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We report recent results on the performance of FLASH (Free Electron Laser in Hamburg) operating at a
wavelength of 13.7 nm where unprecedented peak and average powers for a coherent EUV radiation source
have been measured. In the saturation regime the peak energy approached 170 pJ for individual pulses while
the average energy per pulse reached 70 nJ. The pulse duration was in the region of 10 femtoseconds and peak



powers of 1 to 10 GW were achieved. At a pulse repetition frequency of 150 pulses per second, the average
EUV power reached 10 mW. In addition, the output beam also contained a significant contribution from odd
harmonics of approximately 0.6% and 0.03% for the 3rd (4.6 nm) and the 5th (2.75 nm) harmonics respectively.
At 2.75 nanometers the 5th harmonic of the radiation enables FLASH to reach deep into the water window — a
wavelength range that is crucially important for the investigation of biological samples.

The generation of laser-like radiation in the extreme-ultraviolet (EUV) spectral range has been a grand challenge for
scientists and engineers dating back to the very earliest days of the laser in the 1960s. Impressive progress was made
in the 1980s when lasing in the EUV via population inversion between levels in highly charged ions was observed
in laser plasma experiments (1, 2). Work on these sources has undergone continuous development since then even
including a seeding option (3). High harmonics of optical lasers were also taking hold around that time as sources
of coherent EUV radiation (4, 5). Indeed, harmonics up to very high order have been generated from solids in recent
times (6). An alternative approach and one that is now beginning to pay rich dividends is the production of laser
quality radiation using free electrons accelerated to relativistic speeds in linear accelerators.

Recent advances in accelerator and precision magnetic undulator technologies, now make possible the construction
of single pass Free Electron Lasers (FELSs) based on self-amplified spontaneous emission (SASE) where the light
amplification process starts from shot noise in the electron beam (7-9). These new sources provide uniquely intense,
polarized, short-pulse radiation tunable throughout the VUV and X-ray wavelength range with a brilliance which
exceeds both modern synchrotron radiation and laser plasma sources by many orders of magnitude in peak and average
brilliance (see Fig. 1).

The first demonstration of the SASE FEL mechanism took place in 1997 and concerned lasing in the infrared
wavelength range (10). In September 2000, a group at Argonne National Laboratory (ANL) became the first to
demonstrate saturation in a visible (390 nm) SASE FEL (11). Soon after, in September 2001, a group at DESY
(Hamburg, Germany) demonstrated lasing to saturation deep into the vacuum-UV at 98 nm (12, 13). Since August
2005 the latest generation SASE FEL FLASH (Free Electron Laser in Hamburg) has been operating as a user facility
(14) providing radiation at a fundamental wavelength which can be tuned from 47 nm down to 13 nm. The facility is
hosting many international groups exploiting the unique aspects of this source in projects ranging from atomic physics
through materials science to biology (15-19). After the energy upgrade of the FLASH linac to 1 GeV in 2007, it will
be possible to generate wavelengths down to 6 nm in the fundamental harmonic.

Recently the German government approved 60% of the funding for a hard X-ray SASE FEL user facility — the
European X-Ray Free Electron Laser (XFEL) (20, 21) while the US Department of Energy (DOE) has approved
the start of construction of the Linac Coherent Light Source (LCLS) at SLAC (22). LCLS will employ an existing
room temperature linac while the European XFEL will utilize superconducting accelerator technology. The LCLS and
European XFEL projects are scheduled to start operation in 2009 and 2013, respectively. FLASH is the precursor for
the European XFEL and so it is a key platform technology on the blueprint for large scale X-ray FELS.

Brilliance, coherence, and timing down to the femtosecond regime are the three properties which provide the po-



tential for new science to be explored with EUV and X-ray FELs. Since SASE FELs can produce pulses with un-
precedented peak intensity, they open up the vista of EUV and X-ray non-linear optics and spectroscopy. The primary
interaction is with inner shell electrons and so EUV laser matter interactions will be a rich vein of new science and
applications in the coming decade. The first experimental results demonstrating the ability of future XFELS to generate
pulses of a few tens of femtoseconds have been achieved recently at FLASH (12-14).

