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temporal contrast requirements exist. Our efforts therefore
address mainly the energy content in the post-compressed pulse.

Reports on pulse post-compression often focus on the full
width at half maximum (FWHM) of the pulse duration of the
compressed pulse, typically characterized by low-dynamic range
autocorrelators (ACs) or second harmonic frequency resolved
optical gating (SHG-FROG), while neglecting energy con-
tent in the temporal pulse pedestal. This brings along the risk
to overestimate pulse energy contrast and peak power. While
Pronin et al . estimated an energy content of 85% in the main
pulse after spectral broadening in a large-mode-area photonic
crystal fiber with a compression factor of 14 [8], Köttig et al .
reported an energy content between 63% and 67% (compres-
sion factor of 13.6) using a hollow-core photonic crystal fiber
[9]. Up to 80% in the main post-compressed peak was reported
with a kW gas-filled MPC for a smaller compression factor of six
[10]. Regarding bulk MPCs with compression ratios below 10,
estimated energy ratios of 86% [11] and 75% [12] are reported,
based on SHG-FROG and AC measurements, respectively. All
the above-mentioned energy content estimates were obtained
with linear scale measurements.

In this Letter, we investigate the energy content of post-
compressed pulses at large compression ratios (>10 ) employing
an Yb:YAG burst-mode laser with a high intra-burst repetition
rate (100 kHz) and high average power (320 W in burst), post-
compressed in a gas-filled MPC. We characterize individual
pulses inside the burst at 100 kHz repetition rate with high
dynamic range revealing energy content, spectrum, pulse dura-
tion, and phase for individual pulses in the burst. Third-order
autocorrelation measurements yield a relative energy content of
up to 78% in the main post-compressed pulse as well as a stable
broadened spectrum and compressed pulse duration within
the flat part of the burst. In contrast to standard characteriza-
tion methods based on, e.g., AC or SHG-FROG, our method
enables a reliable calibration of the pulse energy fraction con-
tained in the post-compressed pulse, yielding a very high energy
content for gas-filled MPCs at a large compression ratio.

At the FEL facility FLASH in Hamburg [13], burst-mode
lasers matching the temporal structure of the FEL pulse [14]
are employed. Recent laser concepts use high average power
Yb:YAG lasers together with MPCs for spectral broadening
and subsequent pulse compression [15,16], providing sim-
plified solutions compared to traditional optical parametric
chirped pulse amplification (OPCPA) approaches. MPCs offer
high throughput, large compression ratios [17], good beam
quality [12], and great possibilities for average power [10] and
pulse energy scaling [18]. In this Letter, we use the FLASH2
burst-mode pump–probe laser [14] with a gas-filled MPC post-
compression setup. The laser consists of an Yb laser front-end,
which seeds a Yb:YAG Innoslab chirped pulse amplifier (CPA)
[18]. Conventionally, the CPA is used as the pump source for an
OPCPA system. In our experiment, the output of the amplifier
is directly post-compressed [16,17], as depicted in Fig. 1. The
system delivers up to 320 W intra-burst average power in 10
Hz burst of about 1 ms length (3.2 mJ single pulse energy at
100 kHz repetition rate) at 1030 nm, with an optimized pulse
duration of 730 fs FWHM. The pulses are spectrally broad-
ened in an MPC filled with 1 bar of argon. The cell is used in
a near-concentric configuration and consists of two dielectric
broadband concave mirrors with radius of curvature of 1 m and a
diameter of 100 mm. The MPC is operated with 18 round trips,

Fig. 1. Schematic of the experimental setup. TFP, thin film polar-
izer; BS, beam splitter; QWP/HWP, quarter-/half-wave plate. The
input pulse profile from the Innoslab CPA amplifier (measured via
SHG-FROG), the spectrally broadened output of the MPC, and the
pulse after the compressor are shown in the blue inset panels and are
intensity normalized.

yielding about 87% transmission and good spatial beam quality
[16]. A two-lens telescope is used to mode-match the laser beam
to the MPC eigenmode. The output of the MPC is compressed
using transmission gratings insensitive to polarization in a com-
pact four-pass compressor configuration. Out-coupling of the
compressor is performed via a broadband thin film polarizer
operating at 70◦ by adding a π/2 phase shift in the compressor
via double passing a quarter-wave plate. After the compressor,
the pulses are sent to a fully automated home-built non-collinear
third order AC. A sensitive ultraviolet (UV) photodiode records
the full burst trace for each temporal delay in the AC and for
several neutral density filters. Individual pulses inside the burst
are then extracted by appropriate temporal triggering of our
detection system and by stitching the traces obtained with
different filters together to form a final AC trace.

