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Abstract

After a brief introduction to the basic idea of SASE FELs
and its present state of realization, the latest results from
the VUV-FEL at DESY, now called FLASH, are reported.
The paper presents an overview of the facility and
measurements of the internal eectron bunch structure
taken at ~20 fs resolution. Considerable agreement with
numerical beam dynamics ssimulation is found, indicating
that electron beam dynamics in the femtosecond domain,
heavily affected by coherent synchrotron radiation and
Coulomb forces, is well under control, both theoretically
and experimentally. FEL lasing at wavelengths down to
13 nm isreported, with radiation pulses as short as 25 fs.
Both spectra and brilliance are in agreement with
expectations.

INTRODUCTION

Over the past 30 years, the synchrotron radiation has
been developed into a most powerful research tool with
applications in many different fields of science ranging
from physics, chemistry and biology to material sciences,
geophysics and medical diagnostics. Rapid progress was
driven by improvements in the technology of electron
storage rings and undulators thus providing increasingly
brilliant sources of synchrotron radiation. The radiation
generated in these devices is based on spontaneous
radiation of many electrons uncorrelated in space and
time. As a consequence, the radiation power scales
linearly with the number N, of electrons, and the radiation
exhibits only limited coherence in space and time.

In order to increase the power and the coherence of the
radiation one has to force the electrons to emit coherently
by compressing them into a length small compared to the
wavelength of the radiation. Passing such a “point-like”
bunch of reativistic energy €eectrons through an
undulator would cause a dramatic boost of the radiation
power Py ~Ng with N, the number of electrons in the
bunch. Such atight compression on an entire bunch is not
possible for wavelengths in the nanometer regime.
However, if one succeeds to arrange a large number of
“point-like’ bunchlets longitudinally into a periodic array,
with the periodicity given by the wavelength of radiation,
one obtains indeed coherent radiation of these bunchlets
with the additional advantage of compressing al the
radiation into a narrow forward cone. The principle of the
Free-Electron Laser (FEL) [1] is based on thisidea

In an FEL, the density of an eectron bunch is
modulated with the periodicity of the radiation
wavelength Ay, by a resonant process taking place in the
combined presence of the periodic transverse magnetic
field of an undulator and the electromagnetic radiation
generated in this same magnet. The wavelength ki, of the
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first harmonic of the FEL radiation isrelated to the period
length %, of a planar undulator by
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where y=E/(mc?) is the relativistic factor of the electrons,
and K=eB\,/2rmc is the “undulator parameter” with B,
being the peak magnetic field in the undulator. Eq. (1)
exhibits two main advantages of the free-lectron laser:
the free tunability of the wavel ength by changing E or By
and the possibility of achieving very short wavel engths by
using ultra-relativistic electrons.

For most FELs presently in operation [2], the eectron
beam qudity and the undulator length result in a gain in
radiation power of up to a few 100% per undulator
passage, making it necessary to use an optical cavity and
a synchronized multi-bunch electron beam to build up
high brightness upon several round-trips of the radiation
in the cavity.

If one aims at very short wavelengths, where good
mirrors are unavailable, high-gain FEL amplification
[3,4] up to laser saturation is required within a single
passage of the electron beam. This requires extreme
parameters of the electron beam and a long undulator. In
this mode, the radiation power P(z) is expected to grow
exponentially with the distance z along the undulator.

In order to become independent of the availability of a
seed laser providing the input power at the desired
wavel ength, the spontaneous undulator radiation from the
first part of the undulator can be used as an input signa to
the amplification process. Since a decade, FELs based on
this Sef-Amplified-Spontaneous Emission (SASE)
principle [5] are considered the most promising
candidates for extremely brilliant, coherent light sources
with wavelengths down to the Angstrém regime [6-9].

A key quantity relevant for the technicd redlization is
the undulator length required to reach laser power
saturation. It can be expressed by the power e-folding

length L called gain length, given by
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in 1D theory [4]. It is seen, that with increasing beam

energy 7 (i.e. decreasing wavelength k,,) it becomes more

and more difficult to achieve saturation within an

acceptable undulator length. Only to some extent this

tendency can be compensated by a small transverse

electron beam size o, and alarge pesk current | inside

the bunch. In conjunction with further technical
challenges, it was thus the objective of worldwide R&D
during the past decades to demonstrate SASE FEL s at
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Figure 2: Schematic layout of the Free-Electron Laser in Hamburg, FLASH at DESY.
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Figure 1: Progress on wavelengths achieved at

SASE FELs vs year of 1% operation. Red squares:
Successful demongtration, in most cases reaching laser
saturation; Blue dots: Projects under way.