The timing of this report is appropriate for several reasons. A crucial milestone on the X-ray FEL roadmap has
been reached recently when FLASH produced saturated laser-like EUV radiation pulses at 13.7 nm for the first time.
This 13 nm region is important because of its relevance to EUV lithography. At saturation, FLASH delivers ultrashort
pulses with durations as low as 10 fs and with peak and average powers of up to 10 GW and 10 mW respectively
— record values for EUV lasers. FLASH also produces bright emission at the third harmonic (4.6 nm) and the fifth
harmonic (2.75 nm) of the fundamental mode. The latter wavelength is shorter than any produced to date by plasma
based X-ray lasers and it lies well within in the so-called water window where biological systems can be imaged and
analyzed in vitro (and potentially in vivo). In addition, the pulse durations of the harmonics decrease with harmonic
number and so their durations lie in the single digit femtosecond range opening up the possibility to study deep inner

shell atomic and molecular dynamics on a subfemtosecond timescale.

FLASH DESIGN AND OPERATION

FLASH is a SASE FEL that produces EUV radiation during single-pass of an electron beam through a long pe-
riodic magnetic undulator. (7-9). The driving mechanism of a free electron laser is the radiative instability of the
electron beam due to the collective interaction of electrons with the electromagnetic field in the undulator (23). The
amplification process in SASE FELSs starts from the shot noise in the electron beam. When the electron beam enters

the undulator, the induced beam modulation at wavelengths close to the resonance wavelength

A= )\W(l + KQ)/<272) s (l)

initiates the process of radiation emission (here A, is the undulator period, K = eBy Ay /2mmec is the undulator
parameter, B,, is the rms value of the undulator field, ~ is the relativistic factor, c¢ is the velocity of light, and m.
and e are the mass and charge of the electron, respectively). The interaction between the electrons oscillating in the
undulator and the radiation that they produce, leads to a periodic longitudinal density modulation (microbunching)
with a period equal to the resonance wavelength. The radiation emitted by the microbunches is in phase and adds
coherently leading to an increase in the photon intensity which further enhances the microbunching. The amplification
process develops exponentially with the undulator length, and an intensity gain in excess of 107 is obtained in the
saturation regime. At this level, the shot noise of the electron beam is amplified up to the point at which complete

micro-bunching is achieved, and almost all electrons radiate in phase producing powerful, coherent radiation.



A qualitative estimation of the FEL operating parameter space can be obtained in terms of the FEL parameter p

(24):

2 7-24y271/3
o= @
Here I is the beam current, 5, = 17kA is the Alfven current, o, is the rms transverse size of the electron bunch,
and the coupling factor is A;; = [Jo(Q) — J1(Q)], where Q = K?/[2(1 + K?)]. Estimates for the main FEL
parameters are as follows: the field gain length is about L, ~ X, /(47p), the FEL efficiency in the saturation regime
is approximately equal to p, the spectral bandwidth is approximately 2p, and the coherence time is 7. ~ LgA/(Awc).

Figure 2 (top) shows the schematic layout of the FLASH facility. The electron beam is produced in a radio frequency
gun and brought up to an energy of 700 MeV by five accelerating modules ACC1 to ACC5 (14). At energies of 130 and
380 MeV the electron bunches are compressed in the bunch compressors BC1 and BC2. The undulator is a fixed 12
mm gap permanent magnet device with a period length of 2.73 cm and a peak magnetic field of 0.47 T. The undulator
system is subdivided into six segments, each 4.5 m long.

The electron beam formation system is based on the use of nonlinear longitudinal compression. When the bunch
is accelerated off-crest in the accelerating module, the longitudinal phase space acquires a radio frequency induced
curvature. Downstream of each bunch compressor, this distortion results in a non-Gaussian distribution within the
bunch and in a local charge concentration. It is the leading edge of the bunch, with its high peak current, which is
capable of driving the high intensity lasing process (see Fig. 2). With proper optimization of the bunch compression
system it is possible to obtain a low transverse emittance for the high-current spike which is absolutely crucial for
the production of high quality FEL beams. In this regard, it should be noted that collective effects play a significant
role in the bunch compression process for short pulses. In the high-current part of the bunch, with rms length o, and
peak current I, coherent synchrotron radiation (CSR) and longitudinal space charge (LSC) effects scale as I /o—i/ % and

1 /0, respectively. For instance, the LSC-induced energy chirp along the high-current spike of the bunch grows when

the bunch travels from the bunch compressor to the undulator entrance (25):

I In(yo./o.)
_— = 3
dz Ia 0.7 )

