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Abstract
Self-seeding implementation in the soft X-ray wave-

length range involves gratings as dispersive elements. We
study a very compact self-seeding scheme with a grat-
ing monochromator originally designed at SLAC, which
can be straightforwardly installed in the SASE3 undulator
beamline at the European XFEL. The design is based on a
toroidal VLS grating at a fixed incidence angle, and with-
out entrance slit. It covers the spectral range from 300 eV to
1000 eV. The performance was evaluated using wave optics
method vs ray tracing methods. Wave optics analysis takes
into account the actual beam wavefront of the radiation
from the FEL source, third order aberrations, and errors
from optical elements. We show that, without exit slit, the
self-seeding scheme gives the same resolving power (about
7000) as with an exit slit. Wave optics is also naturally
applicable to calculations of the scheme efficiency, which
include the monochromator transmittance and the effect of
the mismatching between seed beam and electron beam.
Simulations show that the FEL power reaches 1 TW, with a
spectral density about two orders of magnitude higher than
that for the SASE pulse at saturation. A more detailed study
and further references can be found in [1].

INTRODUCTION
Self-seeding is a promising approach to significantly

narrow the SASE bandwidth and to produce nearly
transform-limited pulses [2]-[11]. Considerable effort has
been invested in theoretical investigation and R&D at
the LCLS leading to the implementation of a hard X-
ray self-seeding (HXRSS) setup that relies on a diamond
monochromator in transmission geometry. Following the
successful demonstration of the HXRSS setup at the LCLS
[12], there is a need for an extension of the method in the
soft X-ray range.

In general, a self-seeding setup consists of two undula-
tors separated by a photon monochromator and an electron
bypass, normally a four-dipole chicane. The two undula-
tors are resonant at the same radiation wavelength. The
SASE radiation generated by the first undulator passes
through the narrow-band monochromator. A transform-
limited pulse is created, which is used as a coherent seed
in the second undulator. Chromatic dispersion effect in the
bypass chicane smears out the microbunching in the elec-
tron bunch produced by the SASE lasing in the first undula-
tor. The electrons and the monochromatized photon beam
are recombined at the entrance of the second undulator, and
radiation is amplified by the electron bunch until saturation
is reached. The required seed power at the beginning of the

second undulator must dominate over the shot noise power
within the gain bandpass, which is order of a kW in the soft
X-ray range.

For self-seeding in the soft x-ray range, proposed
monochromators usually consists of a grating [2], [5]. Re-
cently, a very compact soft x-ray self-seeding (SXRSS)
scheme has appeared, based on grating monochromator
[13]-[15]. The delay of the photons in the last SXRSS ver-
sion [15] is about 0.7 ps only. The proposed monochroma-
tor is composed of only three mirrors and a toroidal VLS
grating. The design adopts a constant, 1 degree incidence-
angle mode of operation, in order to suppress the influence
of movement of the source point in the first SASE undula-
tor on the monochromator performance.

In this article we study the performance of the soft X-
ray self-seeding scheme for the European XFEL upgrade.
In order to preserve the performance of the baseline un-
dulator, we fit the magnetic chicane within the space of
a single 5 m undulator segment space at SASE3. In this
way, the setup does not perturb the undulator focusing sys-
tem. The magnetic chicane accomplishes three tasks by
itself. It creates an offset for monochromator installation,
it removes the electron microbunching produced in the up-
stream seed undulator, and it acts as an electron beam de-
lay line for compensating the optical delay introduced by
the monochromator. The monochromator design is com-
pact enough to fit with this magnetic chicane design. The
monochromator design adopted in this paper is an adapta-
tion of the novel one by Y. Feng et al. [15], is based on
toroidal VLS grating, and has many advantages. It con-
sists of a few elements. In particular, it operates without
entrance slit, and is, therefore, very compact. Moreover, it
can be simplified further. Quite surprisingly, a monochro-
matic seed can be directly selected by the electron beam
at the entrance of the second undulator. In other words,
the electron beam plays, in this case, the role of an exit
slit. By using a wave optics approach and FEL simulations
we show that the monochromator design without exit slits
works in a satisfactory way.

