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Abstract
sFLASH is the experimental free-electron laser (FEL) setup
producing seeded radiation installed at FLASH. Since 2015
it has been operated in the high-gain harmonic generation
(HGHG) mode. A detailed characterization of the laser-
induced energy modulation, as well as the temporal charac-
terization of the seeded FEL pulses is possible by using a
transverse-deflecting structure and an electron spectrometer.
In this contribution, we present the status of the sFLASH
experiment, its related studies and possible developments
for the future.

INTRODUCTION
Since 2005, the free-electron laser (FEL) facility in Ham-

burg, FLASH, at DESY has been operated as a user facil-
ity [1]. The wavelength range was upgraded in several steps
to cover an interval from about 4.2 nm to 45 nm at the beam-
line FLASH1. Recently, a second undulator beamline, called
FLASH2, was built and commissioned to serve simultane-
ously two user end stations [2]. Both the beamlines are
operated in the self-amplified spontaneous emission (SASE)
mode [3, 4].
As a SASE FEL starts up from the random shot noise

in the electron beam, the FEL radiation has poor spectral
stability and limited longitudinal coherence. Seeding the
FEL with a fully coherent source such as a laser, offers
an option to overcome these limitations as experimentally
demonstrated in the FERMI FEL in Trieste, Italy [5].

At DESY, an experimental setup for seeding developments
has been installed upstream of the FLASH1 main SASE
undulator in 2010 [6]. After successful demonstration of
direct-HHG seeding [7] at 38 nm in 2012 [8], the focus of the
seeding R&D at FLASH has turned on HGHG [9] and echo-
enabled harmonic generation (EEHG) [10] seeding [11, 12].
The results obtained at the sFLASH seeding experiment

guide the design process of the proposed FLASH2 seeding
option [13].
In this contribution, the performance of HGHG seeding

at sFLASH is described and we present the current status of
the FEL seeding developments at DESY.

EXPERIMENTAL SETUP
The sFLASH seeding experiment is installed at the FEL

user facility FLASH [14]. Figure 1 shows the schematic
layout of the sFLASH experiment.
∗ vanessa.grattoni@desy.de

The electron bunches arrive from the FLASH linear ac-
celerator with a repetition rate of 10 Hz, a typical charge of
0.4 nC and an energy between 680 MeV and 700 MeV. At
the exit of the energy collimator, the sFLASH section starts
with two electromagnetic undulators (called modulators, la-
belled MOD1 and MOD2 in Fig. 1) with 5 full periods of
period length λu = 0.2 m and orthogonal polarization [15],
each followed by a magnetic chicane (labelled as C1 and
C2). In the HGHG experiment, MOD1 and C1 are not used
and the interaction of the seed laser pulse with the electron
bunch takes place in MOD2. Here, the seed pulse gener-
ates a sinusoidal energy modulation in the electron bunch
that afterwards is converted into a density modulation by
chicane C2.

The Seed Laser
The 266 nm seed pulses are generated by third-harmonic

generation (THG) of near-infrared (NIR) Ti:sapphire laser
pulses. The maximum energy of these UV seed pulses at the
entrance of the vacuum transport beamline to the modulator
undulator is 500 µJ. At the interaction point with the electron
beam, the Rayleigh length of the UV beam is between 1.5
and 3m depending on the focus of the laser.
A single-shot cross-correlator for NIR and UV pulses

in the laser laboratory enables to measure the UV pulse
duration, that is typically between 250 and 280 fs FWHM.
The NIR pulse duration is simultaneously measured with a
single-shot auto-correlator and it is about 50 fs FWHM. The
longitudinal position of the beam waist can be adjusted by
changing the NIR focusing into the THG setup. Before and
after MOD2, the seed beam position and size are measured
using Ce:YAG fluorescence screens. In the configuration in
which the beam waist coincides with the center of the mod-
ulator module, a characteristic value for the rms beamsize
at the screen positions is σr = 0.33 mm.

