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Abstract: We demonstrate a novel, energy-efficient, cost-effective simple method for seeding
CEP-stable OPCPAs. We couple the CEP-stable idler of a broadband OPCPA into a hollow
core Kagome fiber thus compensating for the angular chirp. We obtain either relatively narrow
bandwidths with ~36% coupling efficiency or quarter-octave spanning bandwidths with ~2.2%
coupling efficiency. We demonstrate spectral compressibility, good beam quality and CEP
stability. Our source is an ideal seed for high-energy, high-average power, CEP-stable few-cycle
OPCPA pulses around 2 um, which can drive the generation of coherent soft X-ray radiation in
the water window spectral region via HHG.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The generation of coherent water window (WW) radiation (282-533 eV) is one of the most
explored research topics of the ultrafast optics community in the latest years [1-8]. WW sources
allow for a new regime of spectroscopy with attosecond resolution of biological samples, because
this part of the electromagnetic spectrum is transmitted by water and absorbed by carbon.

The present method to generate WW radiation consists in driving high harmonic generation
(HHG) with infrared pulses. From several theoretical and experimental papers, it turns out that
the spectral region around 2 um is a good compromise between HHG efficiency and cut-off
extension to drive the production of coherent WW radiation [9]. The driver pulses ideally need to
have ~mJ energies to drive enough HHG in the WW to be used in experiments, broad bandwidth
and short duration to produce isolated attosecond pulses (IAPs) and carrier-envelope phase (CEP)
stability to generate pulse-to-pulse reproducible IAPs. In addition, the latest high-power laser
developments have shown that it is possible to produce very high average power ~ps pump pulses
at 1 ym [10-14]. Therefore, a good candidate to drive HHG in the WW is a 1-um-pumped
optical parametric chirped pulse amplifier (OPCPA) at 2 ym central wavelength. Such parametric
sources can reach few-optical cycle duration and ~mlJ energies. When combined either with
spectral broadening stages, in hollow core photonic crystal fibers (HCPCF) or Herriott cells, or
with attosecond gating techniques, or in a parametric synthesis configuration, these sources can
drive IAPs in the WW spectral region.
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The CEP stability of the driver, allowing for pulse-to-pulse reproducibility of IAPs, can be
achieved either deriving the optical setup from an actively stabilized laser [15,16] or passively
through difference frequency generation (DFG) between pulses coming from the same laser [17].
In the case of the OPCPA, or optical parametric amplifier (OPA), the idler pulses are the DFG
between pump and signal pulses, so they are passively CEP-stabilized even if they are derived
from non-CEP-stable lasers.

Using the CEP-stable idler of an OP(CP)A as a seed for successive OP(CP)A stages seems
to be a straightforward way to achieve high-energy CEP-stable pulses, but we will discuss the
accompanying hurdle. The broadest-bandwidth achievable from an OPCPA at 2 um with pump
at 1 um is in a degenerate OPCPA (DOPA) configuration in S-barium borate (BBO) crystal or
in similar crystals with type I phase matching. In this case the spectra of signal and idler are
both quarter-octave spanning around 2 pm. The polarizations of signal and idler are identical,
and opposite to the pump polarization. If we use a strictly collinear configuration of pump
and signal, at the output it is impossible to distinguish the CEP-unstable signal pulses from
the CEP-stable idler pulses, since they have the same wavelength range, the same polarization
and the same direction of propagation. Therefore, a strictly collinear DOPA cannot be used for
seeding successive CEP-stable amplification stages. A slight non-collinear angle (0-2°) between
pump and signal does not drastically change the phase matching bandwidth, but it allows a
spatial discrimination between idler and signal. It would be in principle possible to use a slightly
non-collinear DOPA as a seed for successive stages, but the angular dispersion of the idler due to
the different phase matching condition for each of its wavelengths makes this task very difficult; a
correction of the spatial chirp is then required. There have been a number of proposals in the past
to solve this problem [18] and to generate a CEP-stable few-cycle seed for OP(CP)As. One of
them consists in compensating the idler angular chirp with gratings and deformable mirrors [19].
It is an efficient technique and shows good performances, but it is costly and complex. Another
scheme [20] consists in using a narrowband collinear [21] or slightly non-collinear OPA [22]
whose CEP-stable idler has none or negligible angular chirp compared to its natural divergence,
and whose frequency is well separated from the signal. The idler, or its second harmonic, is used
to pump a CEP-stable white light generation (WLG) stage in bulk materials. This scheme has
shown to be very successful and is being used in several optical parametric synthesizers, because
it can produce a CEP-stable seed over multiple octaves [23,24]. Its drawback is the low efficiency,
since the energy of the OPA generates the supercontinuum with ~1073 efficiency, and the total
efficiency from the laser is ~107° [24].