smaler and smaller wavelengths  An
illugtration of this processis shown in Figure 1.
FLASH is based on the TESLA Test Facility (TTF), a
superconducting linear accelerator constructed within the
TESLA collaboration [10]. It was built in basically two
stages. TTF1 FEL reached FEL gain saturation at
wavelengths between 80 and 120 nmin 2001 [11,12]. In a
second phase, the linac was upgraded and the undulator
was extended to 30 m length. This device, designed for
ultimately 1 GeV beam energy and 6 nm wavelength, was
called VUV-FEL. In April, 2006, it was
renamed as FLASH (Free-Electron Laser in Hamburg).
Theingallation has three key missions:
e FEL user operation.
e FEL studies to improve the performance of
FLASH, and to learn about short-wavelength
FELsin generdl.
e Studies on high-gradient superconducting
linac technology (“ TESLA Technology”).

incomplete

FLASH LAYOUT

A schematic layout of FLASH is shown in Figure 2. The
dectron bunches are produced in a laser-driven
photoinjector [13-15] and accelerated to up to 700 MeV.
Bunch charges between 0.5 and 1.5 nC are used.

At intermediate energies of 125 MeV and 380 MeV the
dectron bunches are longitudinally compressed in
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magnetic chicanes [16-18], thereby increasing the peak
current from initially 50-80 A to approximately 1-2 kA as
required for FEL operation. The 30 m long undulator [19]
consists of NdFeB permanent magnets with a fixed gap of

12 mm, a period length of A =27.3mm and a peak
magnetic field B, =0.47 T.

ELECTRON BEAM PARAMETERS

Longitudinal Phase Space

The €electron bunches are generated from a Cs;Te
cathode illuminated by a Gaussian shaped UV laser pulse
with 4 psrms duration, generated in a mode-locked solid-
state laser system (Nd:YLF) synchronized with the rf.
Since the bunch length extends over a non-negligible
fraction of the the rf wavelength of 23 cm, the particlesin
the bunch acquire a position-dependent momentum
variation during the accel eration. See Figure 3.
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Figure 3: Longitudinal momentum distribution in front of
the first bunch compressor. Different dices of the bunch
are colour coded for easier identification of what happens

during stage of compression.

This energy-position correlation is utilized, and
optimized, to reduce the bunch length in two “bunch
compressors’, consisting of two magnetic chicanes.
Figure 4 illustrates the longitudina phase space
distribution 1 m after the exit of the firs bunch
compressor predicted by numericad simulation. It is seen
that the phase space distribution is distorted at the head of
the bunch due to combined interaction of the eectrons
with space charge Coulomb forces and coherent
synchrotron radiation (csr) generated in the bending
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magnets of the chicane. For details on beam dynamics
simulation in presence of csr, see Ref. [18].

This interaction becomes even more pronounced during
find compression. Figure 5 shows the calculated
longitudinal phase space distribution in front of the
undulator. csr effects are very pronounced in the head of
the bunch, which is the only part of the bunch achieving
high enough peak current as to expect FEL gain
saturation.
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Figure 4: Longitudina momentum distribution 1 m after
the first bunch compressor. The head of the bunch is to
theright.

N

Figure 5: Longitudinal momentum distribution on front of

the undulator. The plot on ther.h.s. shows the head of the
bunch zoomed.

Csr effects do not only distort the momentum
distribution but also the transverse phase space. As a
conseguence, not al the particles within the head of the
bunch have an emittance sufficiently small for lasing.
Figure 6 indicates the current distribution resulting from
Figure 5 (colours representing the respective particles in
Figure 5). The black curve indicates that fraction of the
particles located within an emittance smaller than the

tolerable one (& <3:10°zm). This part of the bunch

achieves a peak current of 1400 A and is only approx.
60 fs (FWHM) long. According to FEL smulation [17],
such a beam would generate a radiation pulse approx.
30fs (FWHM) in length, which agrees nicely with the
pulse length measured at FLASH (see below).

Various techniques have been established at DESY to
determine the longitudinal bunch current profile
experimentally [20-22]. One of the most powerful ones
makes use of a transverse deflecting mode cavity
resonator (“LOLA")[23,24]. LOLA's capability of
resolving very detailed longitudinal features of the bunch
isillustrated in Figure 7.
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Figure 6: Predicted current distribution in front of the
undulator according to beam dynamics cal culations.
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Figure 7: Longitudinal charge distribution within a single
electron bunch of FLASH at DESY. Upper part: Image of
the bunch on an observation screen, located downstream
of the transverse mode cavity LOLA streaking the bunch
transversely by a time dependent electro-magnetic field.
The horizontal direction corresponds to the time. Only the
part containing the spike at the head of the bunch is
shown. The (green) solid curve shows the charge density
profile projected onto the longitudinal position, i.e. the
current profile. In this particular setting of bunch
compression parameters, the spike is actualy split into
two parts approx. 300 fs apart, each part being shorter
than 120 fs/(FWHM). The lower part of the figure shows
the prediction of numerical beam dynamics simulation.

