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Ultrafast MHz-Rate Burst-Mode Pump—Probe Laser for the
FLASH FEL Facility Based on Nonlinear Compression of
ps-Level Pulses from an Yb-Amplifier Chain
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The Free-Electron Laser (FEL) FLASH offers the worldwide still unique
capability to study ultrafast processes with high-flux, high-repetition rate
extreme ultraviolet, and soft X-ray pulses. The vast majority of experiments at
FLASH are of pump—probe type. Many of them rely on optical ultrafast lasers.
Here, a novel FEL facility laser is reported which combines high average
power output from Yb:YAG amplifiers with spectral broadening in a
Herriott-type multipass cell and subsequent pulse compression to sub-100-fs
durations. Compared to other facility lasers employing optical parametric
amplification, the new system comes with significantly improved noise
figures, compactness, simplicity, and power efficiency. Like FLASH, the optical
laser operates with 10-Hz burst repetition rate. The bursts consist of 800-us
long trains of up to 800 ultrashort pulses being synchronized to the FEL with
femtosecond precision. In the experimental chamber, pulses with up to 50-u)
energy, 60-fs full-width half-maximum duration and 1-MHz rate at 1.03-um
wavelength are available and can be adjusted by computer-control. Moreover,
nonlinear polarization rotation is implemented to improve laser pulse
contrast. First cross-correlation measurements with the FEL at the
plane-grating monochromator photon beamline are demonstrated, exhibiting
the suitability of the laser for user experiments at FLASH.

1. Introduction

The superconducting Free-Electron Laser
(FEL) FLASH provides ultrashort, ex-
tremely powerful pulses in the extreme
ultraviolet (XUV) and soft X-ray spec-
tral range (1.5-50 nm) at the highest
repetition rates worldwide. Since more
than 80% of the experiments at FLASH
are time-resolved pump—probe experi-
ments, femtosecond optical pulses con-
stitute a vital cornerstone of contem-
porary FEL experiments. In particular,
the plane-grating (PG) monochromator
photon beamline at FLASH!3! is con-
stantly in high demand and was booked
in each of the last four years for more
than 50% of all science experiments
using pump-probe lasers. The beam-
line serves predominantly the condensed
matter science community using meth-
ods, such as time-resolved photoelec-
tron, X-ray absorption, and X-ray emis-
sion spectroscopy which typically require
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Figure 1. The top panel shows the pulse trains and burst shapes, respectively. The other panels give an overview of the laser setup consisting of five
sections: A) Burst generation and amplification section consisting of a fiber oscillator with controlled cavity length, four fiber preamplifiers, four bulk
Yb:YAG main amplifiers, three AOMs for burst preparation and shaping, a delay line for drift control and a fiber stretcher as well as a grating compressor
for dispersion control. B) Pulse compression section consisting of an MPC, polarization optics and a grating compressor. C) Synchronization and
timing section consisting of two balanced cross-correlators. D) Laser diagnostics section consisting of near- (shown beam profile) and far-field cameras,
a spectrometer, an autocorrelator and an energy meter, E) — laser delivery section consisting of a variable attenuator and the beam transport unit to
the PG beam line. Black solid lines denote fiber, red / orange solid lines free path optics, black dashed lines electrical signals. AOM — acousto-optic
modulator, CPL — coupler, FBG — fiber Bragg grating, f,,, - repetition rate, ISO - optical isolator, MLO — main laser oscillator, ND — neutral density, POL —
polarizer, PM — polarization maintaining, SA — saturable absorber, SFG — sum frequency generation, TFP —thin-film polarizer, t, - pulse duration, WDM

— wavelength division multiplexer, YDFA — Ytterbium-doped fiber amplifier

sub-100 fs pulses in the near-infrared spectral region for nonres-
onant sample excitation.

To enable FEL users to fully exploit their limited beam time,
facility lasers must be operational 24/7. At FLASH, the availabil-
ity of the optical lasers for pump-probe experiments was above
95% of the requested time over the past 3 years. To achieve such
long-term performance, the lasers at FLASH host various online
diagnostics and are to a large extent remotely controllable. Ulti-
mately, excellent passive stability is desired which calls for simple
and compact laser systems.

