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Abstract: We demonstrate a 100 kHz optical parametric chirped-pulse amplifier delivering
under 4-cycle (38 fs) pulses at ~3.2 pm with an average power of 15.2 W with a pulse-to-
pulse energy stability <0.7% rms and a single-shot CEP noise of 65 mrad RMS over 8h. This
source is continuously monitored, by using a fast 100 kHz data acquisition device, and
presents an extreme stability, in the short and long terms.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The advent of diode-pumped ytterbium-doped solid-state lasers has revolutionized
femtosecond technologies [1] and strong-field physics not only because of their compactness
and power scaling capabilities, but also because of versatile repetition rates and unmatched
energy stability. The latter results from a combination of multiple favorable factors, either
linked to the physical properties of ytterbium ions (long lifetime, simple electronic structure,
relatively large gain bandwidth and small quantum defects) or to the technological aspects
(compatibility with large set of host materials into fiber, bulk, slab, and thin-disk architectures
and direct pumping by cost-effective laser diodes), allowing efficient and powerful laser
amplification at multi-kHz to MHz repetition rates under steady-state pumping conditions.
This technology, couple to the work on parametric amplification of ultrashort pulses [2], has
set off the development of high-repetition rate optical parametric chirped-pulse amplifiers
(OPCPA), especially in the mid-infrared range [3—11] where high repetition rate helps to
counteract the rather low count rate of strong-field physics experiments such as COLTRIMS
[12], reaction microscope [13], or conversion yield (X-UV generation [14]).

Energy stabilities well below the ~1% threshold, both shot-to-shot and long-term, unravel
the potential of nonlinear optics to broaden bandwidths, shift wavelengths, generate or
amplify light, without sacrificing the necessary prerequisites of deterministic experimental
science: reproducibility and control of physical parameters. High-repetition rate sources also
open the path to statistical analysis of large sets of data, an approach seldom used in strong-
field physics so far because of the insufficient reproducibility of the intensity and/or electric
field of short pulses.

In this paper, we exemplify such an approach by demonstrating an Ytterbium-pumped
100-kHz OPCPA generating few-cycle pulses at ~3.2 pm with a pulse energy of 152-uJ, a
duration of 40-fs and a Strehl ratio >0.8. Compared to our previous publication [10], the
output energy/power was increased by a factor >4 while maintaining or improving the other
optical characteristics. Apart from this power upgrade, we present a complete long-term
characterization of the output beam: a shot-to-shot energy stability of 0.7% RMS, a pointing
stability of ~10 prad RMS, and a carrier-envelope phase (CEP) noise of ~65 mrad over more
than ~3 billion successive shots (>8h). To date, this is the best recorded non-averaged CEP
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stability for an amplified system, independently of the wavelength, pulse duration or
repetition rate. This OPCPA also delivers the highest reported peak power (152 pJ/38.2 fs
with 92% in the main peak ~3.7 GW) at 100 kHz within the 2-4 pm wavelength range
without post-compression.

2. Architecture

The OPCPA is pumped by an Yb*"-YAG, thin-disk, regenerative amplifier (Dira-200, Trumpf
Scientific Lasers) seeded by a 40 MHz oscillator (Amplitude Systémes) and a fiber pre-
amplifier (Fastlite). This regenerative amplifier delivers 2 mJ pulses at the repetition rate of
100 kHz (average power of 200 W). The pulse duration at 1030 nm is 1.1 ps full-width at
half-maximum (FWHM). Beam profile is close to Gaussian (measured M?<1.3) and the
typical pulse-to-pulse energy stability is ~1% rms. The scheme of the optical setup is
represented on Fig. 1.
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Fig. 1. Optical setup. SC: supercontinuum generation. LN-AOPDEF: LiNbO; acousto-optic
programmable dispersive filter. DFG: difference-frequency generation. OPA: optical
parametric amplifier. 2f-f: collinear “2f-to-f” interferometer (CEP noise measurement). FROG:
scanning second-harmonic frequency-resolved optical gating. PPLN: periodically poled
MgO:LiNbO; crystal. LN: bulk LiNbO; crystal. Blue: 1.03 pm. Green: <2.06 pm. Red: >2.06
pm.