One can see the power of this effect in Fig. 2 where an increase in the peak current and a narrowing of the width
of the spike leads to an increase in the induced energy chirp due to space charge effects. For FLASH, operating at a
wavelength of 13 nm, the value of the FEL parameter is p = (2.5—3) x 10~3. The lasing portion of the electron bunch
possesses a strong energy chirp (see Fig. 2 lower panel) which results in an additional broadening of the FEL spectral
distribution. Another consequence of the energy chirp is suppression of the FEL gain. The effect of the energy chirp

on the gain is given by the parameter (py/7.)~! d~y/ d t and it starts to play a significant role when the relative energy



change acquired within one coherence length ¢, becomes comparable with the FEL parameter p (26, 27). This effect
is strong in the case under study here and results in a significant correction to the FEL gain. Finally, the effect of the
energy chirp leads to further shortening of the lasing part of the electron bunch (and hence the FEL pulse length) in

the regime of exponential growth.

EUV DIAGNOSTICS

The FEL beam diagnostics have already been described in detail elsewhere (28) and so only brief summary is given
here. The FEL is currently operated at 5 Hz in either single-bunch or in multi-bunch mode. In the latter, the FEL
typically produces up to 30 radiation pulses (five times per second). The FEL pulse energies were measured using
microchannel plates (MCPs) (29)and gas monitor detectors (30). The EUV spectra of the FEL fundamental mode and
its harmonics were measured using three different grazing incidence spectrometer systems. The first spectrometer is
described in detail in (31). Briefly, the system contains a spherical variable line spacing grating which provides a flat
field in the focal plane for easy matching to a flat detector array combined with a spherical mirror in a Kirkpatrick-
Baez configuration resulting in a stigmatic spectrometer. The spectral resolution, \/AJ, is better than 1500 across
the 3 to 40 nm operating wavelength range. The detection system consists of a phosphor faceplate for EUV to optical
image down-conversion with a readout by a lens coupled intensified CCD camera. The second spectrometer is a plane
grating monochromator equipped with a 200 lines/mm grating for the photon wavelength range of 6 to 60 nm, and
a high resolution 1200 lines/mm grating for the energy range of 2 to 12 nm (32). These two systems were used to
measure spectra of the fundamental and the third harmonic FEL pulses and, with their gated readout, they could select
asingle pulse from a FEL pulse train. The third monochromator was a flat field system, equipped with a Harada grating
(33) but with a highly sensitive back illuminated CCD camera (Andor Technology) containing 2048 x 512 pixels, each
with a footprint of 13 x 13 microns squared. The system was operated without an entrance slit which resulted in a
spectral resolution of approximately 100. A 1.5 micron thick aluminum foil placed over the entrance aperture provided
a transmission window of 1 nm FWHM centered at about 2.8 nm when combined with the reflectivity of the beamline

mirrors. This system was used to measure the spectrum of the 5th harmonic.

RESULTS

Saturated output and gain length

Up to now FLASH demonstrated its ability to generate powerful, coherent, continuously tuneable radiation in
the wavelength range from 47 to 13 nm at the fundamental harmonic, and down to 2.75 nm at the 5th harmonic.
In this paper we present a thorough measurement and characterization of the properties of the FEL radiation at the
wavelength of 13.7 nm. The average energy in the radiation pulse demonstrated at this wavelength was 70 p.J, although

the characterization reported here was performed at an average energy of 40 pJ. Figure 3 shows the spatial profile of



the FEL radiation detected on a Ce:YAG screen located 23.5 m downstream of the undulator exit. The FWHM spot
size is 2.1 mm which corresponds to an angular divergence of 90 + 10 prad (FWHM). The radiation mode in the far
field is nearly axisymmetric. With the additional knowledge of the EUV spot size at the undulator exit of about 160 um
(FWHM), we find that the product of the spot size of the radiation at the undulator exit and the angular divergence
results in a value of about the radiation wavelength. This means that the phase volume of the radiation is close to the
diffraction limit, and that the radiation has a high degree of transverse coherence.

We present in Fig. 4a the average EUV pulse energy versus undulator length where the exponential growth from
spontaneous radiation to saturated laser output can be seen. Each point in this figure was obtained by averaging over
300 pulses. The radiation energy was measured with the MCP detector which was operated with a 5 mm diameter
aperture and was located 18.5 m from the undulator. The interaction length in the undulator (and hence amplification)
was changed by means of a transverse kick of the electron beam trajectory between the undulator modules which
is strong enough to stop the FEL amplification process downstream of the orbit kick. With the FEL interaction
suppressed along the whole length, the residual spontaneous emission from the full undulator length and also the full
electron bunch was measured. The FEL interaction was switched on gradually along the undulator and the energy in
the radiation pulse grew steadily. Independent measurements of the radiation energy at saturation were made with the
aid of the gas monitor detector. Analysis of the exponential part of the gain curve presented in Fig. 4a yields a field

gain length of L, = 2.5 & 0.3 m. This measurement gives us an estimate for the coherence time 7. ~ 4.2 £ 0.5 fs.