Latest upgrades Until the end of 2016, the THG setup
was installed in the FLASH tunnel, limiting maintenance ac-
cess. Now, this setup is installed in the seed laser laboratory
and can be accessed when needed which facilitates the opti-
mization of the UV seed beam quality. In particular, thanks
to the more generous spaces inside the laser laboratory, a
second THG setup has been installed next to the existing
one and the NIR laser transport system has been modified in
order to obtain two properly focused pulses that enter each
in one of the two triplers. The new UV beam is focused
into MOD1 by a Galilean telescope that has been installed
in the FLASH tunnel before MOD1 in July this year. The
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Figure 1: Layout of the sFLASH seeding experiment.

already existing UV seed source continues to be focused
into MOD2 through a telescope in the laser laboratory. This
setup enables experimental EEHG studies as presented in
[16].

Radiator section
Four variable-gap undulators modules (labeled RAD in

Fig. 1) with a total effective length of 10m act as the FEL
radiators. These undulators are tuned at an harmonic of
the seed laser in order to make the current-modulated elec-
tron bunch initiate the FEL process. Downstream of the
sFLASH radiator, the electron beam is guided around the ra-
diation extraction mirrors by chicane C3 and it enters into the
transverse-deflecting structure (TDS). The TDS is followed
by a dispersive dipole spectrometer that deflects the electron
bunch into a beam dump. An observation screen is installed
in the dispersive section between the dipole spectrometer
and the beam dump on which the longitudinal phase space
distribution of the electron bunch can be observed. From
these measurements, the parameters of the electron bunch
such as current and slice emittance are obtained [17, 18].
When operated with uncompressed electron bunches (in or-
der to exclude FEL gain), the uncorrelated energy spread of
the electron bunch can be extracted by analysing coherent
harmonic generation (CHG) emission at several harmon-
ics [19]. The energy resolution of this technique significantly
surpasses that of the TDS setup.

FEL Diagnostics
The seeded FEL pulses are transported to an in-tunnel

photon diagnostics section, where different detectors are
available: fluorescence screens for transverse beam diagnos-
tics, a photon energy monitor based on a microchannel plate,
and a high-resolution spectrometer for wavelengths from 4
to 40 nm [20].

Alternatively, the seeded FEL beam can be transported to
a dedicated diagnostics hutch outside the radiation shielding
of the accelerator. Here, the temporal profile of the FEL
pulse can be studied utilizing a THz-streaking technique [21,
22]. A second, non-invasive method to obtain the power
profile of the photon pulses is to extract this information
from longitudinal phase space distributions of the electron
bunch [17, 18, 23].

Table 1: Experimental Parameters for HGHG.

Parameter Value

Modulator period length λMOD
u 0.2m

NMOD
u 5

KMOD 2.77

Radiator period length λRAD
u 31.4mm

NRAD
u 318

KRAD 2.61

Chicanes R56 C1 not used
R56 C2 50-200 µm
R56 C3 190 µm

Electron energy 680-700MeV
Beam charge 0.4 nC

bunch duration >500 fs (FWHM)
besmsize 100 µm

Seed wavelength 267 nm
Beam NIR pulse duration ∼50 fs (FWHM)

UV pulse duration 250-280 fs (FWHM)
UV Rayleigh length 1.5-3m
UV waist w0 660 µm

PERFORMANCE OF HGHG SEEDING
Since 2015, the sFLASH experiment has been dedicated

to the HGHG seeding scheme. Future experiments will
focus not only on HGHG, but also on the more advanced
scheme of EEHG [24]. In the following, the performance
of HGHG at the sFLASH experiment are presented. The
typical parameters used during the HGHG seeding are re-
ported in Tab 1. The energy spread of the uncompressed
electron beam after the interaction with the seed laser can
be measured for different seed laser pulse intensities and the
maximum experimentally achievable modulation amplitude
was found to be (350±50) keV. Figure 2(a) shows a recorded
TDS measurement of the (uncompressed) electron bunch
longitudinal phase space distribution. From this, the energy
spread profile along the electron bunch is extracted and fitted
with a Gaussian (Fig. 2(b)).

