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Abstract

The SASE3 beamline at the European XFEL will be operated in the photon energy range between 0.26 keV and at
least 3 keV. A high level of longitudinal coherence is the
key to upgrade the baseline performance. Self-seeding is a
promising approach to signiﬁcantly narrow the SASE bandwidth and to produce nearly transform-limited pulses [1][20]. The implementation of this method in the soft x-ray
wavelength range necessarily involves gratings as dispersive elements, which may be installed in the SASE3 undulator without perturbing the electron focusing system and
could cover the spectral range between about 0.26 keV and
1 keV [18]- [19]. In order to provide a high level of longitudinal coherence in the photon energy range between 1 keV
and 3 keV, proposals exist to narrow the SASE bandwidth
at the European XFEL by combining self-seeding and fresh
bunch techniques. However, this requires installing additional hardware in the undulator system [21, 22]. Here we
explore a simpler method to reach practically the same result without further changes in the undulator system. The
solution is based in essence on the puriﬁed SASE (pSASE)
technique proposed at SLAC [23], and naturally exploits the
gap tunability of the SASE3 undulator. In the pSASE conﬁguration, a few undulator cells resonant at a subharmonic
of the FEL radiation, called altogether the "slippage-boosted

section", are used in the high-gain linear regime to reduce
the SASE bandwidth. The ﬁnal characteristics of a pSASE
source are a compromise between high output power, which
can be reached with a conventional SASE undulator source
resonant at the target wavelength, and narrow bandwidth,
which can be reached with harmonic lasing [24]- [28]. We
demonstrate that it is possible to cover the energy range between 1.3 keV and 3 keV using the nominal European XFEL
electron beam parameters, and to reduce the SASE bandwidth by a factor 5, still having the same output power as in
the baseline SASE regime. Note that the slippage-boosted
section is tuned to a subharmonic (the ﬁfth, or the seventh)
of the FEL radiation. Therefore, the choice of the lowest
pSASE photon energy considered in this article, 1.3 keV, is
dictated by the minimal photon energy (0.26 keV) that can
be reached in the conventional SASE regime.
A more detailed treatment can be found in [29].

FEL STUDIES
A schematic layout of the proposed pSASE conﬁguration
for the SASE3 undulator at the European XFEL is illustrated
in Fig. 1 and consists of three parts which will be called
U1 (5 cells), U2 (2 cells) and U3 (14 cells). We performed
a feasibility study of the pSASE setup with the help of the
FEL code Genesis 1.3 [30] running on a parallel machine.
Results are presented for the SASE3 FEL line of the European XFEL, based on a statistical analysis consisting of 100
runs. The overall beam parameters used in the simulations
are presented in Table 1.
The nominal beam parameters at the entrance of the
SASE3 undulator, and the resistive wake inside the undulator are shown in Fig. 2, see also [31]. The evolution of the
transverse electron bunch dimensions is plotted in Fig. 3.
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Figure 1: The pSASE undulator conﬁguration proposed for
the SASE3 beamline, which is expected to operate in the
photon energy range between 1.3 keV and 3 keV.
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The puriﬁed SASE (pSASE) undulator conﬁguration recently proposed at SLAC promises an increase in the output
spectral density of XFELs. In this article we study a straightforward implementation of this conﬁguration for the soft
x-ray beamline at the European XFEL. A few undulator
cells, resonant at a subharmonic of the FEL radiation, are
used in the middle of the exponential regime to amplify the
radiation, while simultaneously reducing the FEL bandwidth.
Based on start- to-end simulations, we show that with the
proposed conﬁguration the spectral density in the photon
energy range between 1.3 keV and 3 keV can be enhanced
of an order of magnitude compared to the baseline mode of
operation. This option can be implemented into the tunablegap SASE3 baseline undulator without additional hardware,
and it is complementary to the self-seeding option with grating monochromator proposed for the same undulator line,
which can cover the photon energy range between about 0.26
keV and 1 keV.
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Table 1: European XFEL Parameters Used in this Paper
Units
mm
m
GeV
nC

Undulator period
Periods per cell
Total number of cells
Intersection length
Energy
Charge

68
73
21
1.1
10.5
0.1

Figure 4: Power distribution and spectrum of the SASE soft
x-ray radiation pulse at the exit of the ﬁrst undulator part U1.
Grey lines: single shot realization, black line: average over
100 realizations.
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Figure 2: Results from electron beam start-to-end simulations at the entrance of SASE3. (First Row, Left) Current
proﬁle. (First Row, Right) Normalized emittance vs. position inside the electron beam. (Second Row, Left) Energy
proﬁle along the beam. (Second Row, Right) Electron beam
energy spread proﬁle. (Bottom row) Resistive wakeﬁelds in
the SASE3 undulator.

The number of cells in the undulator U1 should be equal
to ﬁve in order to optimize the ﬁnal characteristics of the radiation pulse. The output power and spectrum after the ﬁrst
undulator tuned to 0.6 nm (the corresponding rms K value is
2.54) is shown in Fig. 4 for 100 runs. The average behavior
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Figure 3: Evolution of the horizontal and vertical dimensions of the electron bunch (at maximum current value) vs.
distance inside the SASE3 undulator.