EUV pulse duration

The energy of each EUV pulse fluctuates from shot to shot since the lasing process starts up from shot noise.
When the FEL amplification process takes place, fluctuations in the EUV field grow with undulator length and reach a
maximum value at the end of the regime of exponential growth just before saturation. When the amplification process
finally reaches saturation, the fluctuations drop sharply. The measured probability distributions of the radiation energy
for these two regimes are shown in Fig. 4b and 4c. For a SASE FEL operating in the regime of exponential growth it
is well known that the radiation exhibits the properties of completely chaotic polarized light (34). One consequence is

that the probability distribution of the energy in the radiation pulse fits to a gamma-distribution:

= () ree () @

where I'(M) is the gamma function, M = 1/0%, and 0%, = ((E — (E))?)/(E)?. The parameter M can be interpreted
as the average number of “degrees of freedom” or “modes” in the radiation pulse. Thus, from the experimental result
for M = 1.9, and an estimate for the coherence time 7. ~ 4 fs, we come to an estimate for the radiation pulse length

in the end of the regime of exponential growth of about 8 + 1 fs.

Spectral distribution of the FLASH output



Results of spectral measurements are presented in Fig. 5. During these measurements FLASH operated in the
saturation regime with an average energy in the radiation equal to 40 pJ. Single-shot spectra were obtained with the
plane grating monochromator operating in the spectographic mode with an instrumental resolving power A/A\ of
1500 (32). The bold curve in Fig. 5a represents the average value of 300 pulses — single shots are also shown as light
curves. We observe that the single-shot spectra are dominated by a single feature, albeit accompanied in some cases
by some small modulations. Since the spectrum is simply a Fourier transform of the temporal structure, we conclude
that the temporal profile of the radiation pulses also consists mostly of a single spike. This qualitative observation is
in a good agreement with the measured number of modes M = 1.9 (see Fig. 4b). Thus, we can conclude that the
radiation has nearly complete longitudinal coherence. Another observation is the rather large width of the averaged
spectrum, about 1% of the EUV wavelength. Our analysis shows that half of this value comes from the amplification

bandwidth and the additional broadening is due to a strong energy chirp along the lasing spike (see Fig. 2).

Harmonics of the 13.7 nm fundamental mode

Radiation from a SASE FEL operating at saturation also contains relatively strong contributions from higher fre-
quency harmonics (35-37). Figure 5b shows average spectrum of the 3rd harmonic. Comparison of the spectrum of
the fundamental and the 3rd harmonic shows that the relative bandwidth, AX/\., remains nearly the same, a result
which is in good agreement with theoretical predictions for the properties of the higher harmonics generated in the
SASE FEL operating in the saturation regime (38). Note that in the case of ordinary undulator radiation, the relative
spectral width, AX/)\,, scales inversely with the harmonic number h. The spectrum of the 5th harmonic is shown on
Fig. 5¢c. The spectrum was obtained by averaging more than 1000 pulses as the grating and mirror reflectivities were
very small at this wavelength.

For an average EUV pulse energy of 40 1J at the fundamental wavelength, we measured 0.25 £ 0.1 pJ for the 3rd
(4.6 nm) and 10 + 4 nJ for the 5th (2.75 nm) harmonic. These values correspond to relative contribution to the total
EUV output energy of 0.6 £+ 0.2% and 0.03 + 0.01% for the 3rd and the 5th harmonics which is in agreement with
prediction (38). The physical mechanism underlying the generation of higher harmonics is a nonlinear transformation
which results in a shortening of the FEL pulse width. With a 10 fs pulse duration for the fundamental harmonic,
we estimate peak powers of 40 MW and 2 MW for the 3rd and the 5th harmonics respectively. The corresponding
average powers were approximately 40 microwatts and 1.5 microwatts. Hence the available intensities are sufficient
for performing experiments in the so-called “water window” — a wavelength range that is crucially important for the
investigation of biological samples.