During the past ten years, two optical lasers were available at
the FLASH1 beamlines:[*] First, a Ti:sapphire laser with 10 Hz
repetition rate providing m]-level pulse energies. Second, a uJ-
level laser based on optical parametric chirped pulse amplifica-
tion (OPCPA). This source emitted bursts adapted to the FEL
pulse sequence (cf. Figure 1 top panel). FLASH operates in burst-
mode with 10 Hz repetition rate. The 800 us long bursts are again
comprised of femtosecond pulse trains with 1 MHz repetition
rate. Laser emission adapted to this pulse sequence is hence ideal
for applications. At the PG beamlines, the requested pulse en-
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ergies are moderate, that is typically on the 1 uJ order, but the
requested intraburst repetition rates are high, usually between
100 kHz and 1 MHz. This allows to take full advantage of the
unique pulse rates of the FEL which enables photon-hungry ap-
plications at the beamline. The previously used, complex OPCPA
system was decommissioned in fall 2020 and has now been re-
placed by a much simpler laser system which is reported here. It
is the first optical laser in FEL beamline user operation which re-
lies on the concept of nonlinear spectral broadening in Herriott-
type multipass cells (MPC).I>®! The method enables compression
of high-power ps-level pulses from Yb-based lasers to sub-100 fs
duration with a compact setup, very good intraburst pulse energy
flatness and excellent burst-to-burst energy stability. The reported
system provides multi-uJ pulses at 1030 nm with durations down
to 60 fs. It furthermore contains a pulse shaping unit for im-
proved pulse contrast in a time window of interest for user exper-
iments. A burst energy stability of 0.5% rms over 24 h is demon-
strated which is an order of magnitude better than the stability
of the previous burst-mode laser.!*! Finally, extensive diagnostics
combined with field-programmable gate arrays (FPGA) and pro-
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grammable logic controllers (PLC) offer FEL users to monitor
and control the laser parameters by means of DESY’s accelera-
tor control system. As a result, the laser described here provides
a stable and reliable new workhorse for users of the PG beam-
lines at FLASH. It will be an essential ingredient for upcoming
cutting-edge FEL experiments.

2. Laser Setup

The laser is installed in a 12 m? large so-called modular optical
delivery station in the FLASH1 experimental hall. For the sake of
clarity, the laser setup has been subdivided into five parts which
are highlighted by different background colors in Figure 1.

2.1. Burst Generation and Amplification

In Section A, a soliton mode-locked Fabry—Pérot-type fiber os-
cillator generates ultrashort pulses.’”! Those are amplified in
three consecutive single-mode Yb-doped fiber amplifiers (YD-
FAs). Subsequently, the ~15 n] pulses from the fiber frontend are
amplified up to 200 uJ at the plateau of the laser bursts in four
Yb:YAG end-pumped rods, that is about 200 W intraburst aver-
age power. The solid-state amplifier design is adapted from a four
stage Nd:YVO, amplifier implemented at the European XFEL
photocathode laser.®] The pulse energies can only be reached by
chirped pulse amplification (CPA). Consequently, the pulses are
stretched by a 200 m long fiber behind YDFA 1 and recompressed
to about 900 fs by a 4-pass single-grating compressor. Section 1
furthermore contains 3 acousto-optic modulators (AOMs). They
down-pick the pulse repetition rate and control the laser pulse
intensities along the bursts as visualized in the top panel of Fig-
ure 1. Iterative learning controll®) is applied to achieve constant
pulse energies over the burst by means of feedback to the AOM 3
modulation port. AOM 3 also sets the pulse repetition rate within
the 800 us long burst according to user demands. The maximum
of 1 MHz matches the FEL pulse rate. The fiber frontend has a
second output behind YDFA 4. Short pulses (170 fs) at the oscil-
lator’s repetition rate (54 MHz) are generated to synchronize the
optical pulses with the FEL bursts. The footprint of section A is
only about 2 X 0.7 m?. More details are provided in the Support-
ing Information 1.

2.2. Pulse Compression

To increase the temporal resolution of the FEL pump—probe ex-
periments, spectral broadening in a Herriott-type MPC and con-
sequent pulse shortening in a grating compressor was used (Fig-
ure 1B). Whereas the majority of reported experiments rely on a
single Kerr medium within the MPC, a hybrid multipass multi-
plate approach was implemented.'%! By this method, the hitherto
published femtosecond pulse compression factors from a single
bulk MPCI''-13] were clearly surpassed. Three 1 mm thin antire-
flection (AR) coated silica plates with 3 cm spacing were placed in
the center of an about 350 mm long MPC. For maximized spec-
tral broadening to a 55 fs Fourier transform limit, about 80% of
the 115 uJ input pulse energy was transmitted through the out-
put polarizer after 31 roundtrips. The pulses were compressed
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by a record-high factor of more than 15 with a motor-controlled
double-pass grating stage. Figure 2a,b show the retrieval results
of a scanning frequency-resolved optical gating (FROG) measure-
ment. The retrieved spectrum agrees well with the one measured
in parallel with a commercial grating spectrometer, indicating
the reliability of the FROG result. Moreover, high spectral ho-
mogeneity over the beam profile (Figure S3, Supporting Infor-
mation) was obtained which is in good agreement with previ-
ous bulk-MPC experiments.""1*] The pulses were nearly Fourier-
transform limited but clearly show side lobes, owing to the mod-
ulated spectrum. Figure 2c displays the compression quality in
terms of pulse energy in the main peak and amplitude of the
dominant side peak. The quantities were measured at different
intraburst delays. This was possible by means of the modula-
tion capabilities of AOM 3 which cut out single pulses from
the burst. The relative pedestal amplitude was considered as the
most critical parameter for FEL experiments. It amounts to about
10% of the main peak and is therefore comparable to the pulse-
energy fluctuations in the FEL burst.'! The variations of the
pulse shapes over the burst stemmed from the transient ther-
mal lenses which are described in the Supporting Information
1.2. It is remarkable that the 30% waist area variation measured
in the M2-meter results in only about 3.5 fs pulse duration varia-
tion over the burst (Figure 2d) which hardly affects the temporal
resolution of the pump—probe-experiments at the PG beamline
(Section 3).