Here, we introduce a novel simple and efficient all-optical scheme for the generation of
CEP-stable pulses, which can be used to seed successive amplification stages. We also utilized
our concept in a proof-of-principle experiment and showed good performance. The method
consists in focusing the light of broadband slightly non-collinear DOPA, whose idler is CEP-
stable but angularly dispersed, into a hollow core photonic crystal fiber (HCPCF) [25]. The
inhibited-coupling HCPCF, which can easily handle hundreds-uJ pulse energies thanks to very low
optical power overlap between core mode and silica cladding [26], homogenizes the wave-vector
directions of the different idler wavelengths coupled into the fiber. This method is similar to the
technique used for homogenizing diode lasers [27].

The laser for all our experiments was a home-built Yb:KYW regenerative amplifier [28]
already used for the CEP-stable front-end in an Yb based optical parametric synthesizer [24]. It
produces 5.4-mJ, 650-fs pulses at 1030 nm with 1 kHz repetition rate. We pumped and seeded a
DOPA centered at 2 um, and focused the idler into a HCPCEF, in particular an inhibited coupling
Kagome fiber [29] used in the linear regime. At the output of the fiber, the CEP-stable broadband
idler has a well-defined propagation direction and no detectable angular chirp, and can be directly
utilized as a seed for successive DOPA stages.
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We believe that our technique is simpler and more effective in angular chirp compensation
than other techniques based on gratings and deformable mirrors [18,19,30] and 2-3 orders of
magnitude more energy-efficient than the sequence of a narrowband OPA and a WLG stage [24].

2. ‘Narrowband’ OPA

In a first experiment (setup scheme in Fig. 1), we used 308 uJ of the total pump laser energy at 1
kHz repetition rate [31]. We generated the seed by focusing a 13-uJ fraction of the driving laser
output into a 10-mm-long YAG crystal. The WLG seed was amplified in two consecutive DOPA
stages with type-I 4-mm-long BBO crystals cut at 21.8°. In the first stage, the pump energy
was 73 pJ. In the second stage, the pump energy was 217 uJ and the pump intensity was ~130
GW/cm?. The signal output energy of the first DOPA stage was ~240 nJ, the signal and idler
energies after the second stage were 10.6 uJ each. The full width at half maximum (FWHM) of
the spectrum was relatively narrowband (80 nm). We imaged the idler into the Kagome HCPCF
with a 3.5:1 imaging system with 1 lens (f =75 mm, ~34.5 cm between OPA output and lens,
~10 cm between lens and fiber). The fiber was in air, only 22-cm long in order to avoid unwanted
nonlinear effects, with 7-core cells and 63-pum core diameter. The numerical aperture (NA) was
~0.018 [29], therefore its acceptance angle was ~2°. The output energy after the fiber was 3.8
uJ, so the coupling efficiency was 36%. We attribute the losses to the beam size at the input,
which was larger than the fiber core diameter. The overall efficiency from the laser energy to the
OPA output was 1.2 x 1072, We measured the pump beam diameter at 1/e> at the second stage as
~800 pm. Assuming that the idler had a similar size at the crystal, the beam size at the fiber input
would be ~230 um. The beam at the output of the fiber was collimated via a converging lens
with 15 mm focal length. To check the residual angular dispersion, we propagated the beam few
meters and then scanned over the beam profile via a multimode fiber coupled spectrometer. The
beam diameter at 1/e was >1 mm, well above the 1035 um core size. We measured the spectrum
at several positions of the beam by moving the fiber horizontally and vertically, and diagonally.
The measured spectrum at every position of the fiber relative to the beam was the same, which
means that there was no residual angular chirp after the fiber output.
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Fig. 1. Optical layout of the ‘narrowband” CEP-stable seed generator.

We verified that the fiber did not introduce an oscillatory spectral phase which would not be
difficult to compensate. To this aim, we measured the temporal profile of the pulses at the output
of the fiber via second harmonic generation frequency resolved optical gating (SHG FROG). The
spectrum supports pulses with a 32 fs duration when transform limited. We measured a pulse
with 65 fs duration. The retrieved spectral phase was regular and smooth, and we expect the
pulses to be compressible with standard dispersion management techniques (Fig. 2).
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Fig. 2. Measured (a) and retrieved (b) FROG traces of the ‘narrowband’” HCPCF output; (c)
measured (blue) and retrieved (green) spectral intensity, retrieved spectral phase (orange);
(d) transform limit of the measured spectrum (blue), retrieved temporal intensity (green) and
temporal phase (orange). For ease of comparison, the axes are the same as in Fig. 5. The
reconstruction error is 1.4%.
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Fig. 3. Optical layout of the broadband CEP-stable seed generator.