In Fig. 3, consecutive single-shot spectra of the FEL at the
8th harmonic are presented. The resulting central wavelength
is λ8 = 33.47 nm and the spectral width is ∆λ/λ8 = 3.02 ×
10−4 in FWHM. At the 7th (λ7 = 38 nm) the FWHM spectral
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Figure 2: Extraction of modulation amplitude from longitudinal phase-space distribution: (a) Measured longitudinal phase
space distribution of an uncompressed electron beam and radiator off. Energy-modulated region is highlighted with a red
circle. (b) Extracted rms energy spread along the electron bunch from the measurement shown in (a).
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Figure 3: Series of consecutive single-shot FEL spectra
taken in HGHG operation at the 8th harmonic.

width is ∆λ/λ7 ≤ 1.4 × 10−3. In Fig. 4, a Gaussian is fitted
to a single-shot FEL power profile at the 7th harmonic. From
a statistical analysis of a set of profiles at the same harmonic,
the duration of the FEL pulse is found to be σt,FEL = (28.4±
5.6) fs.

Figure 4: FEL power profile at the 7th harmonic extracted
from TDS measurement.

At sFLASH, seeded FEL radiation up to the 11th
harmonic of the 266 nm seed laser has been observed.

Considerations on EEHG seeding
As reported in [16], an EEHG experiment is currently

prepared at sFLASH. After the laser upgrade, two UV-seed
laser pulses are available, and by proper configuration of the
telescopes the laser pulses can be focussed independently,
which enables optimum laser-electron coupling in both mod-
ulators.

Presently, further simulations are on-going in order to find
the experimental parameters that will give the best perfor-
mance for the parameters of the sFLASH experiment.

ACKNOWLEDGMENTS
Without the help from many groups at DESY, the prepa-

ration and commissioning of all components of the seeding
experiment would not have been conceivable. Their support
is gratefully acknowledged. This work is supported by the
Federal Ministry of Education and Research of Germany
within FSP-302 under FKZ 05K13GU4, 05K13PE3, and
05K16PEA and the German Research Foundation within
GrK 1355.

REFERENCES
[1] W. Ackermann et al., “Operation of a free-electron laser from

the extreme ultraviolet to the water window”, Nature Photon.,
vol. 1, pp. 336-342, June 2007.

[2] B. Faatz et al.,“Simultaneous operation of two soft x-ray free-
electron lasers driven by one linear accelerator”, New J. Phys,
vol. 18, p. 062002, Jun. 2016.

[3] A. M. Kondratenko and E. L. Saldin, “Generation of coherent
radiation by a relativistic electron beam in an ondulator”, Part.
Accel., vol. 10, pp. 207-216, Jan. 1980.

[4] R. Bonifacio, C. Pellegrini, and L. M. Narducci, “Collective
instabilities and high-gain regime in a free electron laser”,
Opt. Commun., vol. 50, pp. 373-378, Jul. 1984.

38th International Free Electron Laser Conference FEL2017, Santa Fe, NM, USA JACoW Publishing
ISBN: 978-3-95450-179-3 doi:10.18429/JACoW-FEL2017-MOP042

MOP042
138

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

18
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.

New Lasing & Status of Projects



[5] E. Allaria et al., “Highly coherent and stable pulses from the
FERMI seeded free-electron laser in the extreme ultraviolet”,
Nature Photon., vol. 6, pp. 699-704, Sept. 2012.

[6] S. Khan et al., “sFLASH: An experiment for seeding VUV
radiation at FLASH”, in Proc. 30th Int. Free-Electron Laser
Conf. (FEL’08), Gyeongju, Aug. 2008, paper TUPPH072, pp.
405-408.

[7] M. Ferray et al.., “Multiple-harmonic conversion of 1064 nm
radiation in rare gases”, J. Phys. B: At. Mol. Opt. Phys., vol.
21, no 3, pp. L31-L35, 1988.

[8] S. Ackermann et al., “Generation of coherent 19- and 38-nm
radiation at a free-electron laser directly seeded at 38 nm”,
Phys. Rev. Lett., vol. 111, p. 114801, Sept. 2013.

