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Abstract: We report on the development of a 2 MHz non collinear optical
parametric amplifier (NOPA) for high repetition rate time resolved X-ray or
optical spectroscopy. Our modular and very flexible device is pumped by
the second and third harmonics of a commercial femtosecond Ytterbium-
doped fiber laser. The amplified pulses are tunable from 520 nm to 1000
nm with pulse durations between 15 and 30 fs over the full tuning range.
The same setup is also suitable for broadband amplification and we
demonstrate the generation of 6 fs pulses at a central wavelength of 850 nm
as well as the generation of a broadband spectrum supporting 4.2 fs
transform limited pulse duration at a central wavelength of 570 nm. Very
high stability and compactness is achieved thanks to an optimized
mechanical design.
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1. Introduction

Ultrafast spectroscopy and non-linear imaging techniques require femtosecond pulses with
excitation wavelengths matching the absorption bands of the studied material system.
Providing continuously tunable emission throughout the visible and infrared, Optical
Parametric Amplification (OPA) has proven to be a very attractive solution to fill the gaps
between those discrete laser wavelengths, with tunable broadband amplification being
possible in non-collinear OPA’s [1-4]. With additional Second Harmonic Generation (SHG)
or Difference Frequency Generation (DFG), the tunability could be extended from the UV to
the mid-IR [5, 6], to match the excitation range of electronic and vibrational transitions of
condense phase material systems.

Another interesting feature of OPA is the ability to amplify very broad spectral bandwidth
up to a full octave, using some particular interaction geometries such as non-collinear
amplification (NOPA) at the so-called “magic-angle” [7, 8] or amplification at degeneracy
[9]. Such amplification strategies lead after compression to the generation of ultrashort pulses,
down to 4 fs [10], or even 3 fs via SHG of the spatially dispersed idler beam [11]. This
enables time-resolved studies with superb time resolution and fuels the generation of isolated
attosecond pulses when combined with Carrier-Envelope Phase (CEP) stabilization.

There is now a growing need for higher repetition rate parametric sources in order to
shorten acquisition times and increase the signal-to-noise ratio. This is very important for
many applications like High orders Harmonics Generation (HHG) due to its poor conversion
efficiency, or for optical pump/X-ray probe time resolved studies performed at synchrotron
radiation facilities. Depending on the chosen filling pattern, the repetition rate of synchrotrons
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lies in the MHz to GHz range, which means that most X-ray photons are lost when using
conventional kHz OPA pumped by Titane-Sapphire lasers. Some experiments have been
performed with MHz lasers recently [12] but still lack the flexibility of a tunable source.

Increasing the repetition rate of OPA systems is now possible thanks to the quickly
progressing technology of ultrafast fiber lasers with for example the demonstration of mJ
class high repetition rate femtosecond sources [13]. Reliable femtosecond fiber lasers are now
commercially available delivering energies of several tens of microjoules at repetition rates
up to 5 MHz.

There has been a lot of work in the last years to adapt the technology of parametric
devices to these new MHz pumping sources. 2 MHz OPA sources have been demonstrated
able to generate sub-20 fs pulses at a fixed wavelength of 800 nm [14] or tunable from 620 to
970 nm [15]. Broader tuning range has been demonstrated with a NOPA pumped with the
third harmonic of a fiber laser but at a reduced repetition rate of 500 kHz [16]. Generation of
10 fs pulses at 800 nm has also been reported at a very high repetition rate of 11.5 MHz [17].
Triggered by the need for high repetition rate HHG sources, a lot of efforts have been
dedicated to the development of few-cycle MHz CEP-stabilized NOPA [18, 19], eventually
resulting in the first evidences of isolated attosecond pulse generation at 600 kHz [20].