With the radiation beam monochromatized down to the
Fourier transform limit, a variety of very different tech-
niques leading to further improvement of the X-ray FEL
performance become feasible. In particular, the most
promising way to extract more FEL power than that at sat-
uration is by tapering the magnetic field of the undulator
[16]-[22]. A significant increase in power is achievable by
starting the FEL process from a monochromatic seed rather
than from shot noise [20]-[27]. In this paper we propose a
study of the soft X-ray self-seeding scheme for the Euro-
pean XFEL, based on start-to-end simulations for an elec-
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tron beam with 0.1 nC charge [28]. Simulations show that
the FEL power of the transform-limited soft X-ray pulses
may be increased up to 1 TW by properly tapering the
baseline (SASE3) undulator. In particular, it is possible to
create a source capable of delivering fully-coherent, 10 fs
(FWHM) soft X-ray pulses with 1014 photons per pulse in
the water window.

The availability of free undulator tunnels at the European
XFEL facility offers a unique opportunity to build a beam-
line optimized for coherent diffraction imaging of complex
molecules like proteins and other biologically interesting
structures. Full exploitation of these techniques require
2 keV - 6 keV photon energy range and TW peak power
pulses. However, higher photon energies are needed to
reach anomalous edges of commonly used elements (such
as Se) for anomalous experimental phasing. Potential users
of the bio-imaging beamline also wish to investigate large
biological structures in the soft X-ray photon energy range
down to the water window. A conceptual design for the un-
dulator system of such a bio-imaging beamline based on
self-seeding schemes developed for the European XFEL
was suggested in [29]-[30]. The bio-imaging beamline
would be equipped with two different self-seeding setups,
one providing monochromatization in the hard x-ray wave-
length range, using diamond monochromators and one pro-
viding monochromatization in the soft x-ray range using a
grating monochromator. In relation to this proposal, we
note that the design for a soft x-ray self-seeding scheme
discussed here can be implemented not only at the SASE3
beamline but, as discussed in [29]-[30], constitutes a suit-
able solution for the bio-imaging beamline in the soft x-ray
range as well.

SELF-SEEDING SETUP DESCRIPTION

lectron bunch
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4 cells 17 cells

seeded tapered

m m
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TW w 0m
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radiation pulse.
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Figure 1: Design of the SASE3 undulator system for TW
mode of operation in the soft X-ray range.
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Figure 2: Layout of the SASE3 self-seeding system, to
be located in the space freed after removing the undulator
segment U5. The compact grating monochromator design
relies on a scheme originally proposed at SLAC. G is a
toroidal VLS grating. M1 is a rotating plane mirror, M2 is
a tangential cylindrical mirror, M3 is a plane mirror used to
steer the beam. The deflection of both electron and photon
beams is in the horizontal direction.

Figure 3: Focusing at the slit. Distance between waist,
characterized by plane wavefront, and grating as a function
of the photon energy.

Figure 4: Focusing at the slit. Variation of the distance
between waist and slit normalized on the Rayleigh range as
a function of the photon energy.

Figure 5: Resolving power as a function of the photon
energy for a monochromator equipped with exit slit (bold
curve) and without exit slit (circles). The calculation with
exit slit is for a slit width of 2µm.