As already described with more details in [10], about 1 W is split from the main pump
beam and spectrally-broadened up to ~2 um in a 10 mm thick YAG crystal through
filamentation. The 1.3-1.9 pm part of the supercontinuum is shaped by Lithium Niobate
(LiNbO3) acousto-optic programmable dispersive filter (AOPDF, Dazzler, Fastlite) triggered
at 100 kHz. The AOPDF is the heart of the dispersion scheme and cumulates five tasks:
spectral selection, pulse-stretching to match the pump duration in the subsequent OPA stages,
pre-compensation of the high-order spectral phase introduced along the entire system, CEP
stabilization and control. In order to manage pulse duration at each stage, materials of
different dispersion are used (Si with positive GDD, and CaF2 with negative GDD). This
shaped seed is then amplified in a 1-mm MgO-doped Periodically Poled Lithium Niobate
(PPLN) crystal (named DFG in Fig. 1). The generated idler pulse at ~3.2 um, is selected and
successively amplified in the subsequent OPA stages OPA2 (type-0, 0.7-mm MgO-PPLN
crystal), OPA3 and OPA4 (both non-collinear, type-I, 1.5-mm, bulk LiNbO3 crystals). All the
crystals are heat up to 120 °C. Doping level of MgO is 5% for the PPLNs. LNs are not doped.
OPA3 and OPA4 are pumped by ~40 W (peak pump intensity of ~30 GW/cm2) and ~140 W
(peak pump intensity of ~90 GW/cm2) respectively with an external angle of ~10°. The
noncollinear geometry in the last two OPAs avoids the use of dichroic mirrors and helps to
minimize nonlinear effects at these stages, sum frequency generations in particular. At the
output of OPA4, the average power at ~3.2 um is 16.5 W and the global quantum conversion
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(including optical losses) of OPA4 is ~28%. In all OPA stages pump-seed synchronization is
passive. The output beam is then expanded to ~10 mm FWHM and sent to a compressor made
of 20 mm of bulk Silicon. The usable output power for experiments is 15.2W after the
compressor. A 1-mm Sapphire plate serves as both output window and beam sampler (R =
7% from 2.5 to 4 um on one side, R<1% on the other side. The reflected beam is divided and
sent to embedded diagnostics for parallel monitoring of the shot-to-shot energy fluctuations
(MCT photodiode), pulse duration (FROG, Frozzer, Fastlite), spectrum (1-5 pm scanning
acousto-optic spectrometer, Mozza, Fastlite [15]) and CEP stability (2f-to-f interferometer
equipped with a fast fringe detector, Fringeezz, Fastlite [16]). The output average power is
measured behind the output window by a large-area water-cooled powermeter. To
characterize the spatial beam profile, the output beam is attenuated by a set of reflections on
AR-coated Silicon windows and sent to a thermal-infrared camera. Spatial phase is measured
by a wavefront sensor (SWIR-SID4, Phasics) and the Strehl ratio is assessed by measuring
the focal spot at the focus of a CaF2 lens (f = 500 mm at 3.2 um). All measurements are done
at full power and on the same day for the sake of completeness and comparison.

3. Spectrum

Figure 2(a) shows the output spectrum, acquired at the rate of one spectrum every minute
over more than 8h. The spectrum extends from ~2.8 um to 3.65 um with a shape typical of
saturated OPAs containing a dip at ~3.3 um showing the onset of the back-conversion
process. Spectral modulations in the 2.8-2.9 um reveal absorption by water vapor and/or -OH
contents in coatings and/or optics. Figure 2(a) is an overlay of 500 spectra. Given the very
small fluctuations of the spectral intensity we compute and plot the probability density
function of the spectral intensity rather than direct values. Note that the color scale is
logarithmic and spans over several orders of magnitude. Figure 2(b) shows in a more
conventional way the stability of the spectral shape over more than 8h.
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Fig. 2. (a): Overlay of 500 output spectra taken during 8 hours. Each column is a histogram of
intensity computed for a particular wavelength. (b): Output spectrum as a function of time.

The system is optimized for 3.2 um, but it is also important to notice its capability to be
tuned from 2.5 um (9.4 W — 85 fs FTL) to 3.8 um (7.7 W — 140 fs FTL).
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4. Pulse duration

Second-harmonic frequency-resolved optical gating (SH-FROG) is used to characterize the
output pulses temporal profile [17]. A description of the optical setup can be found in [10]. A
1-mm Sapphire plate is inserted in the beam before the SH-FROG to take into account the
dispersion of the output window. The retrieved pulse duration is 38.2 fs FWHM, for a
Fourier-transform limit of 35.5 fs FWHM. The accuracy of the pulse reconstruction is
assessed by computing the RMS reconstruction error (<1%, 160x160 calculation grid). Since
the duration of an optical cycle at 3.2 pm is 10.7 fs, the pulses duration is less than four
optical cycles.

SH-FROG trace reconstructed with a rms error of 0.78 %
(a) Target FROG map (222) Reconstructed FROG map
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Fig. 3. (a) Experimental FROG trace. (b) Retrieved FROG trace. (¢) Reconstructed time-
dependent intensity. (d) Reconstructed spectrum and spectral phase.