For our experiment, the MPC was operated to deliver
compressed pulses with a duration of about 56 fs FWHM.
Individual pulses inside the MPC compressed output burst
are studied first. Figure 2(a) shows the pulse intensity AC trace
for the 80th pulse inside the burst recorded employing the full
dynamic range of our AC (blue). It is compared in logarithmic
scale with a similar measurement at reduced dynamic range
performed using a single neutral density filter (orange), illus-
trating the need for a reliable contrast measurement at higher
dynamic range. The corresponding post-compressed individ-
ual pulse AC trace is shown in linear scale in Fig. 2(b) for the
cases of a reduced dynamic range [two orders of magnitude
(OOM)] compared to the full dynamic range obtained with our
device (4.5 OOM). Additionally, the integrated energy content
computed over the scanning delay reveals that the pedestal at
delays prior to −200 fs is completely underestimated for the
reduced dynamic rage data. The shaded area in Fig. 2(a) depicts
the integration window used for deriving the relative energy
content in the compressed peak. We chose twice the FWHM τ

of the post-compressed pulse duration and compare the energy
content in this window with the energy contained in the 5 ps
scanning window. We obtain a relative energy content of 78%
in the main compressed pulse, measured via third order AC for a
compression ratio of 13 at 320 W in-burst average input power.
While the reported result corresponds to a slightly chirped pulse
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Fig. 2. (a) Third order AC traces of the 80th post-compressed pulse
in the burst in logarithmic scale at full dynamic range (blue) and for
a single filter (orange). Integration window ( 2τ ) used for the energy
content estimation (shaded area). (b) AC results corresponding to (a)
in linear scale and matching integrated energy content. (c) AC trace
for a 40 ps scanning window, for the post-compressed pulse (solid line)
and MPC input (dotted line). (d) Simulated theoretical limit for the
maximum energy content achievable with a FTL post-compressed
pulse (solid line) together with the experimental data point (red star).

(Fourier limit: 52 fs), we achieve a high temporal energy contrast
very close to the theoretical limit [red data point in Fig. 2(d)].
Theoretical predictions based on nonlinear pulse propagation
simulations [19] considering large compression ratios are also
shown in Fig. 2(d). The solid line represents the calculated rel-
ative energy content in the main compressed peak for a Fourier
transform-limited (FTL) pulse, using the integration window
defined above, considering a perfect Gaussian input pulse and
linear dispersion-free spectral broadening. Figure 2(c) depicts
the AC trace over the full scanning window of the AC setup,
i.e., 40 ps, and shows that the pre- and post-pulses have an
intensity of less than 0.5% compared to the main peak at time
delays longer than 2.5 ps. Peaks at longer time delays are also
present in the initial pulse from the Yb amplifier (dotted curve)
and, as such, are not inherent to post-compression. The AC
traces are recorded with 50 fs (10 fs) steps for the 40 ps (5 ps)
scanning window. By normalizing the integrated energy con-
tent of the main compressed pulse to the pulse energy, we can
easily estimate the peak power. We obtain a peak power boost
of around seven, corresponding to a peak power of about 24
GW after post-compression assuming a total setup transmission
of 80%. While such a high transmission can easily be reached
using gas-filled MPCs in combination with chirped-mirror
compressors, the total transmission in our setup was lower due
to a grating-based compressor with 56% efficiency.

Using our home-built automated third order AC, we are able
to record high dynamic range AC traces resolving all pulses over
the full burst, as shown in Figs. 3 and 4. The AC trace resembling
the full burst is obtained by combining traces from all individual
pulses similar to the blue AC trace in Fig. 2(a). The full AC
trace reveals that the pulses are well behaved over the entire flat
part of the burst, showing only minor intensity and bandwidth
variations in the timing window of 1100–1800 µs, which cor-
responds to the part of the burst that is overlapped with the FEL

Fig. 3. Intra-burst dynamics revealing pulse intensity and temporal
contrast variations for (a) leading and (b) trailing edges of the burst.
(c) Measured relative energy content over the full burst, with a zoom
(inset) on the flat part of the burst showing very small variations.

Fig. 4. (a) MPC output pulse energy, showing the burst structure.
(b) Full temporal intensity with 10 fs time steps and (c) intra-burst
spectra of the full burst of the post-compressed pulses.

burst in pump–probe experiments. It also reveals fast dynamics
at the leading and trailing edges of the burst as shown in Figs.
3(a) and 3(b), caused by a rising (falling) pulse energy resulting
in an increasing (decreasing) bandwidth at constant compressor
settings, i.e., not all the pulses in burst benefit from an optimal
compression. Figure 3(c) shows the relative energy content of
the main compressed pulse over the flat part of the burst using
again an integration window of 2τ . An energy content of 78%
is consistently obtained over a duration of 650µs, i.e., 65 pulses
inside the burst, with a standard deviation below 0.2%.

In Fig. 4(b), the full AC trace is presented along the burst
structure [Fig. 4(a)]. Another parameter of particular interest for
the MPC output pulses is the broadened spectrum. To measure
the spectrum of individual pulses inside the burst, a MHz-rate
spectrograph was employed, based on the linear array detector
KALYPSO [20,21]. Figure 4(c) presents the resulting spectra
for all individual pulses within the burst. Employing our third
order AC and the MHz-rate spectrograph allows us to perform
intra-burst FROG measurements to retrieve the phase of the
individual post-compressed pulses. The approach is similar to
the full burst contrast measurement with the UV photodiode
being replaced by the fast spectrograph operating with reduced
dynamic range compared to the third order AC. The pulses are