A design of the self-seeding setup based on the undu-
lator system for the European XFEL baseline is sketched
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Table 1: Parameters for the X-ray Optical Elements

Element Parameter Value at photon energy Required
precision Unit300 eV 600 eV 1000 eV

G Line density (k) 1123 0.2% l/mm
G Linear coeff (n1) 2.14 1% l/mm2

G Quad coeff (n2) 0.003 50% l/mm3

G Groove profile Blased 1.2◦ - -
G,M1 Roughness (rms) - 2 nm

G Tangential radius 160 1% m
G Sagittal radius 0.25 10% m
G Diffraction order +1 -
G Incident angle 1 - deg
G Exit angle 5.615 4.028 3.816 - deg

Source distance1 3160 3470 3870 - mm
Source size 30.3 27.7 24.2 - µm

Image distance1 1007 1004 1007 - mm
Image size 2.22 2.45 2.22 - µm

M1 Location12 33.2 43.8 52.6 - mm
M1 Incident angle 3.307 2.514 2.093 - deg
S Slit location1 1007 0.5 mm
S Slit width 2 5% µm

M2 Location1 1220 1 mm
M2 Incident angle 0.859 - deg
M2 Tangential radius 27.3 1% m
M3 Location1 1348.3 - mm
M3 Incident angle 0.859 - deg

Optical delay 935 757 662 - fs

Figure 6: Current profile for a 100 pC electron bunch at the
entrance of the first undulator.

in Fig. 1. The method for generating highly monochro-
matic, high power soft x-ray pulses exploits a combination
of a self-seeding scheme with grating monochromator with
an undulator tapering technique. The self-seeding setup is
composed by a compact grating monochromator originally
proposed at SLAC [15], yielding about 0.7 ps optical delay,
and a 5 m-long magnetic chicane.

1Distance to grating.
2Principal ray hit point.

Figure 7: Results of seeding efficiency simulations, show-
ing the normalized output power from the second FEL
amplifier as a function of the exit slit width for different
photon energies. The FEL amplifier operates in the linear
regime. Results are obtained by wave optics and FEL sim-
ulations.

Usually, a grating monochromator consists of an en-
trance slit, a grating, and an exit slit. The grating equation,
which describes how the monochromator works, relies on
the principle of interference applied to the light coming
from the illuminated grooves. Such principle though, can
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Figure 8: First order efficiency of the blazed groove profile.
Here the groove density is 1100 lines/mm, Pt coating is
assumed, at an incidence angle of 1◦. The blaze angle is
1.2◦; the anti-blaze angle is 90◦.

Figure 9: Power distribution and spectrum of the SASE soft
x-ray radiation pulse at the exit of the first undulator.

only be applied when phase and amplitude variations in
the electromagnetic field are well-defined across the grat-
ing, that is when the field is perfectly transversely coher-
ent. The purpose of the entrance slit is to supply a trans-
versely coherent radiation spot at the grating, in order to al-
low the monochromator to work with an incoherent source
and with a given resolution. However, an FEL source is
highly transversely coherent and no entrance slit is required
in this case [31, 32].

Figure 10: Line profile of the self-seeding monochromator
without exit slit. The calculation is for a photon energy
of 0.8 keV. The overall efficiency of the monochromator
beamline is about 5%.

Figure 11: Power distribution and spectrum of the SASE
soft x-ray radiation pulse after the monochromator. This
pulse is used to seed the electron bunch at the entrance of
the second undulator.

Figure 2 shows the optical configuration of the self-
seeding monochromator. Table 1 summarizes the optical
parameters of the setup. The design of the monochroma-
tor was optimized with respect to the resolving power and
the seeding efficiency. The design energy range of the
monochromator is in the 0.3 keV - 1 keV interval with a

WEPSO64 Proceedings of FEL2013, New York, NY, USA

ISBN 978-3-95450-126-7

670C
op

yr
ig

ht
c ○

20
13

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

Seeding FELs



Figure 12: Power distribution and spectrum of the output
soft x-ray radiation pulse. Curve 1 - seeded FEL output
with tapering; curve 2 - seeded FEL output without ta-
pering; curve 3 - SASE FEL output in saturation. Here
λ = 1.5 nm, corresponding to 800 eV.

