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Fig. 1 Principles of an X-ray source with an Energy Recovery Linac
operated with superconducting radio frequency.
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Abstract Free-electron lasers will allow direct investigations of matter with atomic resolution in space and time,
and will open windows into unknown territories in science and technology. They nicely complement research at syn-
chrotron radiation storage rings as well as research at so called table-top lasers. Several FELs for hard X-rays are under
construction, one at SLAC in California, one at SPring-8 in Japan, followed by the European XFEL Facility in Ham-
burg. FLASH in Hamburg is the ˆrst FEL user facility in the spectral range of the EUV and in operation since summer
2005. It is a prototype for hard X-ray facilities both with respect to accelerators and to teaching the potential users to
make the best out of it. The success of FLASH raised the international attention and interest in this new class of
research tools.

1. Introduction

For more than 110 years X-rays play a key role in
medicine and materials science, as well as in fun-
damental research. Enormous progress has been made
since the ˆrst use of synchrotron radiation in the
nineteen-sixties mainly due to the improvements of
electron storage ring facilities leading to a gain of 3
orders of magnitude in brilliance every 10 years.
Beamline technology and X-ray optics followed this
development. The electron storage-ring technology is
currently getting close to its theoretical performance
limit and in order to further promote the ˆeld never-
theless, most modern synchrotron radiation facilities
concentrate on improving undulators, optics, sample
environment and on developing soft ware tools, data
handling procedures and detectors. The development
of the latter still seems to be slow. Over the years com-
petent user communities were built up all over the
world doing outstanding science very e‹ciently. With
improved X-ray sources new ˆelds of application
showed up and today many laboratories aim for build-
ing up outstations on their campus which are focused
on thematic research and thereby improving strongly
the research opportunities of the widespread general
user communities.

Today, in most cases we study equilibrium states of
matter and time resolved X-ray scattering is just in its
infancy, although we all agree about the importance of
observing physical or biological systems ``at work'',
getting from static pictures to movies. This is partly
due to the fact that the individual X-ray ‰ashes from

storage rings are too weak and with 50 to 100 picose-
conds duration they are too long compared to nature's
time scale, which reaches to femtoseconds, and even
attoseconds when it comes to electron dynamics.
Storage rings cannot produce the type of radiation
needed and therefore people look for new types of X-
ray sources. Tremendous progress is observed with
high power optical lasers but things get very di‹cult
when one aims for intense subpicosecond pulses of
hard X-rays which are needed to get the spatial resolu-
tion on the atomic scale. The development of powerful
low emittance electron guns in the nineteen-nineties o-
pened the possibility to realize accelerator driven X-
ray sources which use linear accelerators and strongly
exceed the performance limits of the storage ring tech-
nology.

Conceptually the next step beyond the storage ring is
the so called energy recovery linac (ERL) originally
proposed by M. Tigner in 1965 in the context of linear
colliders (Fig. 1). Short, low emittance electron bunches

(C) 2007 The Japanese Society for Synchrotron Radiation Research



220

Fig. 2 Main components of a SASE free-electron laser where the
originally homogeneously distributed electron charge in a
bunch is transformed in a modulated structure with a period
equal to the wavelength of the undulator X-rays.

Fig. 3 Schematic Layout of the underground tunnel system of the
European XFEL Facility in Hamburg.

Fig. 4 Insertion devices at the European XFEL Facility and
wavelength range of FEL radiation produced when operat-
ing the LINAC with 17.5 GeV or 10 GeV, respectively.
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are accelerated in a linear accelerator with supercon-
ducting RF up to 6 GeV as an example, circulated
through a ring with a larger number of undulators, en-
ter the linac a second time where they get decelerated
to energies ideally below 10 MeV and guided into a
beam dump. Such a facility avoids the equilibration in
a storage ring, preserves transverse emittance and
short pulse duration and recovers most of the energy in
the electron beam due to the deceleration before enter-
ing the dump. In comparison to modern storage ring
facilities ERLs provide higher spectral brilliance and
‰ux, shorter X-ray pulses and smaller X-ray source
size for nanometer size beams. The ERL principle has
been demonstrated at the JeŠerson Laboratory in the
US where a free-electron laser for the spectral range of
the IR is operated in an energy recovery scheme for
many years. There are still a number of crucial techni-
cal issues to be understood and vigorous R&D pro-
grams for hard X-ray ERLs are pursued at Cornell
University, USA, and also at KEK in Japan.

