loss in performance and the

design becomes much easier and compact.

To be as compact as possible the chicane should consist of

permanent magnets, as considered for instance for the phase

shifters of the European XFEL project (Lu et al., 2009). Fig. 6

shows the design of a possible permanent-magnet chicane for

SwissFEL calculated with the code RADIA (Chubar et al.,

1998). The chicane consists of four pairs of magnets (the four

dipoles), separated by an adjustable gap, and has a total length

of 0.2 m; this is sufficiently small to guarantee that the chicane

and the rest of the components can be placed in the 0.75 m

assumed in the simulations. At the center of each magnet

there is a trapezoidally shaped pole to enhance the field. At

the minimum gap of 6.5 mm, an electron bunch with an energy

of 3 GeV can be delayed by 5 fs, which is more than sufficient

for the purposes of our design. When the gap has a large

opening, the chicane can be used as a normal phase shifter as

required when the FEL is operated in the normal SASE mode.

Each half of the chicane can be motorized separately, which

allows the additional generation of a transverse offset, if one

half is weaker than the other. This feature will be used to

produce short and high-power FEL pulses. In addition to the

chicane, we plan to install one dipole corrector magnet to have

independent control of the offset and angle of the electron

beam trajectory.

6.2. Undulator modules

Achieving the optimum performance in our scheme calls for

undulator modules that are shorter than in today’s standard

facilities. This is clearly borne out in Fig. 7, which gives a

graphical summary of the quantitative aspects of our investi-

gations into the three operation modes considered in this

work.
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Figure 6
Design of the chicane. Simulation domain of the permanent-magnet
dipole chicane (left). The pole is embedded in the permanent magnet
(right-top). The right-bottom graph shows the magnetic field profile for
the minimum gap of 6.5 mm, which corresponds to a maximum delay of
5 fs for an electron beam of 3 GeV.



Despite the lower filling ratio and the poorer mode

mismatch, going to shorter modules is preferable to maximize

the optical klystron effects: for the case of Athos, a 2 m-long

module would give the minimum saturation length. In addi-

tion, the shortening of the module length is required to have a

significant improvement of the brightness: for our case, no

improvement in the brightness is observed for a module length

of 4 m; with a module of 3 m the brightness improvement is

only a factor of three, whereas for modules of 2 m or shorter

the improvement amounts to a factor of around ten. Finally,

the generation of short and high-power FEL pulses is more

efficient for shorter modules: the required tilt amplitude is

smaller to obtain a certain pulse duration, the FEL perfor-

mance improves since the beam sizes can be smaller and the

delays can be applied more often.

Based on our findings the undulators in the current Athos

design have a total length of 2 m. The modules will be Apple

devices (Clarke, 2004; Schmidt et al., 2015) with a period

length of 40 mm. The magnets will be made of samarium–

cobalt. We chose samarium–cobalt because in comparison

with other materials (e.g. neodymium) it offers a low perme-

ability, it is very resistant against radiation, and its remanence

is almost insensitive to temperature variations. The undulator

gap will vary from 3 to 25 mm, which corresponds to a range

for the undulator field parameter K of between 3.8 and 1.

Considering that the electron beam energy for Athos can vary

between 2.5 and 3.5 GeV, the tuning range of the undulator

field is sufficient to cover the photon energy range from 0.18

to 1.77 keV.

7. Conclusion

We have presented an optimization of the undulator beam-

lines of FEL facilities based on installing chicanes in the space

between the undulator modules. We have demonstrated with

numerical simulations carried out for the Athos soft X-ray

beamline of SwissFEL the merits of the integrated chicanes:

the saturation length can be reduced by about 30%, the

brightness can be improved by about a factor of ten without

the need of any seeding technique, and it is possible to

generate short and high-power FEL pulses. To fully use the

merits of the integrated chicanes, especially for the generation

of longitudinally coherent FEL pulses, the length of an

undulator module needs to be shorter than in the standard

facilities; for our case, the module length should be about 2 m.

We note that going to shorter undulator modules has addi-

tional advantages, such as the possibility to generate FEL

radiation at the harmonics of the radiation (McNeil et al.,

2006). Our scheme offers the possibility to have a very

compact undulator beamline that generates almost fully

coherent FEL pulses and it opens the door for new types

of experiments that require very short and high-power FEL

pulses. For the Athos case, fully coherent FEL pulses can be

obtained within 20 m of the undulator beamline, and TW

pulses shorter than 1 fs can be generated in about 50 m.
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