According to theory, csr plays an important role in
beam dynamics, but one would like to disentangle also
experimentally to what extent the momentum distribution
is distorted by csr, and to what extent by Coulomb forces.
This is illustrated in Figure 8, showing the momentum
digtribution indde the bunch measured with LOLA
(followed by a dispersive section) [21]. With only little
bunch compression, there is no distortion of the
momentum distribution. However, if the bunch is over-
compressed such that the bunch is small only inside the
chicane, but long outside, there is a considerable
momentum shift of the bunch centroid, again in
agreement with simulations. As the bunch is long outside
the chicane, this effect can indeed only be attributed to
cy.
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Figure 8: Measured momentum distribution without (top)
and with (bottom) strong csr forces being present.

Synchronizsation on the fslevel

The radiation pulses length being in the 30 fsrange, it is
important for users to have the pulses arriving at a time
jitter well below 100 fs with respect to a reference clock
that can be used for a pump-probe set-up. Techniques are
under development with this goal [25-27], involving
dectro-optical detection of bunch arrival time, a
stabilized optical fibre transmission line and an optical-
only master clock system. Presently, a bunch-to-bunch
time arrival gahility of 200 fs rms has been verified.

PHOTON BEAM PARAMETERS

Lasing at 32 nm is illustrated by the spectrum shown in
Figure 9. The observed energy of individual pulsesis up
to 130 wJ, with a length of (25+5)fs. Thus the peak
power exceeds 4 GW. Also, considerable radiation power
is observed at the 2™ and 3" harmonics, indicating that
the FEL isoperating in the saturation regime.

Figure 9. Top: Three different single-shot wavelength
spectra of FEL radiation pulses at 32 nm wavelength
measured a FLASH. A pulse length of ~25 fs can be
inferred from the width of individua spikes in the
spectrum [28]. Bottom: Predicted spectrum for three
different electron datistics seeds [17]. Note that the
number of spikes in the spectrum is in average equa to
the number of spikes (coherent wave packets) in the time
domain.
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Figure 10. Second and third harmonics spectra averaged
over 4000 radiation pulses.

Intensity [Counts/Pixel]
Intensity [Counts/Pixel]
~
8

ffset 48,1784, Amplitade: 222.3550, Cenbe: 84002 Widh (i) 0044143

A =
%0 IR

Inersity [CountPine ]
3

R
A NN
=z —

258 258 2 2 FRE 4 e
Wasslangth [nr] Wars angih [nr]

3rd harmonic at 8.5 nm
(2500 shots)

Figure 11. Single shot spectrum at 25 nm wavelength (1%
harmonics) (left), and corresponding 3 harmonics
spectrum (right).

Single shot spectrum

Correspondingly, Figure 11 shows a single shot
spectrum a 25 nm, together with its 3 harmonics
spectrum, averaged over 2500 shots.

A large degree of >80% transverse coherence can be
concluded from double-dlit diffraction measurements,
illugtrated in Figure 12 for adlit distance of 0.15 mm.

0.15 mm slit distance

Figure 12. Double-dit diffraction pattern taken at 25 nm
wave ength.

Most recently, at 690 MeV eectron energy, FLASH
succeeded in lasing at 13 nm (1% harmonics, see Figure
13), with pulse energies exceeding 30 uJ. From the
numbers quoted, the peak brilliance achieved at FLASH
is estimated at

5.10” photong/(s- mrad” - mm*- 0.1%BW) , with an
estimated uncertainty of a factor of two. As indicated in
Figure 14, this brilliance exceeds the state-of-the-art of
synchrotron radiation sources by some eight orders of
magnitude, and is in reasonable agreement with the
expected performance.

The FEL radiation as described above is routinely
delivered to scientific users. So far, 16 teams of users
have been supplied with FEL beam a various
wavelengths.

CONCLUSION

FEL lasing at wavelengths down to 13 nm in the first
harmonics has been demonstrated at FLASH, and is being
delivered routindy to users. Pulses are as short as 25 fs,
and the peak brilliance exceeds al existing sources at this
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wavelength by orders of magnitude. Electron beam
dynamics is well under control on the fs level. This
achievement, both in tems of FEL physics and
acceerator technology, provides a solid basis for future
FEL projects, in paticular for the planned European
XFEL laboratory which is based on the same technol ogy.
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Figure 13. Averaged spectrum of 1000 pulses at FLASH
tuned for 1% harmonics at 13 nm wavelength.
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Figure 14. Peak brilliance demonstrated at FLASH (dots),
compared with expected values (solid line), with val ues of
some FELs under construction (LCLS) or proposed
(European XFEL), and with values of state-of-the-art
synchrotron radiation sources.
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