Figure 5: SASE radiation power and spectrum at the exit
of the second undulator part U2 (slippage-boosted section).
The SASE radiation generated in U1 is puriﬁed in U2, which
consists of 2 cells resonant at 4.2 nm. The fundamental radiation at 4.2 nm is seeded by shot noise. The harmonic
radiation is seeded by that produced in U1. Top row: Results
of numerical simulations for radiation at the fundamental
produced in U2. Bottom row: Results of numerical simulations for harmonic radiation ampliﬁed in U2. Grey lines
refer to single shot realizations, the black line refers to the
average over a hundred realizations.
is rendered in black. The radiation ﬁeld is ﬁrst dumped at
the exit of U1, and then further imported in the Genesis code
for simulating the 7th harmonic interaction in U2, which
is resonant at a fundamental of 4.2 nm. Together with the
radiation pulse, also electron beam ﬁle generated using the
values of energy loss and energy spread at the exit of U1
is fed in the simulation of the second undulator part. The
Genesis 7th harmonic ﬁeld and particle ﬁle are downloaded
at the exit of the U2 undulator and used as input ﬁle for the
Genesis simulations of the U3 undulator. As explained in
the previous section, the length of the booster U2 is chosen
to make sure that the FEL power at the fundamental wavelength is much lower than that at the chosen harmonic. The
output power and spectrum of fundamental and harmonic
radiation pulse after the U2 undulator tuned to 4.2 nm (the
corresponding rms K value is 7.16, and can be achieved by
reducing the undulator gap), that is the seventh subharmonic
of the target wavelength, are shown in the left and right plot
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Figure 9: Power distribution and spectrum of the puriﬁed
SASE soft x-ray radiation pulse at the exit of the setup, with
tapering. Grey lines refer to single shot realizations, the
black line refers to the average over a hundred realizations.

Figure 6: Power and spectrum produced in the pSASE mode
(top row) and in the standard SASE mode (bottom row) at
saturation without undulator tapering. Grey lines: single
shot realization, black line: average over 100 realizations.
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Figure 7: Distribution of the radiation pulse energy per
unit surface and angular distribution of the pSASE radiation
pulse energy at saturation (top row) and at the exit of the
setup, including tapering (bottom row).
of Fig. 5. Since the FEL power at the fundamental wavelength of 4.2 nm, which is about 1 MW, is much lower than
that at 0.6 nm, which is about 1 GW, phase shifters are not
needed to suppress the lasing at fundamental harmonic.
The output undulator U3 consists of two sections. The
ﬁrst section is composed by an uniform undulator, the second section by a tapered undulator. The puriﬁed pulse is
exponentially ampliﬁed passing through the ﬁrst uniform
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part of the output undulator. This section is long enough,
5 cells, in order to reach saturation, which yields about 50
GW power Fig. 6 (top row). The radiation power proﬁle
and spectra for SASE3 undulator beamline working in the
nominal SASE mode is shown in Fig. 6 (bottom row). As
seen before, the power level for both modes of operation are
similar, but the spectral density for the pSASE case is significantly higher than for the nominal SASE case. The size and
divergence of the pSASE radiation pulse at saturation are
shown in Fig. 7 (top row). In the second part of the output
undulator U3, the puriﬁed FEL output is enhanced up to
about 0.6 TW taking advantage of a taper of the undulator
magnetic ﬁeld over the last 9 cells after saturation. The tapering law is shown in Fig. 8. The output power and spectrum
of the entire setup, at the exit of U3, is shown in Fig. 9. The
size and divergence of the pSASE radiation pulse at the exit
of the setup including undulator tapering are shown in the
bottom row of Fig. 7. By inspection, one can see that the
diﬀerence with the pSASE setup at saturation, shown in the
top row of the same ﬁgure, is minimal. The evolution of
the output energy in the photon pulse as a function of the
distance inside the output undulator is reported in Fig. 10.
The photon spectral density for the output TW-level pulse is
about 30 times higher than that for the nominal SASE pulse
at saturation.
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Figure 8: Tapering law.

We studied the simple scheme proposed in [23] to signiﬁcantly enhance the spectral brightness of a SASE FEL
with the help of numerical simulations. Using the param-
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Figure 10: Evolution of the output energy in the photon pulse
and of the variance of the energy ﬂuctuation as a function of
the distance inside the output undulator, with tapering. Grey
lines refer to single shot realizations, the black line refers to
the average over a hundred realizations.
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eters for the soft x-ray beamline SASE3 at the European
XFEL and a nominal electron bunch parameter set, we show
that the SASE bandwidth at saturation can be reduced by
a factor of ﬁve with respect to the proposed conﬁguration
of the baseline, variable gap SASE3 undulator. In addition
to the example studied in [23], the puriﬁed radiation after
saturation is further signiﬁcantly ampliﬁed (we report an
order of magnitude increase in power) in the last tapered part
of SASE3 undulator. With this conﬁguration, a pSASE FEL
reaches TW peak power level with signiﬁcantly enhanced
brightness (about one order of magnitude) compared with
the nominal SASE regime [32].
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