Usually, parametric devices are very specialized systems designed for one specific
application with fixed performances. In contrast, the present paper reports on a compact and
integrated system designed to achieve the highest flexibility on every laser parameter in order
to meet most users’ demands, without compromising with the state-of-the-art figures of merit.
The performances of the NOPA described below are totally adjustable, with repetition rates
from single shot to 2 MHz, tuning from UV to NIR and narrowband or broadband
amplification. While all these parameters can be adjusted within seconds or a couple of
minutes, special attention was paid to beam stability, with shot-to-shot power fluctuations of
1.3% thanks to a compact and robust mechanical design. Moreover, we demonstrate for the
first time the generation at 2 MHz of two optical cycle pulses at a wavelength of 850 nm with
a compact white light seeded NOPA, as well as the amplification of a broadband spectrum
supporting two cycle pulses at 570 nm.

2. Two-MHz NOPA optical design

The Tangerine Fiber Chirped Pulse Amplifier (FCPA) from Amplitude Systémes pumps our
NOPA. This laser delivers a maximum output power of 20 W at the fundamental wavelength
of 1030 nm, with a repetition rate tunable from 200 to 2000 kHz (pulse energy from 100 to 10
wJ) and an output pulse duration of 320 fs. It benefits from two Acousto-Optic Modulator
(AOM) pulse pickers, one internal which selects the output energy, and one external which
selects the repetition rate (i.e. the average power). For experiments, the internal AOM
repetition rate is fixed to 2 MHz (10 pJ) to maintain a constant energy level and intensity
inside the nonlinear crystals, while the external modulator is used to adjust the repetition rate
from single shot to 2 MHz depending on the experiments.

The lower limit of the amplifiable spectrum in a NOPA is defined by the transparency
window of the crystal used (due to absorption of the idler) as well as by the wavelength of
pump. For example, when using a Beta Barium Borate (BBO) crystal as nonlinear medium, a
NOPA pumped by the second harmonic (SH) of an Ytterbium-doped fiber laser at 515 nm is
able to amplify wavelengths down to about 620 nm while a third harmonic (TH) pumped
NOPA at 343 nm will amplify down to about 390 nm. To guarantee tunability throughout the
visible spectrum we have decided to design a TH-pumped NOPA, in parallel to a SH-NOPA
which has shorter pulse duration and higher energy in the NIR as shown later. Both NOPAs
are seeded by the same white light continuum and we can easily switch from one to the other
depending on the spectral range of interest.

The optical layout is sketched in Fig. 1. Practically, the beam enters the NOPA box
through a half waveplate (HWP 1) which rotates the polarization in the vertical plane. A beam
splitter (BS) reflects 80% of the total power for pump generation while the remaining power
is used for white light seed generation. A module composed of two half waveplates (HWP
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2&3) and a polarizing beamsplitter (PBS) is used to switch the pump from one NOPA to the
other: depending on the orientation of HWP 2, the IR pump beam is either reflected to
generate a 515 nm pump via SHG or transmitted to generate a 343 nm pump via THG. The
polarizations of both beams are selected in order to have both pump beams horizontally
polarized after harmonics generation to get type | phase-matching in the NOPAs. Moreover,
an afocal lens is used to decrease the beam diameter on both arms (lenses L2 + L3 and L2 +
L4) so as to achieve enough intensity in the SHG and THG crystals.
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Fig. 1. Experimental setup of the 2 MHz NOPA prototype. HWP: half waveplate; BS: beam
splitter; PBS: polarizing beam splitter cube; VND: variable neutral density filter; Lx: plano-
convex spherical lens; WLG: white light continuum plate; Mx: mirror; AC: achromatic lens
doublet; DR: dispersion rod; DL: delay line; C: calcite compensation plate.

The crystal used for SHG pump generation is a 2 mm thick type | BBO crystal cut at
23.4°. We obtain 8 W of SH radiation at 515 nm (i.e. 4 pJ, 50% efficiency).

For THG pump generation, a 1.5 mm thick type | BBO crystal cut at 23.4° is used for
SHG. For THG, type 11 (1030.0(e) + 515.0(0) = 343.3(e)) has been selected to yield the best
conversion efficiency at high repetition rate. The crystal is a 1.5 mm thick type |1 BBO cut at
40.1°. An additional 0.5 mm thick calcite plate cut at 45° is used for group delay
compensation between SHG and THG crystals. We obtain 5 W of TH radiation at 343 nm
(i.e. 2.5 wJ, 31% efficiency).