A 24 h measurement was taken to investigate the stability of
the nonlinearly broadened spectra (Figure 2f). Hardly any fluc-
tuations are visible by eye. To quantify the stability, the Fourier
transform limit within a 30 dB dynamic range was evaluated for
each recorded spectrum, resulting in a standard deviation of only
0.4 fsata 55.5 fs mean transform limit. This is on the subpercent
level of the temporal resolution attained by optical pulse — XUV
FEL cross-correlation measurements.

Pulse pedestals inherently emerge from the input pulse shape
after the amplifier shown in Figure S1 (Supporting Information)
and the self-phase modulated spectra.l'l To suppress them, addi-
tional quarter-wave plates were placed at the entrance and the exit
of the MPC. By introducing a slight polarization ellipticity with
the entrance waveplate, the output polarization became intensity-
dependent. Consequently, the polarizing beam splitter at exit of
the MPC served as an artificial saturable absorber. This tech-
nique, called nonlinear polarization ellipse rotation, was previ-
ously used for pulse cleaning in fiber, single-pass nonlinear me-
dia and multipass geometries.l'’"1! Just recently, the application
of the method to Herriott-type MPCs has also been theoretically
studied.”” Here, it was for the first time directly integrated in
an MPC-based spectral broadening setup. Pulse cleaning was in-
troduced to suppress the postpulse delayed by 900 fs from the
main peak (Figure 2e, black solid line) because of its signature
in a cross-correlation measurements with the FEL (Supporting
Information S6). Employing nonlinear polarization ellipse ro-
tation suppressed the satellite pulse by more than an order of
magnitude (Figure 2e, blue solid line). To accomplish this, both
waveplates were manually adjusted such that the modulations of
the spectrum after the MPC were minimized. The used config-
uration sufficed to quench the spurious signal emerging from
the satellite pulse in FEL cross-correlation measurements (Sec-
tion 3). The introduction of an artificial saturable absorber by the
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Figure 2. a) Retrieved FROG trace for 100 us intraburst delay and comparison to the Fourier-transformed pulse derived from the retrieved spectrum
shown in b) The spectral phase and a comparison to a spectrum directly measured with a grating spectrograph are shown as well. ) Compression
quality evaluated in terms of relative energy in the main peak defined by the minima around + 60 fs and in terms of relative pedestal amplitude, that is
peak power of the pedestal around 100 fs divided by the peak power of the main pulse. d) Varying pulse durations over burst length. The spread is about
3.5 fs, that is less than 7% of the mean. e) Retrieved pulse from subplot a) shown in logarithmic scale (black line) and compared to retrieved pulse after
introducing nonlinear polarization rotation in the MPC. f) Logged normalized spectra measured over 24 h every 10 s. The mean Fourier transform limit

is 55.5 fs, its standard deviation 0.4 fs.

ellipse rotation method reduced the mean pulse energy at the di-
agnostics section by 39% to 35 yJ and increased the pulse width
to about 70 fs owing to the polarization dependence of the non-
linear refractive index. Both drawbacks are however irrelevant for
most of the user experiments which run at a few yJ pulse energy
and with > 100 fs temporal resolution owing to the XUV-pulse
stretching by the FEL beamline monochromator.

The footprint of Section B is about 0.3 X 0.9 m?. Consequently,
the whole pulse generation and shortening unit covers only an
area of less than 2.5 x 1 m?, and is thus considerably more com-
pact than the previous OPCPA laser system.

