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First operation of a free-electron laser generating GW power
radiation at 32 nm wavelength
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Abstract. Many scientific disciplines ranging from physics, chemistry and biology to material sciences,
geophysics and medical diagnostics need a powerful X-ray source with pulse lengths in the femtosecond
range [1-4]. This would allow, for example, time-resolved observation of chemical reactions with atomic
resolution. Such radiation of extreme intensity, and tunable over a wide range of wavelengths, can be
accomplished using high-gain free-electron lasers (FEL) [5-10]. Here we present results of the first successful
operation of an FEL at a wavelength of 32 nm, with ultra-short pulses (25 fs FWHM), a peak power at the
Gigawatt level, and a high degree of transverse and longitudinal coherence. The experimental data are in
full agreement with theory. This is the shortest wavelength achieved with an FEL to date and an important
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milestone towards a user facility designed for wavelengths down to 6 nm. With a peak brilliance exceeding
the state-of-the-art of synchrotron radiation sources [4] by seven orders of magnitude, this device opens a
new field of experiments, and it paves the way towards sources with even shorter wavelengths, such as the
Linac Coherent Light Source [3] at Stanford, USA, and the European X-ray Free Electron Laser Facility [4]

in Hamburg, Germany.

PACS. 41.60.Cr Free-electron lasers — 29.17.+w Electrostatic, collective, and linear accelerators — 29.27.-a
Beams in particle accelerators — 41.75.Lx Other advanced accelerator concepts

1 Introduction

The main components of a free-electron laser are an ac-
celerator generating a bright, high-energy electron beam
and a so-called undulator magnet. In the undulator, the
electrons are forced on an oscillatory path by a periodic se-
quence of alternating transverse magnetic fields, and they
emit radiation into a narrow bandwidth around a reso-
nance wavelength A, given by

Au K?
)‘ph=2—72 (14‘7),

with v =

- (1)
MeC 2Tmec
Here, F is the electron energy, m. the electron rest mass, e
the elementary charge, ¢ the speed of light in vacuum, A,
the undulator period, and B, is the peak magnetic field
in the undulator.

While undulator radiation is widely used in syn-
chrotron radiation sources to generate high-brilliance
(photon flux per frequency bandwidth per unit phase
space volume) ultraviolet and X-ray beams, a boost in
intensity by many orders of magnitude is achieved in an
FEL due to the interaction of the electrons with the radi-
ation field generated in the undulator. If the charge den-
sity of the electron beam is sufficiently high and the un-
dulator long enough, this interaction induces a periodic
charge density modulation in the electron bunches with
the period given by the resonance wavelength A,;. Once
this so-called “microbunching” has been induced, many of
the electrons start to radiate coherently at the resonant
wavelength, thus increasing the radiation intensity and, in
turn, the density modulation depth. This mechanism leads
to an exponential growth of the radiation intensity along
the undulator. The high-gain FEL [5-10] described here
achieves laser amplification and saturation within a single
pass of the electron bunch through the undulator and does
not require a set of mirrors as is the case in conventional
lasers and in the low-gain FEL. Thus, the high-gain FEL
is suited for wavelengths far below the visible where suit-
able mirrors are not available. The lasing process can be
initiated by the spontaneous undulator radiation, and the
FEL works then in the so-called Self-Amplified Sponta-
neous Emission (SASE) mode [5-10] without needing an
external input signal.

Compared to storage-ring based synchrotron radiation
sources [4], SASE FELs are capable of providing typically
eight orders of magnitude higher peak brilliance with pulse
lengths of about 100 fs FWHM and almost full transverse

coherence. Two main advantages of the SASE FEL are
revealed by equation (1): the tunability of the wavelength
by varying the electron energy or the magnetic field and
the possibility to achieve very short photon wavelengths at
high electron energies. The shortest wavelength achieved
with this principle up to now was 80 nm [11,12], which was
promptly used for successful user-experiments [13,14].