Theoretical predictions tell us that the contribution of the 2nd harmonic to the total radiation power depends strongly
on the ratio of the FEL gain length to the Rayleigh length of the radiation (39). For a ratio of unity, the 2nd harmonic
intensity comes out to be a fraction of a per cent and decreases rapidly as this ratio increases. The estimated ratio

for the parameter range of FLASH operating at the wavelength of 13.7 nm is about ten. Measurements of the even



harmonics have shown that they are significantly suppressed with respect to the odd harmonics. For instance, the
intensity of the 2nd harmonic is more than an order of magnitude less than that of the 3rd harmonic.

With the measured properties of the radiation (gain curve, pulse energy, spectra, statistical properties, and spatial
properties of the radiation) we can now determine the range of electron beam parameters related to the lasing fraction
of the electron bunch. The electron bunch shape and energy chirp is close to that shown in Fig. 2 with a peak current
of 2to 2.5 kA. The FWHM length of the high current spike is approximately 30 fs and the normalized emittance is 1 to
1.5 mm-mrad. The excellent agreement between experiment and simulation with the code FAST (40) (see Figs. 3-5)
allows us to specify those parameters of the radiation which cannot be measured directly. For instance, in Fig. 6 we
present the temporal profile of the radiation pulse deduced from the same simulation data. We see that indeed the pulse
duration is about 10 fs in a good agreement with the experimentally deduced result. The mean value of the peak power
in the radiation pulse is more than 3 GW, while for some individual high energy pulses the peak power approaches

10 GW.

SUMMARY

An important lesson from FLASH is that GW-level, laser-like VUV radiation pulses on a 10 fs scale can be produced
with a reliable single-pass SASE FEL scheme. FLASH has produced unprecedented powers for EUV radiation at a
fundamental wavelength of 13.7 nm, and harmonics with wavelengths as low as 2.75 nm (i.e., in the range of a soft
X-ray FEL). The experimental measurements show that FLASH is now operating at its ultimate performance level
with a peak brilliance of (6 + 3) x 1029, (2 4+ 1) x 1028, and (2 £ 1) x 1027 phot./sec/mrad?/mm?/(0.1% bandwidth)
at 13.7, 4.6, and 2.75 nm, respectively (see Fig. 1). At the 5th harmonic wavelength FLASH is already entering the
wavelength range of the European XFEL and LCLS, albeit with lower brilliance. However, it is still higher than the

peak brilliance of the 3rd generation SR sources by quite a few orders of magnitude.
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FIG. 1: Peak brilliance of X-ray FELSs versus 3rd generation SR light sources. Blue spots show experimental performance of the
FLASH free electron laser at DESY at the fundamental, 3rd, and 5th harmonics.
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FIG. 2: Top: Schematic layout of the FLASH facility. Abbreviations ACC and BC stand for accelerating module and bunch
compressor, respectively. Bottom: current I (solid line) and mean energy E (dashed line) along the electron bunch at the undulator
entrance (simulations results). Bunch head is at the right side.
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FIG. 3: Left: photon beam image on a Ce:YAG crystal averaged over many shots. Right: vertical (solid line) and horizontal (dashed
line) slices of the image. Circles represent simulation results with the code FAST (40). The average energy in the radiation pulse is

40 pJ. The radiation wavelength is 13.7 nm.
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FIG. 4: Measured average energy in the radiation pulse versus undulator length (left) showing exponential growth and saturation.
Center and rightmost panels, probability distributions for the energy in the radiation pulses. Center plot: end of the regime of
exponential growth where the average pulse energy is equal to 1 pJ. Rightmost plot: saturation regime where the average pulse
energy is equal to 40 wJ. Radiation wavelength is 13.7 nm. Solid line on the center plot represents a gamma distribution (4) with
the parameter M = 1.9. The solid line on the right plot represents simulations with the code FAST (40) — see text for details.
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FIG.5: EUV spectra of the fundamental (left), 3rd harmonic (center) and 5th harmonic (right) contributions to the FEL output. Bold
lines show averaged spectra (mean value of 300 shots), and thin lines show single-shot spectra. Circles on the left plot represent
averaged spectra simulated with the code FAST (40). The average energy in the FEL pulse is 40 pJ.
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FIG. 6: The temporal structure of the radiation pulse, for an average energy of 40 nJ, predicted by the code FAST (40) using
experimentally determined radiation properties. The radiation wavelength is 13.7 nm. The bold line shows the envelope while the
thin lines are single shots.