Figure 13: Energy of the seeded FEL pulse as a function of
the distance inside the output undulator.

resolution of about 7000. It is only equipped with an exit
slit. A toroidal grating with variable line spacing (VLS)
is used for imaging the FEL source to the exit slit of the
monochromator. The grating has a groove density of 1120
lines/mm. The first coefficient D1 of the VLS grating is
D1 = 2.1/mm2. The grating will operate in fixed incident
angle mode in the +1 order. The incident X-ray beam is
imaged at the exit slit and re-imaged at the entrance of the
seed undulator by a cylindrical mirror M2. In the sagittal
plane, the source is imaged at the entrance of the seed undu-
lator directly by the grating. The monochromator scanning
is performed by rotating the post-grating plane mirror. The
scanning results on a wavelength-dependent optical path.
Therefore, a tunability of the path length in the magnetic
chicane in the range of 0.05 mm is required to compensate
for the change in the optical path.

The choice was made to use a toroidal VLS grating sim-
ilar to the LCLS design [15]. As pointed out in that ref-
erence, the source point in the SASE undulator moves up-
stream with the photon energy. The proposed design has
been chosen in order to minimize the variation of the im-
age distance. The object distance was based on FEL sim-
ulations of the SASE3 undulator at the exit of the fourth
segment U4, Fig. 1. The monochromator performance
was calculated using wave optics. The exact location of
the waist, characterized by a plane wavefront, Fig. 3 and
Fig. 4, was found to vary with the energy around the slit
within 2.7 mm, which is small compared to the Rayleigh
range, Fig. 4. This defocusing effect was fully accounted
for in the wave optics treatment, and the impact of this
effect on the resolving power is negligible. The resolv-
ing power achievable with the exit slit is shown in Fig.
5. It approaches 8000, and is sufficient to produce tem-
porally transform-limited seed pulses with FWHM dura-
tion between 25 fs and 50 fs over the designed photon en-
ergy range. This duration is sufficiently longer than the
FWHM duration of the electron bunch, about 15 fs in stan-
dard mode of operation at 0.1 nC charge, Fig. 6. The re-
solving power depends on the size of the FEL source inside
the SASE undulator, on the size of the exit slit (assumed
fixed at 2µm) and on third order optical aberrations.

The operation of the self-seeding scheme involves simul-
taneous presence of monochromatized radiation and elec-
tron beam in the seed undulator. This suggests to con-
sider a particularly interesting approach to solve the task
of creating a monochromatized seed. In fact, the resolving
power needed for seeding can be achieved without exit slit
by combining the presence of radiation and electron beam
in the seed undulator. The influence of the spatial disper-
sion in the image plane at the entrance of the seed undula-
tor on the operation of the self-seeding setup without exit
slit can be quantified by studying the input coupling factor
between the seed beam and the ground mode of the FEL
amplifier. A combination of wave optics and FEL simula-
tions is the only method available for designing such self-
seeding monochromator without exit slit. This design has
the advantage of a much needed experimental simplicity,
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and could deliver a resolving power as that with the exit
slit. The comparison of resolving powers for these two de-
signs is shown in Fig. 5. The size of the beam waist near
the slit is about 2.2-2.4 µm. The operation without exit slit
would give worse resolving power than the conventional
mode of operation only when the slit size is smaller than
2 µm. Wave optics and FEL simulations are naturally ap-
plicable also for calculating suppression of the input cou-
pling factor, due to the effect of a finite size of the exit slit.
The effect of the slit on the seeding efficiency shown in
Fig. 7. When the slit size is smaller than 2 µm, the effec-
tive seed power is reduced by as much as a factor 2 − 3.
We conclude that the mode of operation without exit slit is
superior to the conventional mode of operation, and a finite
slit size would only lead to a reduction of the monochro-
mator performance.

The efficiency of the grating should be specified over the
range of photon energies where the grating will be used.
The efficiency was optimized by varying the groove shapes.
Blazed grating was optimized by adjusting the blaze angle;
sinusoidal grating by adjusting the groove depth, and rect-
angular grating by adjusting the groove depth, and assum-
ing a duty cycle of 50%. The blazed profile is substantially
superior to both sinusoidal and laminar alternatives. For the
specified operating photon energy range, the optimal blaze
angle is 1.2 degree, and the expected grating efficiency with
platinum coating is shown in Fig. 8. This curve assumes a
constant incident angle of 1 degree.