The SH and TH pump beams from the harmonics generators are brought to temporal
overlap with the white-light seed pulses by two independent variable delay lines (DL1&2)
consisting of a pair of mirrors mounted on a translation stage with micrometric positioning.
Those dichroic mirrors M5-M9 and M11-M15 are also used to filter out the residual
unconverted light from the harmonics crystals. The horizontally polarized pumps and
vertically polarized signal are overlapped in two type I, AR-coated BBO crystals. One is cut
at @ = 33° with a thickness of 2 mm (TH-NOPA), the other is 4 mm thick and cut at § = 23.5°
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(SH-NOPA). The pumps are focused inside the crystals using the lenses L5&L7 to a spot size
of 120 um FWHM (TH-NOPA) and 150 um FWHM (SH-NOPA). We estimate the intensity
inside the OPA crystals to 70 GW/cm®.

For seed generation we use the now popular white light generation (WLG) in a YAG
window, which has proven to be ideally suited to produce stable continua at high repetition
rates [21]. The power of the beam transmitted by the input beam splitter (BS) is adjusted by a
variable neutral density filter (VND). 1 to 1.25 wJ (2 W) of FF light is focused by a 50 mm
lens (L1) in an uncoated 4 mm thick YAG plate. We obtain a continuum spanning from 480
nm (YAG cut-off [21]) up to the fundamental wavelength of the laser.

This white light is collimated by a silver-coated spherical mirror (M1). The beam is then
routed by a set of silver-coated mirrors (M2 to M4). M3 can be inserted in or out of the beam
path to switch easily from one to the other NOPA. The signal is then focused in each NOPA
crystal by an achromatic lens (AC1&3). The seed beam is focused slightly in front of the
NOPA crystals and its size is about twice as big as the pumps inside the crystals in order to
improve the beam profile. An additional glass rod (DR) can be placed on the beam path to
increase signal dispersion and reduce the amplified bandwidth for some experiments.

Our setup fits on top of a 90x45x20 cm enclosed breadboard, and there is enough free
space at the output of both NOPASs to add the chirped mirror compressor described below or
an additional second harmonic generator to extend the tunability into the UV.

The full laser system (including NOPA, Tangerine FCPA, T-Pulse master oscillator for
synchronization with synchrotrons rep-rate, and beam characterization instruments) fits on a
small 1,5x1m optical table mounted on a wheeled frame so as to be transportable to various
synchrotron facilities in Europe, like Petra Il1l, ESRF or PSI. The mechanical components
have been carefully selected, and for some of them designed in-house, in order to reach the
best stability and robustness when the device is moved from one location to the other.

3. Tunable amplification results
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Fig. 2. Spectral tunability of the TH (a) and SH-pumped NOPA (b).

For spectroscopic applications, controlling the spectral bandwidth of the beam is important.
Some applications need the broadest amplified spectrum in order to reach ultimate time
resolution, while for others a narrow linewidth is needed to excite a defined transition. To get
such flexibility, both NOPAs are aligned for broadband amplification at magic angle (internal
pump to signal angles are respectively set to 2.6° and 4.7° for SH and TH-NOPA), even if we
do not necessarily need ultra-broadband spectra.

In this configuration, the amplified bandwidth is mainly determined by the temporal
overlap of the 300 fs pumps with the dispersed seed. By tailoring the continuum’s dispersion,
it is therefore possible to adjust the spectral width from broadband to narrowband depending
on applications. This is done easily and quickly, by insertion of transparent dispersive
material. Thanks to magic angle, it suffices to adjust the temporal overlap for tuning the
central wavelength of the amplified pulses. For instance, for experiments with our streak
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camera we often use a 2 cm thick SF10 window (visible range) or a 1 cm thick ZnSe window
(NIR range) to reduce the excitation spectrum bandwidth by a factor of about 5 compared to
the spectra presented Fig. 2.