5. Beam profile and Strehl ratio

The spatial beam profile at the output of the OPCPA is characterized by a customized
uncooled micro-bolometer array (Pyroview, DIAS). The detector array is 640 x 480 pixels
with a pixel pitch of 17 pm. The near-field beam profile (~1 m after the output window) is
shown in Fig. 4. The beam is approximately Gaussian, with a diameter of ~14 mm at 1/¢*. A
fraction of the beam is sampled, attenuated and focused by a + 500 mm AR-coated plano-
convex CaF, lens. The beam profile, at focus, is shown in Fig. 4, bottom left. To characterize
the deviation from an ideal, diffraction limited beam, we compare the measured far field with
the one computed from the near-field measurement assuming a perfectly flat spatial phase.
Because of the unavoidable presence of a thermal background, a threshold at 5% (of peak
counts) is applied to all measured beam profiles. Besides, a numerical filter equivalent to a
physical round aperture of 29 mm is applied on the near-field profile to remove spurious
contributions (halo from steering optics). Measured and computed widths at 1/¢* are 145 um
x 168 um and 148 um x 155 um respectively, which indicate that the beam is actually close
to its Fourier-transform limit. More quantitatively, the experimental peak fluence (far-field
measurement) is 1.62 J/cm®, whereas the theoretical peak fluence (deduced from the near-
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field beam profile) is 1.97 J/cm”. Defining the Strehl ratio as the relative loss of peak fluence
at focus induced by spatial phase aberrations, provides a value of ~0.82. Another
measurement of the Strehl ratio is performed with a wavefront sensor (SID4, Phasics) leading
to a calculated value of 0.87, in good agreement with our experiment. The related M? value,
also deduced from the wavefront measurements is ~1.40.
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Fig. 4. Beam profile measured in near field (a) and far field (b). Computed far field (c).

Beam pointing fluctuation is defined as the RMS displacement of the beam barycenter in
the far-field and was also measured over 8h. The RMS beam deviation is 3.1 pm along the X-
direction and 4.8 pum along the Y-direction. The deduced beam pointing stability is ~0.02
times the beam divergence in the X- and ~0.03 in the Y-direction. Given the focal length of
the focusing lens (500 mm), the beam pointing stability is <10 prad RMS in both directions.

6. CEP fluctuations

Fluctuations of the carrier-envelope phase are characterized by “2f-to-f” interferometry
[10,18]. Here, a collimated beam of 6 uJ first propagates through a thin type-I SHG crystal
(AgGaS,) and consequently generates a second harmonic beam that interferes with a stable
continuum produced by focusing the beam in a YAG crystal. A 45° polarizer couples the
polarizations of 2f and f. The spectral beating at ~1.55 pm between the continuum and the
second harmonic is recorded by a fast fringe detector [16] during 8 hours at 10 kHz
(integration time of 2 pus), meaning that an interferogram is acquired for one laser shot every
ten pulses, for a total of 2.9 10® data points. A digital output (resolution of ~25 mrad: 8 bits
digitalization over 2m) is used to feed back the CEP offset to the AOPDF at 10 kHz and
correct for CEP fluctuations. The feedback loop is a simple proportional correction with a
damping factor of 0.5. Figure 5 demonstrates the CEP stability measured for 8h. The CEP
noise is 65 mrad RMS over the entire measurement. This extreme long-term stability and
ultra-low noise of the CEP are result of the combination of the intrinsic passive stability of the
“self-seeded DFG” process and the active feedback loop. As visible on Fig. 5, the
discretization levels of the feedback (~25 mrad) starts to show up.
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Fig. 5. Measured CEP noise over 8h (closed-loop). (a) Temporal evolution of CEP
fluctuations: each column is a histogram of measured CEP offsets for 20000 shots (2 s at 10
kHz); (b) histogram of the total distribution of measured CEP offsets.
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This excellent CEP stability and the capability to manipulate the electric field over a 25
mrad resolution is essential for controlling molecular systems with IR field [19] or, after a
post compression stage, optoelectronics experiments [20].

7. Long-term power stability, shot-to-shot energy fluctuations

Average output power is measured every 10 s by a water-cooled, large area powermeter, with
an integration time of 2 s. Figure 6 shows the output power after compression as a function of
time, for a period of 12 hours. The time axis is local time in order to correlate these results
with the CEP measurement (Figs. 5 and 8). The average power value is 15.2 W with a RMS
stability of = 0.7% over the full measurement. The break in the measurement at ~11:50 was
caused by an external interlock event. After only a few minutes the full system was restarted
and got back to the initial values within a few seconds.
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Fig. 6. Average power at the output of the OPCPA after the compression stage. Same data are
shown with two scales: [7:20-20:00, 0-17 W] and inset: [8:30-20:00, 14.8-15.8 W].