2 The VUV-FEL at DESY
2.1 Overview

The experiments presented here have been performed
at the Vacuum-Ultra-Violet Free-Electron Laser (VUV-
FEL) at DESY, Hamburg [15]. A schematic layout is
shown in Figure 1. The electron bunches are produced
in a laser-driven photoinjector [16-18] and accelerated to
445 MeV by a superconducting linear accelerator [19].
Bunch charges between 0.5 and 1 nC are used. At inter-
mediate energies of 125 and 380 MeV the electron bunches
are longitudinally compressed [20,21], thereby increasing
the peak current from initially 50—80 A to approximately
1—2 kA as required for the FEL operation. The 30 m long
undulator [22] consists of NdFeB permanent magnets with
a fixed gap of 12 mm, a period length of A\, = 27.3 mm
and peak magnetic field B, = 0.47 T. Finally, a dipole
magnet deflects the electron beam into a dump, while the
FEL radiation propagates to the experimental hall.

2.2 Formation of electron beam

The FEL process demands a bunched electron beam of
extremely high quality which can be produced by linear
but not circular accelerators: specifically, high peak cur-
rent, small emittance, small momentum spread and short
bunch length. The injector consists of a laser-driven photo-
cathode in a 11/5 -cell radio-frequency (rf) cavity operating
at 1.3 GHz with a peak accelerating field of 40 MV /m on
the cathode [16,17]. The CsyTe cathode is illuminated by
a Gaussian shaped UV laser pulse with 4 psrms duration,
generated in a mode-locked solid-state laser system syn-
chronized with the rf. Since the bunch length extends over
a non-negligible fraction of the rf wavelength of 23 cm, the
particles in the bunch acquire a position-dependent mo-
mentum variation during the acceleration. This energy-
position correlation is utilized to reduce the bunch length
in two “bunch compressors”, consisting of two magnetic
chicanes. Here, the electrons with a larger momentum
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Fig. 1. Schematic layout of the VUV-FEL at DESY, Hamburg.

e A M e D M‘,M“ 2
450 *%Q!ig
0.0 0.2 0.4 0.6
t [ps]
2000 -
1500
g
- 1000
500
n T T T
0.0 0.2 0.4 0.6
t [ps]

[mm-mrad]

EBE
w?

0.4 g

O, [MeV]

0.2 4

0.0 0.2 0.4 0.6
t [ps]

Fig. 2. Longitudinal structure of a 1 nC electron bunch at the entrance of the undulator according to numerical beam dynamics
simulation [21]. Top left: local particle energy E. In the tail of the bunch, the energy distribution is broken in two branches.
Bottom left: current I. Top right: normalized, transverse (“slice”) emittances e, (solid line) and e, (broken line). Bottom right:
rms energy spread og. All parameters are plotted as a function of the internal time variable ¢. The bunch head is to the right

hand side.

travel a shorter distance than those with smaller momen-
tum thus enabling the bunch tail to catch up with the head
if the appropriate longitudinal momentum profile has been
imparted to the bunch. The expected longitudinal electron
distribution within the bunch consists of a 50 fs long lead-
ing spike containing some 10% of the total charge with a
peak current exceeding 1 kA, and a long tail with current
too small from which to expect significant FEL gain. Since
the particle distribution inside the bunch is longitudinally
inhomogeneous, it is to be expected that each longitudi-
nal slice of electrons inside the bunch acquires different
values of the “slice” emittance and “slice” energy spread.
Figure 2 illustrates the computed longitudinal structure
of the bunches at the entrance of the undulator. The local
particle energy E as well as the current I, the transverse
(“slice”) emittances €, , and €5, 5 (normalized, see below),
and the energy spread op are plotted as a function of the
internal time variable .