While ERLs may be considered as a natural next
step beyond storage rings, one expects a revolution in
X-ray science from single pass free-electron lasers
providing radiation from soft to hard X-rays. We ex-
pect gains up to 10 orders of magnitude in peak and
about 4 orders of magnitude in average brilliance. The
beam is transversely coherent and the pulse duration is
between 10 and 100 femtoseconds. Today we get at
¿13 nm in a ‰ash of 10 femtoseconds duration as
many photons as we obtain in the best storage ring
facilities per second. The ˆrst X-ray FELs for hard X-
rays will work according to the principle of Self Am-
pliˆed Spontaneous Emission (SASE) (Fig. 2). Electron
bunches of high charge and low emittance are pro-
duced in a gun, e.g. via photo emission, accelerated to
the several GeV level and guided through a long undu-
lator. Because of the lateral velocity component of the
electrons the photon ˆeld produced by the electron
bunches in the previous part of the undulator can cou-
ple to the charge in the electron bunch and produce a
modulation of the charge distribution with a period

equal to the wavelength of the undulator radiation.
This periodic distribution of free electrons is then
brought to emit laser like X-rays via stimulated emis-
sion triggered by the already existing photon ˆeld. In
order to drive this process into saturation the undula-
tor may become very long, e.g. longer than 100 m.

2. The European XFEL Facility in Hamburg

The facility starts with the electron injector on the
DESY site which allows the usage of very substantial
existing infrastructure. The linear accelerator uses
superconducting RF technology as developed by the
international TESLA collaboration since the begin-
ning of the nineteen-nineties. The repetition rate of
¿1 msec long bunch trains, which contain up to 3000
electron bunches of ¿100 fsec duration, is 10 Hz. The
electron bunches are accelerated to an energy of 17.5
GeV and then distributed on 5 radiators, 3 of them are
FELs, the other 2 produce spontaneous radiation with
energies reaching several hundreds of keV. All tunnels
as well as the injector building and the experimental
hall are underground (Fig. 3).

When operated at an electron energy of 17.5 GeV
the spectral range of the FEL radiation ranges from
0.1 to 1.6 nm, when operated at 10 GeV the range ex-
tends to 4.9 nm for the tunable helical undulator (Fig.
4). In addition two spontaneous undulators U1 and U2
provide short pulse X-rays in a wavelength spectrum
ranging to way below 0.01 nm. 10 instrumental sta-
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Fig. 5 Schematic layout of the accelerator part of FLASH.

Fig. 6 Performance of the FLASH facility at DESY.
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tions are included in the baseline design of the facility
which is described in the Technical Design Report pub-
lished in summer 2006 and available under http://
xfel.desy.de/tdr/index_eng.html. The total cost of the
facility at year 2005 prices is 1082 M including prepa-
ration and commissioning. The construction costs
amount to 986.4 M . Recently it has been decided to
realize the facility in two steps, the construction costs
of phase 1 with only 3 insertion devices, but still cover-
ing the whole wavelength range, amount to 850 M .
Before embarking on such a big enterprise the SASE
principle had to be veriˆed and the many novel compo-
nents of the accelerator including undulators needed to
be tested. Therefore the TESLA Test Facility (TTF)
was built at DESY out of which FLASH grew, the
Free-Electron Laser in Hamburg serving the spectral
range from about 80 to 6 nm in the fundamental.

3. FLASH, the EUV free-electron laser
at DESY

The facility consists of a laser driven photocathode
electron gun followed by a combination of accelerator
modules, bunch compressors and a collimator protect-
ing the 6 undulators, each 4.5 m long, against dark

currents (Fig. 5). An electron bypass bridging the undu-
lators facilitates accelerator studies. The undulators
are ˆxed gap devices in standard technology but with
much more demanding speciˆcations on the magnetic
ˆeld and the overall stability. The shortest wavelength
reached so far with the FEL in saturation is 13.4 nm,
and we obtain about 1012 photons in ‰ashes of 10 fsec
duration. FLASH is currently the most powerful laser
in the spectral range of the EUV. Right now the ac-
celerator is extended to reach the nominal electron
energy of 1 GeV, and for the fall this year it is hoped to
achieve lasing at 6.5 nm in the fundamental. All along
the trajectory diŠerent types of electron beam diagnos-
tics are installed including tools to measure the lon-
gitudinal distribution of charge in the electron bun-
ches. The performance of FLASH fully agrees in all
aspects with theoretical calculations which are also the
basis for the design of the European XFEL Facility
(W. Ackermann et al., NATURE Photonics 1, 336
(2007)) (Fig. 6). The output beam also contains a sig-
niˆcant contribution from odd harmonics of approxi-
mately 0.6z and 0.03z for the 3rd (4.6 nm) and the 5th

(2.75 nm) harmonics, respectively, when comparing
with the fundamental. At 2.75 nanometers the 5th har-
monic of the radiation enables FLASH to reach deep
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Fig. 7 Layout of the FLASH experimental hall.