In parallel, a large-area, TE-cooled, HgCdTe photodiode is used to monitor the output
pulse-to-pulse energy. Given the high repetition rate and the high vertical resolution required
to resolve low level of the energy fluctuations, an acquisition system has been specifically
developed to acquire and log data values at 100 kHz with a dynamic range >40 dB. The
combination of these two features allows the computation of statistical figures, and in
particular energy fluctuations, with a precision well below 0.1%. This acquisition system
(BigBrozzer, Fastlite) is designed to record the data from sixteen input channels
simultaneously. Embedded in the OPCPA, it monitors continuously the pump beam position
(4-quadrant detector) as well as the energies of pump, continuum, DFG and output beams.
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Fig. 7. (a) Supercontinuum (SC) energy fluctuations as a function of pump energy fluctuation
(fluctuations relative to the average pulse energies). (b) Output energy fluctuations in function
of pump energy fluctuations. Both plots are density functions corresponding to 20 000
successive pulses.
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Figure 7 shows an example of the statistical approach. On Fig. 7(a) the relative
fluctuations of the SC energy are plotted against the relative fluctuations of the pump energy.
There is no clear correlation between these two data sets. One can still note that the SC
energy looks clamped toward the highest energy values. This feature can probably be related
to the self-stabilization regime reported in [21]. Figure 7(b) correlates similarly the
fluctuations of the output energy versus the pump energy. There is a clear anti-correlation
with a slope of approximately —4 showing that OPA4 operates in the saturation regime. In
order to be able to save data for a long-period (around a month on a 32 Gb memory card),
four parameters are computed and saved every second (i.e. calculated over 100 000
consecutive shots) for all input channels: the average value, the RMS value, the minimum
value and the maximum value. Figure 8 compares over 8h the RMS CEP noise (closed-loop)
with the following data: relative output pulse energy, relative pump energy, OPCPA RMS
energy noise and pump RMS energy noise. The Spearman's rank correlation (or Spearman's
rho) coefficients between the RMS CEP and the latter data are, respectively: + 0.48, —0.32, +
0.46 and —0.33. CEP appears to be mostly correlated to the output pulse energy rather than to
the pump energy. Interestingly, the CEP noise is not only related to the RMS fluctuations (i.e.
the best CEP stability is achieved when the system is the most stable) but also to the average
pulse energy. This phenomenon may be explained by an intensity-phase coupling induced by
the white-light generation stage of the 2f-to-f interferometer: as described in the section IV of
[22], the strength of this intensity-phase coupling actually depends on the input energy level.
This measurement also shows a weaker correlation between the pump energy and CEP noise.
Beyond the correlation coefficient, a common periodic variation (cycle of 10-15 mn) is
clearly visible. For the sake of completeness, it has to be mentioned than the abrupt drops of
the output energy are linked to the start/stop of the cooling unit of the system.
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Fig. 8. From top to bottom, long term measurements of: relative OPCPA output energy,
relative pump energy, RMS OPCPA energy fluctuations, RMS pump energy fluctuations, CEP
noise (RMS). All data were acquired single-shot at 100 kHz (pump energy, OPCPA energy) or
10 kHz (CEP). The OPCPA and pump variations are relative to the average value computed
over 8h.
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Although the information deduced from Figs. 7 and 8 was predictable, the interest of the
fast data acquisition device lies in the fact that for each shot, several experimental values can
be correlated, both shot-to-shot and on the long-term. This is not only useful for
understanding the physics of this OPCPA system, but also for analyzing the effect of laser
parameters on scientific results. In the present case, this study tends to show that the stability
of the CEP is ultimately limited by the stability of white-light generation stage of the 2f-to-f
device through intensity-phase coupling. To a lesser extent, another contribution, linked to the
pump energy, can be detected. This feature could also be a signature of an intensity-phase
coupling but at the SC or DFG level.

8. Conclusion and prospects

We have characterized a 100-kHz, 3.2-um, 15.2-W, 4-cycle OPCPA with an RMS
energy/power stability < 0.7% and an RMS carrier-envelope phase noise of 65 mrad with no
drift over eight consecutive hours, which corresponds to almost three billion pulses. We
demonstrated that a peak intensity of 10'° W/cm® with a focal spot of 20 um FWHM is
reachable, making this source suitable to drive nonlinear strong-field processes like HHG up
to keV energy level [23]. Coupled to the embedded multi-channel data acquisition device, this
system is suitable for performing ultra-stable shot-to-shot measurements over a long-term,
promising data accumulation difficult to reach with other sources demonstrated so far.
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