2.3. Synchronization and Timing

A major task to ensure high time resolution of FEL-optical laser
experiments is to synchronize both sources while providing pre-
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cise control over their relative arrival time at the experiment.
Therefore, the laser system includes two balanced optical cross-
correlators(?"22l which are located in section C of the setup in
Figure 1 and explained in more detail in the Supporting Infor-
mation 5. One cross-correlator is used for locking the fiber os-
cillator repetition rate to a main laser oscillator (MLO) operating
at 1550 nm central wavelength. This facility-wide timing refer-
ence is distributed via length-stabilized fibers.[?2l To minimize
the cross-correlator’s error signal a piezo-actuated end-mirror of
the laser cavity is controlled to adjust the oscillator repetition rate.
The control electronics are based on the MicroTCA4 platform de-
veloped at DESY?*] and a programmable FPGA hosting fast feed-
back loops. Since the capture range of the optical synchroniza-
tion method is limited to about 400 fs, the fiber oscillator repe-
tition rate is prestabilized by conventional RF phase-locking.[??!
The 54 MHz pulse train from the auxiliary fiber frontend out-
put is used in both cross-correlators. Whereas it is stabilized in

© 2022 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a°55_l'l'l'I'I'I'I'I'I'I'I'II
50 slow drifts, At=0 fs+ 3.3 fs
45 4 fast jitter, At =25.1 fs £ 0.7 fs
40
35

30
2 2]

rrrT Tttt
0 2 4 6 8 10 12 14 16
time [h]

18 20 22 24

www.lpr-journal.org

b: 2 —_l LA L DL DAL DL DR L DENL AN BN LA LA B l_—
8 51 -
5 S0 -
© g-14 -
ERs 3

r~r~rr+r1rr~r 1+ 1 "1/ 1 rrTrrTrri
0 2 4 6 8 10 12 14 16 18 20 22 24
rrr>r>r>rrorTrTrTrTrrTtil
154 4 power amplifier L
= 1 diagnostic section| |
= A A AR AR AR
> 152 _ -
2 [E, = 152.5 I (1+0.06 %) I
=}
Q150 = =
[}
=
= I
o
o 584 L
<
Q L
E e
56 [E,= 5820 (1047 %) S

T T T " T " T " T " T T " T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24

time [h]

Figure 3. a) Pulse arrival time delay measurements in both balanced cross-correlators recorded in parallel to the energy stability in b) The blue line
shows the fast jitter derived from the 54 MHz pulse trains. The black line shows the in-loop drift measurement of the 10 Hz laser bursts after nonlinear
pulse compression. b) Energy stability measured over one day of user beamtime with a 1 Hz rate by photodiodes behind the main amplifier (black solid
lines) and in the diagnostics section (red solid lines). The lower panel shows the absolute mean pulse energies inside the laser bursts, the upper panel
shows the relative deviations from the mean value. The Yb:YAG amplifier is highly stable with < 0.1% standard deviation, the MPC output shows also a

low relative standard deviation of less than 0.5%.

the first cross-correlator, it is used as reference in the second cor-
relator measuring slow timing drifts of the pulses coming from
the MPC. A motor-controlled translation stage located in the fiber
front-end serves as variable delay line to compensate for the mea-
sured drifts. The residual timing instability was logged over a 24
h period during a user campaign (Figure 3a). The fast jitter de-
rived from the 54 MHz pulse train was on average 25.1 fs within
a 10 Hz to 1 MHz bandwidth. Only four out of > 85 000 logged
data points exhibited more than 30 fs timing-offset. In addition,
more than 99.5% of the slow drifts measured in the second cross-
correlator were within a +10 fs range and never exceeded a 20
fs absolute timing offset. Consequently, the total jitter between
pump—probe laser and optical main oscillator is clearly below the
> 100 fs temporal resolution achievable at the monochromator
beamlines and thus hardly contributes to the overall resolution
(Figure 4; and Figure S8, Supporting Information).

2.4. Laser Stability

Figure 1d hosts various diagnostic tools to measure pulse spec-
tra, energies, durations, and beam profile as well as position. The
burst energy stability is continuously logged with a 1 Hz rate by
the accelerator control system. Figure 3b shows the logged pulse
mean energies at the diagnostics section. The energies are aver-
aged over all pulses of the bursts. The data were recorded in par-
allel to the synchronization data shown in Figure 3a. With less
than 0.1% relative standard deviation, the solid-state amplifier
exhibits a highly stable output. The burst energy fluctuations be-
hind the MPC are higher but still below 0.5% which is an order of
magnitude better than the reported value for the previously used
OPCPA system.[*] In parallel, beam displacement and pointing
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was analyzed in the same 1 day measurement period at the diag-
nostics section. The standard deviations of the positions were 4.4
and 6.9 ym in x- and y-direction, respectively. This corresponds to
0.5% of the 1/e?-beam radius in x- and 1.0% in y-direction. The
pointing standard deviations were 2.0 and 2.6 urad in x- and y-
direction, respectively. The measurement data are shown in Fig-
ure S4 (Supporting Information). Users have not observed any
problems with pointing during the first campaigns with the laser.
It is to note that at present, the long-term stability strongly de-
pends on the temperature and humidity stability of the FLASH
experimental hall where the laser is installed without distinct air
conditioning. The Supporting Information S4.2 shows the mu-
tual dependence of temperature, humidity, and mean pulse en-
ergy at the diagnostics section.