Typical amplified spectra are presented Fig. 2. The TH-NOPA operates in the 540 to 950
nm range and the SH-NOPA is tunable from 700 to 1000 nm. As we are using the walk-off
compensation (WC) interaction geometry, parasitic SHG of the amplified signal is found at
590 nm and 850 nm respectively for the TH and SH-NOPA, resulting in a gap in the
amplified spectrum. It is due to the fact that the phase-matching angle is the same for SHG
and OPA at those wavelengths. It could be avoided by using the non-walk-off compensation
(NWC) configuration (180° rotation of the crystal around the beam axis of propagation) at the
expense of a lower beam profile quality [22].
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Fig. 3. Output energy of the TH (a) and SH-pumped NOPA (b).

The output energy of the two NOPAs at 2 MHz operation is shown Fig. 3. It is higher than
25 nJ from 500 to 900 nm for the TH-NOPA with a maximum of 170 nJ at 580 nm (6.8%
conversion efficiency). The energy is higher than 100 nJ from 710 to 1000 nm for the SH-
NOPA with a maximum of 750 nJ at 920 nm (18.7% conversion efficiency). The efficiency
of the TH-NOPA is rather low due to the lower intensity inside the crystal. Increasing the
intensity to 100 GW/cm? eventually results in damage of the BBO crystal due to thermal
gradient inside the crystal.

Fig. 4. Typical amplified beam profiles: TH-NOPA at 640 nm and 2 MHz (a), same at 200 kHz
(b) and SH-NOPA at 820 nm and 2 MHz (c).

Amplified beam profiles at 2 MHz are slightly elliptical (Fig. 4). Ellipticity is better when
the repetition rate is reduced using the external AOM of the fiber pump laser. The beam
diameter is constant regardless of the repetition rate in the vertical direction, while it is
changing in the other (phase-matching direction). We thus attribute this ellipticity change to
the coupling between the thermal gradient inside the amplifying crystal and the thermally
sensitive phase-matching.

The TH-NOPA is by far the most sensitive to these thermal effects. It has been reported
that idler and pump absorption is the main contribution to thermal heating of nonlinear
crystals, and that absorption in the crystal coating can increase the heating of the crystal by
25% [23]. In our case, heating is partly due to two-photon absorption (TPA) of the 343 nm
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pump in BBO: at an intensity of 100 GW/cm? (damage intensity), TPA of the UV pump is
estimated to 15%. Additional absorption in the crystal coating is also possible: using an
uncoated crystal might reduce heating and allow for a higher pumping intensity and
conversion efficiency despite the increased Fresnel losses.

Thanks to its external modulator, the Tangerine pump laser allows changing the repetition
rate at will without changing the energy per pulse and the intensity inside the crystals.
However, the change in thermal load inside the crystals (including the YAG window) implies
that the output energy will change depending on the repetition rate, so it might be needed to
optimize the focusing inside the OPA crystals to get optimal efficiency. We also need to
increase the energy focused in the YAG window due to thermal heating, from 1 pJ at 200
kHz to 1.25 J at 2 MHz, using the variable density filter VND. When the energy is fixed to 1
WJ and the repetition rate to 2 MHz, we can see an initial bright white light at the opening of
the laser shutter, but the WL intensity then drops very quickly as the YAG plate is heating up.
When the continuum is generated, 15% of the laser power is indeed absorbed in the YAG
plate due to nonlinear absorption. We did not notice any change in the spectral width while
changing the repetition rate.

The output power of the NOPA is remarkably stable. For example, long-term fluctuations
of the SH-NOPA are 0.5% RMS over a recording period of 90 minutes (Fig. 5) and 1.3%
peak-to-peak. Enclosing the breadboard is very important to get stable output power,
especially for the UV-pumped NOPA. When the enclosure is opened, the TH-NOPA behaves
as a thermometer: the output power follows exactly the evolution of the room temperature.
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Fig. 5. SH-NOPA power fluctuations measured over 90 minutes. The drop-out corresponds to
an opening of the laser shutter.