The evolution of the electron beam in the accelerator
depends on the accelerating electric fields and the mag-
netic guide fields, both acting on each electron indepen-
dently, and on collective forces such as space charge fields,
transient wake fields generated by mirror charges in the
metallic vacuum chamber and coherent synchrotron radi-
ation. The essential goal of the FEL accelerator system is
to produce a beam of high peak current, small transverse
emittance resulting in small beam size and small beam
divergence, small momentum spread, and short bunch
length. Rapid acceleration of the electrons to relativistic
energies is essential to minimize the emittance increase
by repulsive space charge forces inside the bunch. The
emittance ¢ is, broadly speaking, the product of beam
size and beam divergence. The “normalized emittance”
en = yPe (with 8 = v/e¢, v being the speed of electrons,
and v = (1 — $%)71/2), is a conserved quantity in a lin-
ear accelerator, if perturbing effects are avoided. Also, any
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energy chirp along the bunch should be small in order to
prevent degradation of the FEL gain and an increase of
the width of the photon spectrum. The parameter set-
tings meeting the FEL requirements [21,23] were found
with a number of numerical beam dynamics simulation
tools [24,25]. For the bunch slice with maximum current
(2 kA according to simulation of a 1 nC total charge) the
normalized emittance is predicted to be £,, = 47 mm-mrad
and the energy spread 300 keV, see Figure 2.

2.3 Superconducting accelerator

The electron injector section is followed by a total of five
12.2 m long accelerating modules each containing eight
9-cell superconducting niobium cavities, which provide the
beam energy of 440 MeV required for 32 nm radiation
wavelength according to equation (1). In the first three
modules the electrons are accelerated on the slope of the
rf wave to induce the position-dependent energy distribu-
tion within the bunch that is used for the longitudinal
bunch compression. One “bunch compressor” is installed
after the first accelerator module and a second one af-
ter the third accelerator module. In this way, emittance
degradation due to coherent synchrotron radiation occur-
ring in the bunch compressor dipole magnets can be min-
imized. The accelerator is actually capable of achieving
much higher beam energy such that, in a next step of the
project, wavelengths around 10 nm are planned.

2.4 Electron beam diagnostics

The transverse electron beam size can be imaged using
cameras observing the optical transition radiation gener-
ated when the electrons pass a thin, aluminium coated sil-
icon wafer. From the data obtained at three locations with
well-known beam-optical elements in between, the trans-
verse beam emittance can be determined. We use four
screens to improve the precision of the result and the qual-
ity of error analysis. The optical measurements are com-
plemented by wire scanners. At 125 MeV, the measured
emittance for 1 nC bunch charge is €, = (2.0 £ 0.4) mm-
mrad (rms) without longitudinal bunch compression, in
agreement with a numerical beam dynamics simulation
done for the “no compression” case. It is noted that this
method determines the emittance of the entire bunch, pro-
jected along the longitudinal axis, while the slice emit-
tance of the compressed bunch (see Fig. 2) is the impor-
tant parameter for the FEL process. The measurement is
nevertheless of quite some relevance since it indicates that
the beam formation process is well understood.

The longitudinal beam profile has been determined us-
ing a streak camera, by electro-optical sampling [26] and
by observation of the infrared coherent synchrotron ra-
diation spectrum generated in the dipole magnets of the
bunch compressors. A fourth method is based on the time-
dependent deflection of the electron bunch induced by a
rapidly rising electric field oriented perpendicular to the
direction of beam motion [27,28]. This field is generated
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Fig. 3. Charge distribution within a single electron bunch of
the VUV-FEL at DESY. In the centre, the image of the bunch
on an observation screen is seen, located downstream of a trans-
verse mode cavity resonator streaking the bunch vertically by
a time dependent electric field. The horizontal position of elec-
trons is given on the horizontal axis, while the relative lon-
gitudinal position inside the bunch is encoded in the vertical
coordinate, given in fs units, with the head of the bunch to the
bottom. The solid curve shows the charge density projected
onto the longitudinal position, i.e. the electric current profile
within the bunch. A sharp spike shorter than 120 fs (FWHM)
is seen at the head of the bunch.

by a 2.8 GHz transverse mode cavity deflecting in the
vertical direction. Analysis of the image observed on a
downstream screen (see Fig. 3) results in an upper limit of
120 fs FWHM for the length of the leading spike inside the
electron bunch. By varying the strength of a quadrupole
magnet located upstream of this device, it is also pos-
sible to determine the slice emittance. One might argue
that this can only work in the direction perpendicular to
the deflecting field, i.e. in the horizontal plane. However,
in a case like ours with an isolated steep spike, also the
vertical emittance of the spike can be extracted from the
variation of its vertical size on the screen when scanning
the quadrupole strength. First measurements of the com-
pressed bunch result in a horizontal emittance of the las-
ing spike of €, , = (2.9 £ 0.3)7 mmmrad and a vertical
emittance of €,, = (4.3 £ 0.4)r mmmrad, in reasonable
agreement with expectations shown in Figure 2.