Fig. 8 Single-shot spectra in the region of the Xe 5p-1 line and the
high-energy sidebands taken at the nominal temporal over-
lap Dt＝0 and due to jitter also at Dt»0. The spectra are
normalized to total FEL＋IR intensity.
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into the water window–a wavelength range that is cru-
cially important for the investigation of biological
samples.

In the FLASH experimental hall the FEL beam is
distributed to 4 experimental stations which are used
one at the time (Fig. 7). In general the beamtime is
shared in 12 hours shifts between two experiments per-
formed at diŠerent stations. Three beamlines get the
direct beam without downstream monochromator and
focused to diŠerent spot sizes, the smallest focus
reached so far was ¿2 mm in diameter. The 4th beam-
line has a monochromator which will also serve a 5th

station where a Raman spectrometer is currently under
construction. Photon diagnostics allow in a shot by
shot mode the measurement of the beam intensity, the
spectral distribution and the degree of coherence. An
optical laser for pump & probe experiments is housed
in a special hutch in the experimental hall together
with a streak camera for determination of the jitter be-
tween FLASH pulses and the optical laser. The dipole
radiation produced in the magnet tilting the electron
beam into the dump is transported into the laser hutch
and serves as reference signal.

Recently DESY published a brochure on FLASH
describing the novel technologies and the free-electron
laser principle on a level which should be useful to
graduate students if they want to understand things be-
yond pure excitement, but also to scientists who may
become interested in using this new tool for their own
research. It is available on the internet:
http:WWhasylab.desy.deWsitesWsite_hasylabWcontentW
e76We6757We6799Wcolumn-objekt17597WlboxW
infoboxContent17599WFLASH-BroschrefrsWeb_
2007-05-22_eng.pdf

4. Examples of science at FLASH

FLASH is not only a test bed for free-electron laser
technology but also oŠers the users the opportunity to
get familiar with the enormous scientiˆc potential of

these facilities and to learn how to perform experi-
ments, which is fundamentally diŠerent from what is
done at synchrotron radiation sources today. FLASH
oŠers about 3000 hours dedicated user time per year,
the facility is currently overbooked by a factor of 3.

Single-shot characterisation of independent femtose-
cond extreme ultraviolett free-electron and infrared
laser pulses P. RadcliŠe et al., Appl. Phys. Lett. 90
(2007) 131108

Many physical, chemical and biochemical processes
happen so fast that it is only possible to uncover the in-
termediate steps using femtosecond light sources.
Pump and probe experiments using X-ray FELs may
uncover the dynamics of ultra fast processes at the
atomic level. The key to success is the ability to syn-
chronize the subpicosecond pump and probe pulses.

Two-color above threshold ionization of helium and
xenon has been used to analyze the synchronization
between individual pulses of the femtosecond extreme
ultraviolet XUV free-electron laser FLASH and an in-
dependent intense 120 femtosecond mode-locked
Ti:sapphire laser. Characteristic sidebands appear in
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Fig. 9 Fluence dependent photoemission of helium with FEL radia-
tion at h＝38.5±0.2 eV photon energy. (a) Photoelectron
spectrum collected at photon pulse energies between
0.65–1.63 JWpulse in a 200 mm2 focal spot. Inset: additional
spectral features between 24–26 eV kinetic energy, not ac-
counted for in single-photoemission. (b) Fluence dependence
of the He 1s photoemission upper green circles and spectral
features induced by resonant two-photon absorption lower
red circles. Fig. 10 Fluorescence spectra as a function of arrival time relative to

the FEL pulse and versus photon energy.
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the photoelectron spectra when the two pulses overlap
spatially and temporally (Fig. 8). Up to four sidebands
have been observed for the excitation of Xe at 13.8
nm. The cross-correlation curve points to a 250 fem-
tosecond rms jitter between the two sources at the ex-
periment. Numerical simulations combined with sin-
gle-shot sideband intensity data yield a precision of
better than 50 femtoseconds in the time window where
both pulses are temporally overlapped.