4. Broadband amplification results

As the NOPAs are in a magic-angle configuration, the amplified bandwidth is only
determined by the white-light chirp. In the previous section, we have demonstrated tunable
amplification for both OPA but it could also be very interesting for some experiments to
generate those ultra-broadband spectra followed by appropriate compression to few optical
cycle duration. To do so, the optical setup has to be modified slightly to reduce the seed chirp
and match signal and pump pulse durations. In our setup, more than half the continuum
dispersion is due to the thick achromatic lenses AC1&AC3 used to focus the seed inside the
NOPA crystals. To reduce seed dispersion we have removed those two lenses and mounted
the spherical mirror M1 on a short translation stage for focusing the continuum. This solution
is however less flexible and was chosen for demonstration purposes only: as the optical path
length is not the same for the SH and TH-NOPA, the position of this mirror has to be adjusted
each time one switches from one NOPA to the other in order to place the continuum focus at
the right point. A better solution could be to replace the achromatic doublets by simple plano-
convex lenses made in a low dispersive material such as calcium fluoride.

After adjusting the pump delays for temporal overlap with the seed, we observed
broadband amplification for both OPAs (Fig. 6). The non-collinear angle was adjusted as the
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amplified bandwidth can be even larger for a slightly smaller angle compared to magic angle
[24]. In this configuration, the amplified spectrum is 225 nm broad (1/e?) at a central
wavelength of 570 nm in the TH-NOPA, supzporting a Fourier limited pulse duration of 4.2 fs
(2.2 optical cycles). It is 350 nm broad (1/e°) at a central wavelength of 845 nm in the SH-
NOPA, supporting a TF pulse duration of 5.4 fs (1.9 optical cycles). In both cases a hole in
the amplified spectrum is visible at a wavelength of 585 nm for the TH-NOPA and 850 nm
for the SH-NOPA due to the same parasitic SHG already reported and explained in the
tunable configuration. The broadband spectrum is more modulated in the SH-NOPA
compared to the TH-NOPA, probably due to parasitic sum-frequency mixing [18] and to the
structuration of the white-light spectrum close to the fundamental frequency. The output
energy is the same as the maximum obtained in the tunable configuration.
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Fig. 6. Ultra-broadband spectrum generated in the TH (a) and SH pumped NOPA (b) at magic
angle.
6. NOPA compression
FC-SPIDER

4
Si chge?_

SH-NOPA

Fig. 7. SH-NOPA chirped mirrors compression setup.

In the narrowband operation suitable for wavelength tuning (Fig. 2) the amplified spectra
support transform limited (TF) pulse durations below 30 fs from 500 to 750 nm with a
minimum of 11.5 fs at 620 nm for the TH-NOPA, and pulse durations below 30 fs from 700
to 1000 nm with a minimum of 14 fs at 870 nm for the SH-NOPA (Fig. 8). The TF pulse
durations grow rapidly at the vicinity of the spectral cutoff due to the asymptotic shape of the
phase-matching curves when the idler starts to be absorbed. Amplified pulses at the output of
both NOPAs have basically the pulse duration of the pump beam, much longer than those
ultrashort TF-limited durations. A compression setup is therefore needed to compensate for
the phase acquired by the signal during its propagation from the white light YAG plate to the
experiment.
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Many options could be considered to compress the output pulses of a NOPA. A fused-
silica prism compressor [25] is easy to handle and adaptable to different central wavelengths.
But fused-silica prism compressors are bulky when the GDD to compensate for is high. In our
NOPA GDD = 1920 fs? at 900 nm, which requires an apex-to-apex prism distance of about
1.2 m. Compactness can be improved using more dispersive material like SF-10 prisms, at the
expense of a large uncompensated third-order dispersion (TOD).