The electron beam chicane contains four identical dipole
magnets, each of them 0.5 m-long. Given a magnetic field
B = 0.8T and an electron momentum p = 10GeV/c, this
length corresponds to a dipole bending angle of 0.7 de-
grees. The choice of the strength of the magnetic chicane
only depends on the delay that we want to introduce. In
our case, as already mentioned, it amounts to 0.23 mm, or
0.7 ps. Parameters discussed above fit with a short, 5 m-
long magnetic chicane to be installed in place of a single
undulator module. Such chicane, albeit very compact, is
however strong enough to create a sufficiently large trans-
verse offset for the installation of the optical elements of
the monochromator.

Despite the unprecedented increase in peak power of the
X-ray pulses at SASE X-ray FELs some applications, in-
cluding bio-imaging , require still higher photon flux [33]-
[37]. The most promising way to extract more FEL power
than that at saturation is by tapering the magnetic field of
the undulator. Tapering consists in a slow reduction of the
field strength of the undulator in order to preserve the res-
onance wavelength, while the kinetic energy of the elec-
trons decreases due to FEL process. The undulator ta-
per could be simply implemented at discrete steps from
one undulator segment to the next. The magnetic field ta-
pering is provided by changing the undulator gap. Here
we study a scheme for generating TW-level soft X-ray
pulses in a SASE3 tapered undulator, taking advantage of
the highly monochromatic pulses generated with the self-
seeding technique, which make the tapering very efficient.

We optimized our setup based on start-to-end simulations
for an electron beam with 100 pC charge. In this way, the
output power of SASE3 could be increased from the base-
line value of 100 GW to about a TW in the photon energy
range between 0.3 keV and 1 keV.

Summing up, the overall self-seeding setup proposed
here consists of three parts: a SASE undulator, a self-
seeding grating monochromator and an output undulator
in which the monochromtic seed signal is amplified up to
the TW power level. Calculations show that in order not to
spoil the electron beam quality and to simultaneously reach
signal dominance over shot noise, the number of cells in
the first (SASE) undulator should be equal to 4. The out-
put undulator consists of two sections. The first section is
composed by an uniform undulator, the second section by
a tapered undulator. The transform-limited seed pulse is
exponentially amplified passing through the first uniform
part of the output undulator. This section is long enough, 6
cells, in order to reach saturation, which yields about 100
GW power. Finally, in the second part of the output undu-
lator the monochromatic FEL output is enhanced up to the
TW power level taking advantage of a 3.5% taper of the
undulator magnetic field over the last 11 cells after satura-
tion.