Resonant two-photon absorption of extreme ultravio-
let FEL radiation in Helium M. Nagasono et al., Phys.
Rev. A 75, 051406(R) (2007)

Understanding the interaction of the high intensity,
short pulse radiation from free-electron lasers with
matter is of crucial importance for whatever will be
done with these new X-ray sources. In a photoemission
experiment the nonlinear response of Helium to in-
tense extreme ultraviolet radiation from FLASH was
investigated (Fig. 9). Above the 1s line at electron kinet-
ic energies around 13.5 eV one observes a spectral fea-
ture between 24 and 26 eV which shows a quadratic
‰uence dependence. The feature is explained as a result
of subsequent processes involving a resonant two-pho-
ton absorption process into doubly excited levels of
even-parity (N＝5 and 6), radiative decay to the dou-
bly excited states in the vicinity of the He＋ (N＝2)
ionization threshold and ˆnally the photoionization of
the inner electron by the radiation of the next micro-
bunches. This observation suggests that even parity
states, which have not been measured using synchro-
tron radiation due to low pulse energy, can be investi-
gated with intense radiation of FLASH. This also
demonstrates a ˆrst step to bring nonlinear spec-
troscopy into the XUV and soft-X-ray regime.

Soft X-ray laser spectroscopy on trapped highly
charged ions at FLASH S. W. Epp et al., Phys. Rev.
Lett. 98, 183001 (2007)

Highly charged ions are abundant in the universe,
but virtual no experimental data exists on their interac-
tions with energetic photons. FLASH and future FELs
may determine the electronic structure of highly
charged ions with unprecedented precision providing
critical input to stellar models and enabling high ac-
curacy tests of the theory of quantum electrodynam-
ics, QED.

Fe23＋ ions with a density of 1010 ionsWcm
3 were pro-

duced in a new electron beam ion trap (EBIT) installed
at FLASH. Fe23＋ has only three electrons left and
resembles lithium apart from the much stronger elec-
tromagnetic ˆeld experienced by the electrons. As a
ˆrst objective the transition between the 1s22s 2S1W2

ground state and the exited 1s22p 2P1W2 state occurring
in all three-electron ions from lithium to U89＋ were in-
vestigated. The experiment was performed in a single
photon resonant excitation scheme by tuning
monochromatic FEL pulses through the resonance of
this transition in Fe23＋ at an energy of 48.6 eV corre-
sponding to a wavelength of 25.5 nm. The ‰uorescence
photon yield emitted upon relaxation of the excited
state was registered as a function of the laser
wavelength (Fig. 10).

According to QED theory various processes contrib-
ute to the total transition energy: Inter-electronic inter-
actions, single electron one loop terms comprising self
energy and vacuum polarization and the corre-
sponding screening terms. The relative accuracy
achieved in the Fe23＋ experiment is already higher than
the theoretical uncertainties, and the present ex-
perimental accuracy at FLASH allowed veriˆcation of
the leading two-photon QED terms. Any further in-
crease in the experimental precision will provide a sys-
tematic sensitivity improvement that may enable veriˆ-
cation of the other processes contributing to the total
transition energy.
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Fig. 11 Single shot diŠraction pattern taken with 32 nm FEL radiation from FLASH and reconstruction.
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Femtosecond diŠractive imaging with a soft-X-ray
free-electron laser H. N. Chapman et al., NATURE
Physics 2, 839 (2006)

Theory predicts that, with an ultrashort and ex-
tremely bright coherent X-ray pulse, a single diŠrac-
tion pattern may be recorded from a large macro-
molecule, a virus or a cell before the sample explodes
and turns into a plasma. The ˆrst experimental
demonstration of this principle using the FLASH soft-
X-ray free-electron laser has been achieved by an inter-
national collaboration lead by H. N. Chapman and J.
Hajdu. An intense 25 femtosecond, 4×1013 Wcm－2

pulse, containing 1012 photons at 32 nm wavelength,
produced a coherent diŠraction pattern from a nanos-
tructured non-periodic object, before destroying it at
60,000 K. A novel X-ray camera assured single-photon
detection sensitivity by ˆltering out parasitic scattering
and plasma radiation. The reconstructed image, ob-
tained directly from the coherent pattern by phase
retrieval through oversampling, shows no measurable
damage, and is reconstructed at the diŠraction-limited
resolution (Fig. 11). A three-dimensional data set may
be assembled from such images when copies of a
reproducible sample are exposed to the beam one by
one.