A broadband double chirped mirrors (DCM) compressor is an appealing alternative, with
its high throughput, compactness and user-friendliness [26]. Moreover, new broadband DCM
designs are also able to compensate for TOD, enabling shorter pulse durations compared to
prism compression. We have opted for such a chirped-mirror compressor to compress our
SH-NOPA with a spectrum centered at 800 nm. The main advantage for us is the possibility
to fit the compressor directly inside the NOPA enclosure in order to preserve the high
stability of our system.

For the TH-NOPA, convenient broadband DCMs with high enough dispersion in the
visible spectral range are presently unavailable “off-the-shelf”. A more costly custom design
would of course be the best long-term solution. For demonstration purpose, we present here
compression results of the TH-NOPA with a simple fused-silica compressor, keeping in mind
that the compressed pulse duration could be significantly shorter with the availability of TOD
compensated DCM.
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Fig. 8. Transform limited (red dots) compared to measured pulse duration (green squares) after
compression of the TH-NOPA with a fused silica prism compressor (a) and SH-pumped
NOPA with a chirped mirrors compressor (b).
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Fig. 9. a) Shortest autocorrelation traces (green) and Gaussian fits (red) of the TH-NOPA. b)
FC-SPIDER temporal profile reconstruction of the shortest SH-NOPA compressed pulses at
875 nm for the on-purpose limited spectral bandwidth obtained in the tunable operation mode

(Fig. 2).

The SH-NOPA compressor chirped mirrors are designed for the 630-970 nm spectral
range (Femtolasers). They came in a large size of 80x20 mm allowing multiple bounces. Each
double bounce compensates 60 fs?> at 900 nm as well as the third order phase. The
compression setup is sketched Fig. 7. Distance between the mirrors is set to 1 cm and
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incidence angle is about 10°. The maximum number of bounces on a row is 20 and a roof
mirror is used to add a second pass. One chirped mirror is fixed while the second one is
mounted on a translation stage (50 mm travel range) together with the roof mirror in order to
quickly adjust the number of bounces. A pair of fused silica wedges is placed at the output of
the compressor for fine adjustment of the dispersion (only used for the broadband NOPA
configuration). With 80 bounces max, aligning both mirrors in perfect parallelism is very
challenging. Any tiny misalignment led to beam pointing issues when changing the number of
bounces. The compressor, without wedges, fits in a 15x10cm? box, which is quite an
improvement over the 1.2 m long prism compressor. The compressed pulses are then
characterized with APE’s FC-SPIDER.

We concluded that the optimal number of bounces is 64 (32 double bounces, 16 on a row)
for the tunable NOPA configuration, compensating a total GDD of 1920 fs® at 900 nm. The
number of bounces is the same regardless of the amplified wavelength, i.e. no realignement is
needed when tuning the NOPA. We measure a throughput of 65%. The compressed pulse
duration is lower than 30 fs from 700 nm to 950 nm with a minimum of 15.2 fs at 875 nm
(Figs. 8 and 9). Itis 1.1 to 1.2x the Fourier limit on the full spectral range.

For the TH-NOPA, pulse durations at the output of the prism compressor are below 32 fs
from 520 to 750 nm with a minimum of 21 fs at 610 nm. This is 1.3 to 2x the Fourier limit,
larger at shorter wavelengths due to increasingly high uncompensated TOD.

Finally, we tested the DCM compressor with the broadband SH-NOPA configuration. As
the amplified beam dispersion is reduced, only 40 bounces are needed for optimum
compression, increasing the throughput of the compressor to 73%. We optimized carefully the
amplified spectrum to obtain the shortest pulse duration. Fine tuning of the dispersion was
done by inserting fused silica wedges on the beam path. We succeeded to compress the pulses
to 6.0 fs (2.1 optical cycles) with TF duration of 5.4 fs (Fig. 10).