2.5. Automation and Controls

In order to rapidly adjust the laser settings to the user needs, to
prevent drifts or damages, to minimize downtime, and to contin-
uously record pulse and beam parameters, the laser system is to
alarge degree remotely controllable and uses several automation
routines. For this purpose, it has been integrated into the FLASH
facility control system.[2423]

The pulse trains are monitored by means of InGaAs photo-
diodes behind the oscillator, each fiber and solid-state amplifier,
the fiber stretcher, the AOMs 1 and 3, at the compressor and
MPC inputs, at the diagnostics section, and the incoupling to the
beamline. Pulse spectrum and autocorrelation as well as the near-
and far-field beam profiles at the stabilization units behind the
main amplifier and in the diagnostics section are continuously
recorded. The MPC is equipped with three additional cameras

© 2022 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 4. a) Measured photoelectron spectra of the W(110) 4f core level as function of time delay between optical laser and FEL (hvgg = 112 eV &
93 X hv,g). At delays larger than |+ 600 fs|, the binding energies virtually represent the steady state of the 4f core level. On contrary, for delays within
+ 100 fs (white solid line), optical photon dressed states emerge separated by multiples of +hv, . They are visible up to the 2nd order near —28.9 eV.
Clearly most prominent is the single-photon side-band at Ey, ; + hv,, g & —30.1 eV. The integrated photoelectron yield in a range of 1.25 eV around this
band (red dashed lines) yields the cross-correlation measurement of b). The integrated data points are represented by the black crosses. Moreover, the
cross-correlation was modeled by Equation (1) based on the FROG retrieval of the optical pulse. The blue solid line shows the expected cross-correlation
excluding timing jitter between the FEL and optical pulses. The red line additionally considers jitter of 30 fs rms. For comparison, the estimated FEL
pulse is shown (gray dashed line) which mainly determines the temporal resolution of the experiment. No side lobes emerge in the cross-correlation.

for input- and output-beam profile and scattering light monitor-
ing. If one of the Kerr media gets damaged, it can be replaced
remotely by a slider which has however not been necessary, yet.
The main amplifier Yb:YAG crystals are protected by an FPGA-
based system which immediately interrupts the trigger to the
pump diodes’ power supply if a single seed pulse is missing in
the burst or if the pulse energy drops below a set threshold value.
The triggers of all photodiodes and measurement devices can be
remotely controlled by laser experts who can also turn on and
off all stages of the laser system remotely and synchronize it to
the main laser oscillator. Moreover, the laser bursts after AOM 3
can be arbitrarily shaped and the intraburst pulse repetition rate
can be set (Supporting Information S1.2). Finally, the pulse en-
tering the MPC can be prechirped by the motorized grating stage
in front of it.

Additionally, users of the PG beamline have several control
options that fulfill their most common requests. First, the final
Figure 1le contains a motor-controlled shutter and a variable at-
tenuator unit. The pulse energies are adjusted by set of reflec-
tive neutral density filters and by a rotatable waveplate in front
of two thin-film polarizers, resulting in 57.5 dB dynamic range.
The burst energies can be directly measured by a pyroelectric en-
ergy meter addressable through a motorized flip mirror. Second,
a high-precision, low drift translation stage is implemented for
delaying the 1.55 ym reference beam (Figure 1c). It is used to
control the relative delay between the FEL and the optical pulses.
An automated routine, which shifts the overall laser timing up
to several milliseconds, initiates the temporal overlap between
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pump and probe pulses. Third, users can vary the duration of the
optical pulses by changing the step motor-controlled grating sep-
aration in the compressor behind the MPC. Finally, the polariza-
tion of the light and the position of the beam in the experimental
chamber is adjustable.

3. Free-Electron Laser Pump—Probe Experiment

Figure 4 shows the results of a proof-of-concept pump-probe ex-
periment at the PG beamline. Optical and free electron lasers
were overlapped at the surface of a tungsten sample to mea-
sure their cross-correlation signal.[2*?’] The HEXTOF detection
schemel’®! was used to collect the photoelectron yield in depen-
dence of free electron kinetic energy and FEL-optical pulse delay.
Figure 4a resolves the vicinity of the W(110) 4f core-level bind-
ing energies at F,; ® =31.3 eV and E,, ~ —33.4 eV. Separated
by multiples of the optical photon energy h v,z = 1.2 eV, tran-
sient dressed-states are formed symmetrically around the core-
levels.?2] Consequently, integration over the energy range of
1.25 eV around Ej; + hv,; yields the FEL-optical laser cross-
correlation signal.l*] Figure 4b shows the normalized data of the
cross-correlation measurement and compares it to numerical cal-
culations applying the equation