The experiment is considered a very important step
on the way to single molecule imaging which is one of
the most exciting possible applications of X-ray free-
electron lasers. More recently a single shot ¿10 fem-
tosecond diŠraction pattern of a living picoplankton
organism could be recorded at a wavelength of 13.5
nm. The cell was injected into vacuum from solution,
and shot through the beam at 200 mWs. DiŠraction
patterns are obtained only when the target particle and
the photon ‰ash overlap in space and time and there-
fore the criterion for success is the luminosity achieved
in the experiment. Production of single particles and
to focus and transport them to the interaction point is
di‹cult so that the target density will be extremely low
in most cases. To compensate for this one needs not
only the extreme peak brilliance characteristic for all
FELs but also a very high average brilliance, which can
only be obtained using a linear accelerator in

superconducting RF technology. This is one of the
unique selling points of the XFELs as developed at
DESY.

5. Concluding remarks

X-ray free-electron lasers will allow for the ˆrst time
to study matter with atomic resolution in space and
time which opens revolutionary new opportunities to
investigate the dynamics of physical and biological sys-
tems. Instead of taking pictures we shall record mo-
vies, we want to see molecular machines at work. FELs
do not work in an equilibrium mode as storage ring
facilities do and each photon ‰ash has to be character-
ized with respect to intensity, position, spectral distri-
bution and degree of coherence. Therefore the de-
velopment of shot by shot photon diagnostics is of key
importance for successful research with FELs. In
many cases samples will be diŠerent from what we
know from synchrotron radiation research and a lot of
eŠort has to be put in sample preparation, alignment
and the development of special sample environments.
For each shot all beam and sample parameters have to
be stored in the computer together with the large
amount of data from area detectors. The data rate will
be enormous taking into account that e.g. at the Euro-
pean XFEL Facility 30,000 ‰ashes per second are ex-
pected, each of them may produce a fully interpretable
diŠraction pattern. Because of the complexity of the
experiment and the diŠerent expertise's needed, larger
collaboration will be formed around the diŠerent types
of experiments. The interpretation of the data will
probably be done in a similar way as known from par-
ticle physics. The hypothesis for the interpretation of
an experiment will be checked by doing cuts through a
large multi parameter data set, most of that will be
done in the home laboratory. Making use of modern
data handling techniques like GRID the data will be
accessible to all members of the collaboration and ex-
change of results among them will be easy.



225225

解説 ■ Free-Electron Laser Projects at DESY-Examples of Science at FLASH

放射光 July 2007 Vol.20 No.4 ●

● 著 者 紹 介 ●

Jochen R. Schneider
Director of Research in charge of Pho-
ton Science, DESY
E-mail: jochen.schneider＠desy.de
Main scientiˆc activities: Condensed
Matter Physics and Crystallography, In-
strumentation for Synchrotron Radia-
tion Experiments

［略歴］

1961–1964: Studies of Electrical Engineering at the State En-
gineering School of Wuppertal.
1965–1973: Studies of Physics in Hamburg and Grenoble, Fran-
ce.Diploma- and Doctoral Thesis at the Institute Laue-Langevin,
Grenoble.
1973–1976: Postdoctoral Fellow at the Institute Laue-Langevin,
Grenoble.
1976–1989: StaŠ Scientist at Hahn-Meitner Institut, Ber-
lin,Teaching position for Experimental Physics and Crystal-
lography at the Technical University Berlin.
1989–1993: Deputy Director of Hamburger Synchrotronstrahlun-
gslabors HASYLAB at Deutsches Elektronen-Synchrotron
DESY.
since 1990: Leading Senior Scientist (C4 level) at Deutsches Elek-
tronen-Synchrotron DESY. Teaching position for Experimental
Physics at the University of Hamburg.
since 1993: Director of Hamburger Synchrotronstrahlungslabor
HASYLAB at DeutschesElektronen-Synchrotron DESY.
since Jan. 2000: Director of Research in charge of Photon
Science, DESY
Publications in refereed journals: more than 200
Scientiˆc Award: European Crystallography Prize 2001
Member in national and international Advisory and Supervising
Boards