[9] L.-H. Yu et al., “High-gain harmonic-generation free-electron
laser”, Science, vol. 289, p. 932, Aug. 2000.

[10] G. Stupakov, “Using the beam-echo effect for generation
of short-wavelength radiation” Phys. Rev. Lett., vol. 102, p.
074801, Feb. 2009.

[11] J. Bödewadt et al., “Results and perspectives on the FEL
seeding activities at FLASH”, in Proc. 35th Int. Free-
Electron Laser Conf. (FEL’13), New York, Aug. 2013, paper
WEPSO02, pp. 491-495.

[12] K. Hacker, “A concept for seeding 4-40 nm FEL radiation
at FLASH2”, in Proc. 36th Int. Free-Electron Laser Conf.
(FEL’14), Basel, Aug. 2014, paper MOP097, pp.53-57.

[13] C. Lechner et al., “Concept for a seeded FEL at FLASH2”,
presented at 38th Int. Free-Electron Laser Conf. (FEL’17),
Santa FE, NM, USA, Aug. 2017, paper MOP003, this confer-
ence.

[14] K. Honkavaara et al., “Status of the FLASH FEL user facility
at DESY”, presented at 38th Int. Free-Electron Laser Conf.
(FEL’17), Santa FE, NM, USA, Aug. 2017, paper MOD02,
this conference.

[15] G. Angelova et al., “Installation of the optical replica syn-
thesizer in FLASH”, in Proc. 29th Int. Free-Electron Laser

Conf. (FEL’07), Novosibirsk, Aug. 2007, paper WEPPH039,
p. 438.

[16] J. Bödewadt et al., “Parameter optimization for operation of
sFLASH with echo-enabled harmonic generation”, in Proc.
1st Int. Particle Accelerator Conf. (IPAC’17), Copenhagen,
Denmark May 2017, paper WEPAB015, p. 2592.

[17] T. Plath et al., “Mapping few-femtosecond slices of ultra-
relativistic electron bunches”, Scientific Reports, vol. 7, no
2431, May 2017.

[18] T. Plath et al., “Extraction of the longitudinal profile of the
transverse emittance from single-shot-RF deflector measure-
ments at sFLASH”, presented at 38th Int. Free-Electron Laser
Conf. (FEL’17), Santa FE, NM, USA, Aug. 2017, paper
MOP028, this conference.

[19] J. Bödewadt et al.,“Determination of the slice energy spread
of ultra-relativistic electron beams by scanning seeded co-
herent undulator radiation by coherent harmonic generation”„
presented at 38th Int. Free-Electron Laser Conf. (FEL’17),
Santa FE, NM, USA, Aug. 2017, paper TUP042, this confer-
ence.

[20] F. Curbis et al., “Photon diagnostic for the seeding experi-
ment at FLASH”, in Proc. 31st Int. Free-Electron Laser Conf.
(FEL’09), Liverpool, Aug. 2009, paper THOB05, p. 754.

[21] U. Frühling et al., “Single-shot terahertz-field-driven X-ray
streak camera” Nature Photon., vol. 3, p. 523, Sep. 2009.

[22] W. Helml et al., “Measuring the temporal structure of few-
femtosecond free-electron laser X-ray pulses directly in the
time domain”, Nature Photon., Vol. 8, p. 950, Nov. 2014.

[23] C. Behrens et al.,“Few femtosecond time-resolved measure-
ments of X-ray free-electron lasers”, Nat. Comm., vol.5, p.
3762, Apr. 2014.

[24] E. Hemsing et al., “Echo-enabled harmonics up to the 75th
order from precisely tailored electron beams”,Nature Photon.,
vol. 10, pp. 512–515, Jun. 2016.

38th International Free Electron Laser Conference FEL2017, Santa Fe, NM, USA JACoW Publishing
ISBN: 978-3-95450-179-3 doi:10.18429/JACoW-FEL2017-MOP042

New Lasing & Status of Projects
MOP042

139

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

18
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.