2.5 Undulator

The undulator [22] system is subdivided into six segments,
each 4.5 m long. In a 60 cm long space between the seg-
ments, quadrupole magnets to focus the electron beam
and electron beam diagnostics tools, such as wire scan-
ners and beam position monitors, are installed. Achieving
a perfect overlap of the electron beam with the radiation
field generated inside the undulator is mandatory for the
FEL process. Therefore, the utmost care is taken in align-
ing all the elements. A very high field quality has been
achieved in the undulator modules so that the expected
rms deviations of the electrons from the ideal orbit should
be less than 10 pum.
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Fig. 4. Left: image of a single radiation pulse of the VUV-FEL on a CeYaG crystal behind the gold wire mesh of the MCP
detector, located 18.5 m downstream of the undulator. The distance between wires is 0.31 mm. Right: simulated angular

distribution of the radiation intensity in the far zone [21].

3 FEL radiation properties

The properties of FEL radiation [21] have been calculated
for 30 nm wavelength with the three-dimensional, time-
dependent simulation code FAST [29], predicting an av-
erage energy in the radiation pulse of up to 100 pJ for a
bunch charge of 1 nC.

The most critical step has been to find the onset of
laser amplification. For this purpose a radiation detector
equipped with a microchannel plate (MCP) has been used,
which features a dynamical range of seven orders of magni-
tude and covers the entire range of intensities from spon-
taneous emission up to FEL saturation [30]. The MCP
measures the radiation scattered by a gold mesh placed
behind a 10 mm aperture located 18.5 m downstream
of the undulator. Behind this aperture, the background
signal from spontaneous undulator-radiation is approxi-
mately 7 nJ for a bunch charge of 1 nC. The 1% rela-
tive measurement accuracy of the MCP is sufficient for
a reliable detection of the onset of FEL gain above the
spontaneous background. The VUV-FEL has been tuned
to an average energy of 10 upJ in the radiation pulse, cor-
responding to 1.6 x 10'2 photons. So far, pulse energies of
up to 40 pJ have been observed. At high pulse energies
(>0.5 1J) the MCP detector was cross-calibrated with a
relative uncertainty of £25% against a gas monitor de-
tector used as a transfer standard [31]. Keeping in mind
that only a small coherent fraction of the spontaneous
undulator-radiation is amplified, an FEL gain of about
105 can be deduced from these data.

Figure 4 shows the image of a single VUV-FEL pulse
on a Ce:YAG crystal mounted behind the gold mesh of the
MCP detector. The wires are clearly visible. From the wire
spacing of 0.31 mm, image analysis yields a spot size of
3 mm FWHM. This corresponds to an angular divergence
of (130 £ 30) purad FWHM, the error being mainly due
to the uncertainty in the longitudinal origin of the FEL
radiation. There is good agreement with the simulated
angular divergence of 140 urad in the far zone (right hand
side of Fig. 4). We conclude that the observed angular
divergence is close to the diffraction limit which is a clear
indication for a high degree of transverse coherence.

Figure 5 shows the measured energies of many succes-
sive radiation pulses. A large fluctuation is seen which is to
be expected since in a SASE FEL the gain process starts
from shot noise. Theoretically, the radiation pulse energy
should fluctuate according to a Gamma distribution

(&) mo ()
with M = ﬂ
((B—(E)?)