1)

Where the normal distribution P (t) =
(Zﬁai)‘l/z exp{—t;/ (2650)} with o, =30 fs accounts for tim-

Iyc (1) « [ dt,P (to) St Iy (t» to) Lig (t+7)
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ing jitter, Iy (£ t,) is the FEL pulse intensity, and I (¢t + 7) is
the retrieved FROG pulse from Figure 2e. The FEL pulse was
approximated by a Gaussian I (£ £,) & exp{—4In2(t — t,)%/ Atf) }
where the full-width half-maximum (FWHM) duration At, was
derived from electron bunch streaking experiments®!l and the
plane grating illumination (Experimental Section). Since the
electron bunch distribution was not Gaussian, this is a coarse
estimation. Nevertheless, the agreement between the measured
data and the computed curve is good. The 200 fs width of the
cross-correlation is mainly determined by the 150 fs FEL pulse
duration. The optical pulse adds about 45 fs to it. The impact of
the 30 fs rms jitter is very small. In order to study the best tem-
poral resolution at the PG beamline, shorter FEL pulses must
be generated. This will be subject to an upcoming study. The
cross-correlation trace exhibits broader wings than a Gaussian
of comparable width. This originates at least to some degree
from the pedestals of the optical pulse at +100 fs (Figure 2e).
Those are smeared out by the longer FEL pulses. Contrary to the
cross-correlation measurement with the optical pulses shown
in Figure 2a (Supporting Information 6), no satellite pulses are
visible in the cross-correlation.

4. Discussion

Efficient nonlinear pulse compression allows to take advantage
of high-power Yb-ion based lasers without compromising tem-
poral resolution. This promises a significant boost of on-target
laser fluence in FEL pump—probe experiments, and thus consti-
tutes a crucial building block of the FLASH 2020+ upgrade which
targets THz to UV spectral coverage by optical lasers.[3?] Prece-
dent experiments with MPCs at FLASH have already demon-
strated the potential of nonlinear pulse compression at FEL
facilities.[**3*] Here, the first laser system is reported which fully
relies on the spectral broadening concept and has been employed
in FEL user experiments.[**] To date, PG beamline users have
given positive feedback to the novel pump laser system.

In contrast to the previous OPCPA concept,!*) the system
reported here exhibits various advantages: First, the order-of-
magnitude energy stability improvement implies a clear reduc-
tion of measurement noise and reduced need for averaging, re-
spectively. Pulse-to-pulse energy fluctuations are second also im-
proved by active burst flattening through the last AOM in the
amplifier unit. Such flattening was not possible in the OPCPA
setup due to the a priori sub-100 fs bandwidth of the parametric
amplifier seed. Third, the new system delivers up to 800 pulses
per burst corresponding to the number of FEL pulses arriving
at the experimental chamber. The previous system could lately
deliver only 400 pulses per burst in best case.l®] The spectral
broadening-based system can hence improve the data acquisi-
tion rate by a factor of two. Eventually, the much better power-
efficiency, the simplicity and the compactness of the system re-
ported here promises reliable continuous operation without the
need for expert intervention during user campaigns.

On the one hand, the demonstrated FWHM pulse duration
of 60 fs is clearly shorter than the durations reported from the
OPCPA system.[*1°] On the other hand, the main drawback of
the nonlinear pulse compression approach is the modest pulse
contrast. It is, without further measures, intrinsically limited by
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the self-phase modulated spectrum as Figure 2a implies. Fur-
thermore, the output pulse shape of the laser amplifier caused
additional temporal side lobes. The applied nonlinear ellipse ro-
tation method is very simple to implement because it only re-
quires additional waveplates in the MPC. It has proven as an
excellently suited technique to suppress spurious FEL pump-
probe signals originating from laser pulse pedestals. The method
is clearly more efficient than the cross polarized wave (XPW)
generation®* or the OPCPA approach which are also used for
contrast enhancement. Moreover, the instantaneous nature of the
exploited Kerr nonlinearity enables suppression of both pre- and
postpulses which is vital for pump—probe experiments. The re-
laxation time of alternatively used real saturable absorbers!*’! or
plasma mirrorsi®! precludes the suppression of postpulses on
a sub-ps time scale. The drawback of the nonlinear ellipse ro-
tation method is that to some extent pulse energy and duration
are compromised. The increase of pulse duration stems from the
reduced nonlinear refractive index for elliptical polarization.*"]
It could be compensated by tighter focusing as the Kerr-media
damage threshold is also polarization-dependent. For the FEL-
pump-probe experiments, it is however more important to have
a flexible intensity filter that can be adapted to the observed dy-
namics under test. In the reported example, the pedestal around
900 fs delay was clearly visible, whereas the side peaks around
100 fs delay had only a minor impact on the cross-correlation
trace. If shorter FEL pulses are used to monitor ultrafast dynam-
ics, the ellipse rotation method should be optimized for suppress-
ing the 100 fs delay pedestals. The cleaning method is tunable
through the initial ellipticity. Energy losses are inevitable because
the cleaning technique introduces an artificial saturable absorber
in the beam path. But the energy efficiency is not critical for the
FEL beamline because most user experiments run atlow uJ pulse
energies. That is clearly less than the 35 uJ pulse energy mea-
sured in the diagnostics section after cleaning. It is to note that
the waveplate settings were found empirically by observing the
modulation depth of the output spectrum. A theoretical inves-
tigation of the method for spectral broadening in hollow—core
capillaries!*’! shows that efficiency as well as contrast can be fur-
ther improved by a systematic study of the output pulse shape in
dependence of polarization ellipticity in the MPC. The measured
30 dB contrast was however sufficient for all user experiments
which have been conducted so-far. Moreover, it should be noted
that the efficiency of the method also depends on the shape of
the pulses entering the MPC and the targeted pulse shape. In the
present study, mainly the side lobes of the amplifier pulses were
suppressed, not primarily the pedestals introduced by self-phase
modulation.