Simulations were performed with the help of the Gen-
esis code [38] running on a cluster in the following way:
first we calculated the 3D field distribution at the exit of the
first undulator, and downloaded the field file. Subsequently,
we performed a temporal Fourier transformation followed
by filtering through the monochromator, by using the filter
amplitude transfer function. The electron microbunching
is washed out by presence of non-zero chicane momentum
compaction factor R56. Therefore, for the second undu-
lator we used a beam file with no initial microbunching,
and with an energy spread induced by the FEL amplifica-
tion process in the first SASE undulator. The amplification
process in the second undulator starts from the seed field-
file. Shot noise initial conditions were included. The output
power and spectrum after the first (SASE) undulator tuned
at 1.5 nm is shown in Fig. 9. The instrumental function is
shown in Fig. 10. The shape of this curve was found as
a response of the input coupling factor on the offset of the
seed monochromatic beam at the entrance of the seed un-
dulator due to spatial dispersion. The absolute value of the
transmittance accounts for the absorption of the monochro-
matic beam in the grating and in the three mirrors, for a to-
tal of 5%. The influence of the transverse mismatching of
the seed beam at the entrance of the seed undulator is ac-
counted for by an additional suppression of the input cou-
pling factor. The resolution of the self-seeding monochro-
mator is good enough, and the spectral width of the fil-
ter is a few times shorter than the coherent spectral inter-
val (usually referred to as “spike”) in the SASE spectrum.
Therefore, the seed radiation pulse is temporally stretched
in such way that the final shape only depends on the char-
acteristics of the monochromator. The temporal shape and
spectrum of the seed signal are shown in Fig. 11. The over-
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all duration of the seed pulse is inversely proportional to the
bandwidth of the monochromator transmittance spectrum.
The particular temporal shape of the seed pulse simply fol-
lows from a Fourier transformation of the monochromator
transfer function. The output FEL power and spectrum of
the entire setup, that is after the second part of the out-
put undulator is shown in Fig. 12. The evolution of the
output energy in the photon pulse as a function of the dis-
tance inside the output undulator is reported in Fig. 13.
The photon spectral density for a TW pulse is about two
orders of magnitude higher than that for the SASE pulse at
saturation (see Fig. 12). Given the fact that the TW-pulse
FWHM-duration is about 10 fs, the relative bandwidth is 3
times wider than the transform-limited bandwidth. There
is a relatively large energy chirp in the electron bunch due
to wakefields effect. Nonlinear energy chirp in the electron
bunch induces nonlinear phase chirp in the seed pulse dur-
ing the amplification process in the output undulator. Our
simulations automatically include this effect. This phase
chirp increases the time-bandwidth product by broadening
the seeded FEL spectrum.

CONCLUSIONS
In this article we present a technical study for a soft x-

ray self-seeding setup at the European XFEL based on [15].
In particular we focus on design and performance of a very
compact self-seeding grating monochromator, based on the
LCLS design, which has been adapted to the needs of the
European XFEL. Usually, soft X-ray monochromators op-
erate with incoherent sources and their design is based on
the use of ray-tracing codes. However, XFEL beams are al-
most completely transversely coherent, and in our case the
optical system was studied using a wave optics method in
combination with FEL simulations to evaluate the perfor-
mance of the self-seeding scheme. Our wave optics analy-
sis takes into account the actual FEL beam wavefront, third
order aberrations and surface errors from each optical el-
ements. Wave optics together with FEL simulations are
naturally applicable to the study the influence of finite slit
size on the seeding efficiency. Most results presented in
[15] were obtained in the framework of a Gaussian beam
model, in combination with ray-tracing for Gaussian ray
distribution. This is a very fruitful approach, allowing one
for studying many features of the self-seeding monochro-
mator by means of relatively simple tools. Using our ap-
proach, we give a quantitative answer to the question of
the accuracy of the Gaussian beam model. It is also im-
portant to quantitatively analyze the filtering process with-
out exit slit. Wave optics in combination with FEL simu-
lations is the only method available to this aim. We con-
clude that the mode of operation without slit is superior to
the conventional mode of operation, and a finite slit size
would only lead to a reduction of the monochromator per-
formance. We therefore propose an optimized design based
on a toroidal VLS grating and three mirrors, without exit
slit. The monochromator covers the range between 300 eV
and 1000 eV, with a resolution never falling below 7000,

and introduces a photon delay of only 0.7 ps. This al-
lows the entire self-seeding setup to be fit into a single 5
m-long undulator segment. The overall performance of the
setup is studied with the help of FEL simulations, which
show that, in combination with post-saturation tapering, the
SASE3 baseline at the European XFEL could deliver TW-
class, nearly Fourier-limited radiation pulses in the soft X-
ray range. Although we explicitly studied the a soft x-ray
self-seeding setup for the SASE3 undulator baseline at the
European XFEL, the same setup can be used without mod-
ifications also for the dedicated bio-imaging beamline, a
concept that was proposed in [29]-[30] as a possible future
upgrade of the European XFEL. A more detailed study and
further references can be found in [1].
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