M
p(E) = %

(2)

provided the FEL gain process is in the regime of expo-
nential growth [10,32]. Here (E) is the mean photon pulse
energy, and I is the gamma function. The parameter M
is the inverse of the normalized variance of E. It defines
the number of optical modes in the radiation pulse and
provides a relationship between the average number of
spikes in the single-pulse wavelength spectra and the fluc-
tuations of pulse energy. The measured histogram in the
lower part of Figure 5 fits nicely the Gamma distribution
(Eq. (2)) with M = 4.1. The statistical analysis cannot
distinguish between transverse and longitudinal modes.
Since a high degree of transverse coherence has already
been concluded from the observed angular divergence, the
transverse mode number should be less than two. Conse-
quently, we expect three to four longitudinal modes. Ac-
cording to statistical analysis and numerical simulation,
this implies that, on average, two wave packages ( “spikes”)
should be present in the time profile of each FEL radiation
pulse.

While the ultra-short pulse duration has up to now
precluded a direct measurement of the temporal structure
of the FEL pulses, the single-pulse wavelength spectra are
accessible and may be used to estimate the radiation pulse
duration. Three such spectra are presented in Figure 6.
They were taken with a grating spectrometer (0.04 nm
resolution) equipped with an intensified CCD camera [33].
The FWHM pulse duration is obtained from the typical
width Aw of the spikes in the single-pulse spectra using
the relation 7,40 = 27/(Aw) (25 £ 5) fs. With the
average radiation pulse energy of 10 uJ, this corresponds

~
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Fig. 5. Measured FEL-pulse energies for many successive
pulses. Top: pulse to pulse variation of FEL energy. Bottom:
measured probability distribution of the radiation energy (his-
togram). The solid curve represents the Gamma distribution
p(E) of equation (2) for M = 4.1 which is calculated from
the variance of pulse energy fluctuations illustrated in the up-
per part of the figure. This is the expected distribution of a
high-gain FEL operating in the exponential regime. The mea-
surement confirms that the VUV-FEL is operating in the expo-
nential regime and is a source of completely chaotic polarized
radiation [10,32], with M being the total number of optical
modes in the pulse.

to an average power of 0.4 GW within the FEL pulse and
approx. 1 GW inside the spikes. The average number of
such spikes within the bandwidth of the FEL (given by
the wavelength spectrum averaged over many FEL pulses)
scales with the number of longitudinal modes. This num-
ber is about two, in agreement with our expectation from
the fluctuation analysis. As shown in the lower part of
Figure 6, there is again good agreement with both the
predicted FEL bandwidth and the predicted width of the
spikes. Note that the radiation pulse length estimated here
from the analysis of spike widths agrees well with the nu-
merical simulations based on a 50 fs long leading spike in
the electron bunch profile mentioned before.
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Fig. 6. Top: three single-shot wavelength spectra of FEL ra-
diation pulses measured at the VUV-FEL. Bottom: simulation
of the spectral structure of the VUV-FEL operating in the
exponential regime [21]. Three different shots are shown with
different line shapes (solid, dashed, and dotted). Note that the
number of spikes in the spectrum is in average equal to the
number of spikes (coherent wave packets) in the time domain.

We note that the FWHM pulse duration of radiation
pulses at the VUV-FEL has been determined at 7,44 =
(25 + 5) fs in three entirely independent ways:

1. spectral analysis of the spiky structure of single-pulse
wavelength spectra, see Figure 6;

statistical analysis of pulse-to-pulse intensity fluctua-
tions, see Figure 5;

time-domain measurement of the longitudinal electron
bunch profile (see Fig. 3) corroborates the existing of
such a short, leading spike. It is in qualitative agree-
ment with the result from numerical beam dynamics
simulation and subsequent numerical simulation of the
FEL process.

2.

3.

A figure of merit relevant for many experiments is the
brilliance. For transversely coherent radiation sources, it
is defined as brilliance = spectral flur/(\/2)?. For the
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VUV-FEL photon beam described here, the peak bril-
liance is in the order of 102 photons/(s mm? mrad? 0.1%
bandwidth), about seven orders of magnitude above the
state-of-the-art of synchrotron radiation sources.

4 Conclusion

In conclusion, we have demonstrated during the first oper-
ation of the VUV-FEL at DESY that powerful, laser-like
VUV radiation pulses in the 10 fs range can be produced
with a simple and reliable single-pass SASE FEL scheme.

The authors are grateful for the invaluable support by the tech-
nical staff of the participating groups in the TESLA collabo-
ration.
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