The need for only modest pulse energies results in the most
compact, cost-efficient, and least intensity-noisy near-infrared
FEL pump-probe laser among the previously reported ones.[*1=#4]
Only the OPCPA-based laser at LCLS shows comparable long-
term pulse energy stability if it is driven with reduced pump
power.*ll At full pump power, the LCLS system provides up to
90 W average power after the OPCPA, that is conversion of about
13.5% of the power provided by the Yb:YAG amplifier. By con-
trast, the system reported here can exploit about 50% of the pulse
energy available after the chirped pulse amplifier. Only 20% of the
losses stem from the MPC. The main loss source is the flexible
grating compressor which could be replaced by efficient disper-
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sive mirrors. Consequently, even compression to the 10 fs-level
in a dual stage schemel®}! is expected to be significantly more
efficient than the established OPCPA technique. The results pre-
sented here highlight the attractiveness of the pulse-compression
approach for future FEL pump-probe laser developments. Its
scalability to kW average power and pulse energy levels exceeding
100 m] has just recently been demonstrated.[*>4]

The about 30 fs rms timing jitter may be further reduced with
a recently developed nonlinear amplifying loop mirror (NALM)
laser oscillator.[*’] The jitter refers to the locking of the optical
laser to the main laser oscillator. The actual timing instability be-
tween FEL and optical pulses may be slightly larger.[??] Simulta-
neous arrival time monitoring of pump and probe could be used
to attain precise timing information.[*¥] The method applied to
the European hard X-ray FEL is however difficult to implement
for FLASH’s XUV to soft-X-ray spectral coverage.??l The burst-to-
burst timing fluctuations of about 20 fs (Figure 3a) correspond to
the upper limit of the slow jitter introduced by the long beam path
in the MPC. The timing stability of facility OPCPAs!*I=] were
not characterized with a similar cross-correlator. But they exhib-
ited comparable or even larger fluctuations when the relative opti-
cal and FEL pulse arrival times!*?] or the seed and pump pulse jit-
ters were measured.[*!] This suggests that the MPC concept does
not impede precise synchronization of pump and probe pulses.
By contrast, the single path setup reduces synchronization com-
plexity and eliminates central wavelength instabilities.[*!] This
and the very good energy stability enable in turn precise cali-
bration of the drift correlator (Figure S7, Supporting Informa-
tion), and thus exact postcorrection of timing fluctuations in
pump—probe experiments. In the experiments reported here,
the 30 fs rms timing jitter had hardly any impact on the tem-
poral resolution since the FEL pulses were comparably long at
the monochromator beamline. Therefore, the possible improve-
ments in synchronization and absolute jitter characterization will
not lead to significant changes of the temporal resolution but
rather present an interesting development direction for other
beamlines.

Whereas the previous OPCPA system was generating pulses
at 800 nm central wavelength, the spectra of the pulses from the
laser reported here are centered at 1030 nm. As the sample excita-
tion in the user experiments is typically nonresonant, this wave-
length shift does not influence the usability of the laser. Recently,
an additional harmonic generator delivering light at 517 nm has
been implemented (Supporting Information S7). The intensity
dependence of the nonlinear frequency conversion additionally
cleans the ultrashort pulses as the smooth spectrum of the sec-
ond harmonic indicates (Figure S10b, Supporting Information).
The third harmonic at 343 nm will be available to the users in the
near future which will further extend the applicability of the new
laser system.