This is to our knowledge the shortest pulse duration obtained from a compact white light
seeded MHz NOPA. This is a clear improvement over previously published similar works,
where pulse duration was limited to 9.7 fs at 1 MHz [27]. Slightly shorter pulse durations
have been demonstrated earlier, but at repetition rates one order of magnitude lower and using
a more complex and expensive setup including CEP-stabilized octave-spanning oscillator: 5
fsat 150 kHz [18] or 4.6 fs at 200 kHz [19], the first one including a pulse shaper.
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Fig. 10. FC-SPIDER temporal and spectral characterization of the ultrashort 6,0 fs pulses at
840 nm.
6. Conclusion

We have demonstrated the generation of tunable pulses between 520 and 1000 nm with pulse
durations in the range 14 to 30 fs and energies from 25 to 750 nJ at a high repetition rate of 2
MHz. With minor adjustments, our NOPA can also be operated in a broadband configuration
able to generate 6.0 fs pulses at 850 nm as well as a spectrum supporting 4.2 fs FT pulses at
570 nm. This is the first demonstration of the generation of two optical cycle pulses at MHz
repetition rate from a bulk white-light seeded NOPA, without any pulse shaping.
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In addition, the future availability of broadband chirped mirrors with high enough
dispersion in the visible to avoid too many bounces should allow us to demonstrate the
generation of two optical cycle pulses in the visible from our MHz TH-NOPA.

Until now, parametric devices were specialized systems able either to generate tunable
pulses or broadband pulses, at fixed repetition rates and in specific spectral ranges. Our new
modular design offers an all-in-one solution able to meet most users’ demands with only
minor adjustments.

Besides this very high flexibility of every laser parameter, the use of a white-light seed
allows for a much more compact setup compared to complex systems based on octave-
spanning Ti:Sa oscillators which are also able to deliver two optical cycle pulses. The NOPA
housing fits in a 90x45cm footprint, and the full laser system on a 1x1.5 m optical table
(including the optional synchronization setup for experiments at synchrotron radiation
facilities). Using a more compact pump laser with the same performances at 2 MHz, like the
Satsuma from Amplitude Systemes, the full laser system could even fit on a 45x140 cm
breadboard. The compactness and robustness of our mechanical design allows for very high
beam stability important for applications.

The technology of femtosecond MHz Ytterbium lasers is progressing quickly. New lasers
are already commercially available which are able to deliver even higher output power, up to
50W. It could allow scaling the output energy of our MHz NOPA device to the puJ range, but
with an increased difficulty to deal with the high thermal load inside nonlinear crystals. This
is especially the case for the TH-pumped NOPA as discussed in section 3. New strategies will
be needed to increase the pump power without damaging the crystals, like water-cooling and
use of uncoated crystals.

We have already intensively used our NOPA for spectroscopic applications making use of
the large tunability of these sources from near-UV to near-IR, and the ability to control the
repetition rate (important for molecular systems with slow ground state recovery due to long-
lived triplet states). The NOPA pulses excited a large variety of organic and inorganic
fluorescent samples the emission of which was recorded using a streak camera with 10 ps
time resolution(C 10627, Hamamatsu) [28]. During these experiments we had the opportunity
to use the device in all possible configurations, using either SH or TH-NOPA, adding seed
dispersion to narrow the amplified bandwidth, removing seed dispersion to get broadband
spectrum, or adding a SHG module at the output to generate UV light, with repetition rates
from 5 Hz to 2 MHz. The high long-term stability of the sources (Fig. 5) turned out to be
another key advantage. In addition, drift of the electronic synchronization between the
Tangerine and the streak camera was found to be lower than 1ps over more than 10 hours of
acquisition in photon counting mode.

Our 2 MHz prototype will now be synchronized with synchrotron beams in order to
perform time-resolved optical pump/X-Ray probe experiments. Beam time is planned at the
European Synchrotron Radiation Facility in Grenoble and Petra Il at Desy in Hamburg. The
laser source will be located inside the X-ray hutch, thus inaccessible to users. In this context,
remote control of a motorized pump-seed delay stage and crystal rotation stage for
wavelength tuning is an obvious improvement to be easily implemented. Thanks to the 2
MHz repetition rate, X-ray time resolved studies will now benefit from an improved data
acquisition speed as well as a better signal-to-noise ratio. We foresee that this kind of
instrument will become a standard tool on many synchrotron beamlines in the future.
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