5. Conclusion

A first FEL facility laser was presented which fully relies on the
spectral broadening in a multipass cell approach. The demon-
strated compression factor of 15 to FWHM durations of 60 fs
makes it possible to exploit the stability, compactness, and ef-
ficiency of a high-power Yb:YAG laser emitting ps-level pulses.
The short pulse durations in combination with the about 30 fs
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rms timing jitter are excellently suited for pump-probe experi-
ments at the FLASH PG beamline where temporal resolution is
limited by the FEL monochromator. A major challenge of non-
linear pulse compression methods, to generate clean pulses, was
tackled by the nonlinear ellipse rotation method which led to a
significant reduction of spurious signals in FEL cross-correlation
measurements. In conclusion, the new compact and stable facil-
ity laser for pump-probe experiments at FLASH meets all major
user requirements, promises high reliability during 24/7 opera-
tion and will certainly contribute to upcoming cutting-edge ul-
trafast science experiments at the PG beamlines at DESY’s FEL
facility.

6. Experimental Section

FROG Measurements: A commercial scanning second-harmonic
FROG was used (Mesa Photonics). It contained a 20 um thin BBO crystal
for nonlinear frequency conversion. A beam sampler after the grating com-
pressor was inserted to direct the beam to the measurement device. AOM
3 was used to reduce the number of pulses from 800 to 5 which illuminated
the spectrometer in the FROG best. By delaying the trigger of AOM 3 intra-
burst delay dependent FROG measurements were done. A 512x512 grid
was chosen. The FROG errors varied between 0.23% and 0.68%. A grating
spectrum was measured in parallel by collecting scattered light from the
block of the main beam.

M?-Measurements: A commercial M2-meter was used (Spiricon
M200-s) to determine M2. The device uses the 46-method, automatically
attenuates and calculates the region of interest of the camera image. By
means of a beam sampler, light in front of the MPC or after the MPC was
steered to the measurement device. The beam camera was triggered and
the integration time was set to 40 us. This allowed to measure M? at dif-
ferent intraburst delays.

Laser Stability Measurements: InGaAs photodiodes were used to con-
tinuously track laser pulse energies at different parts of the setup. The sam-
pled laser beam was strongly attenuated and focused onto the detector
area to reduce beam pointing artifacts. The pulse energies were calibrated
by comparing the integrated voltage over one burst with the burst energy
measured by a commercial energy meter. From the integrated voltage of
a single pulse, the pulse energy was then retrieved. The pulse energies
shown in Figure 3b were derived from diodes located directly behind the
beam stabilization units to minimize fluctuations caused by beam point-
ing.

Optical Cross-Correlator Calibration: To calibrate the optical cross-
correlator for drift correction, a delay scan was done (Figure S7, Support-
ing Information) and the slope of the balanced photodiode signal with
respect to the displacement of the variable translation stage was fitted.
For the optical locking of the laser oscillator, the phase of the RF-lock was
shifted. The recorded balanced signals were then converted to fs delays.

Measurements with the HEXTOF Instrument at the FLASH1 PG2 Beam-
line:  The monochromatic FEL and optical laser beams impinge on the
sample in a collinear configuration thanks to a plane holey mirror in the
incoupling section of the beamline, 1.5 m upstream of the sample. The
incident angle of the two beams was 68 degree (with respect to sample
normal). The focus sizes of the FEL and the optical laser beam were 150
x 300 um? and 200 x 400 um?, respectively. The FEL photon energy was
h vegL = 112 eV (A =11 nm). The FEL pulses contained a few thousand
photons for core-level spectroscopy.l’®! The near-infrared pulse energies
were 2.0 ), corresponding to 73 GW cm™2 peak intensity and 6.4 m) cm™2
peak fluence, respectively. The bursts contained 480 pulses. The photo-
electrons were collected by the HEXTOF extractor lens and parallelized
onto a multichannel plate for momentum and delay detection.!'>] Figure 4
shows momentum-integrated data after 30 min of averaging. The sam-
ple was contaminated with carbon atoms as the usual annealing treat-
ment was skipped for the shown measurement run. The HEXTOF detec-
tion scheme allows to collect all electrons emitted above the sample sur-
face giving an effective acceptance angle of 2z steradians.
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FEL Pulse Duration Estimation: As the direct measurement of the high
energy FEL pulses is difficult, the electron bunches were analyzed in order
to estimate the photon pulse durations. A LOLA-type transverse deflecting
radio-frequency structure was used to measure the longitudinal electron
bunch profile. Its rms duration corresponds roughly to the FWHM of the
FEL pulses if the profile is Gaussian.3! This estimation results in a 120
fs pulse width. The 150 fs duration used in the model is additionally tak-
ing into account a 30 fs pulse elongation induced by the plane grating
monochromator of the beamline. The elongation was calculated from the
XUV beam size on the grating and its line density.[°]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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