3. Broadband OPA

After the experiment described above, we optimized the spectral content of the OPAs by adjusting
the spectral content of the WLG seed and the phase matching angle, but not the pump-seed
non-collinear angle. We estimate that the angular chirp may have approximately quadrupled. We
coupled the OPA output into the fiber. Besides not being able to couple the whole bandwidth
to the fundamental mode of the fiber due to the fiber acceptance angle, we measured a fringed
spectrum as well as a fringed beam profile at the output. We attributed this problem to the
excitation of higher order modes of the fiber, which beat with each other and cause the observed
modulations. We then minimized the OPA angular chirp by minimizing the pump-seed external
angle to ~1.6° at the second stage, and measured a ~1.8° external angular chirp. To measure
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the angular chirp, we placed a multimode fiber (core size 105 pm) coupled to a spectrometer at
~81 cm from the OPA output and measured the spectrum at different positions along the idler
beam. We considered as limits of the spectrum the short and long wavelengths whose maximum
is as high as 4% of the global maximum of the spectrum at the center idler position. We used 62
pJ and 202 pJ pump power in the first and in the second stage. The pump intensity was ~120
GW/cm? at the second stage. A schematic of the setup is shown in Fig. 3.

We obtained a spectrum spanning from ~1.8 to 2.3 pm (340 nm FWHM) with 7.5 uJ energy.
In this configuration, coupling into the Kagome fiber filtered out some idler spectral components
at 1.75-1.8 um and 2.3 to 2.35 ym. In addition, we modified the imaging setup into a 1:1 4-f
imaging scheme (f= 100 mm). In this way, we matched the angular chirp to the 2° acceptance
angle of the fiber, and were able to avoid spectral and spatial fringes. The drawback was the
reduction in coupling efficiency to 2.2%, with ~170 nJ output energy. We attribute this loss
in efficiency to the ~3.5 times bigger beam profile than in the previous experiment due to the
different imaging configuration (~800 um pump beam size). The overall efficiency from the laser
to the fiber output was 6.4 x 10~*. Figure 4(a) shows the good quality of the spatial profiles of
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Fig. 4. Beam profile at (a) the output of the Kagome fiber for the broadband case, and (b)
the output of the third broadband DOPA stage.
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Fig. 5. Measured (a) and retrieved (b) FROG traces of the broadband third DOPA stage; (c)
measured (blue) and retrieved (green) spectral intensity, retrieved spectral phase (orange);
(d) transform limit of the measured spectrum (blue), retrieved temporal intensity (green)
and temporal phase (orange). For ease of comparison, the axes are the same as Fig. 2. The
reconstruction error is 0.58%.
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the beam after the Kagome fiber (>1 mm beam diameter at 1/e%). Also in this case, we could
not detect any residual angular chirp at the fiber output, by using the same procedure explained
in section 2 for the narrowband case. We collimated the beam with the same f= 15 mm lens as
before, and further amplified it in another 4-mm-long BBO crystal cut at 21.8° with 280 uJ pump
energy. We obtained an amplified signal with 3.5-uJ energy and an excellent output signal beam
profile, as shown in Fig. 4(b).

We measured the pulse with SHG-FROG and again retrieved a very smooth spectral phase
which we expect to be compressible with standard techniques (Fig. 5). We think that the fringes
along the time axis may be due to ~5% energy instabilities. The FWHM transform limit duration
is 24 fs, and the measured FWHM duration is 88 fs. The setup did not show significant short- or
long-term instability in energy and pointing.

4. CEP stability of the broadband OPA and perspectives

We characterized the passive CEP stability of the OPA output via f—2f measurements. We
split the pulse into 2 parts, produced supercontinuum via WLG in a 3-mm thick YAG plate
and SHG in a 0.7-mm long BBO crystal, rotated the SHG polarization with a half waveplate
and recombined the 2 branches in a spectrometer. We observed a good CEP stability, with
395 mrad rms fluctuations over 20 seconds (20 ms integration time, 20 shots per spectrum), as
shown in Fig. 6. The f—2f measurement shows the validity of the concept for the generation of a
CEP-stable seed.
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Fig. 6. The f—2f of the broadband third stage DOPA output shows a CEP stability with
rms =395 mrad measured over 20 seconds, with 20ms integration time (20 shots per
spectrum). (a) CEP vs. time; (b) f—2f spectrogram vs. time.

In addition, the setup could be improved by coupling the idler of the first OPA stage, and not of
the second stage, into the Kagome fiber. This would reduce the CEP instability, due to the shorter
path length difference between pump and signal [21], and it would also improve the coupling
efficiency into the Kagome fiber, as explained in the following. In the second stage, due to the
higher pump intensity, we used a big beam size (~800 um) to avoid crystal damage and unwanted
nonlinearities. When focusing the idler beam into the fiber, we have to compromise between
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beam size in the focus and angular chirp. A big beam size at the crystal output can be focused to
a small beam but with high angular chirp exceeding the fiber acceptance angle. Coupling the
first stage instead of the second would be therefore more efficient, because of the smaller beam
size of the first stage output in respect to the second. The disadvantage would be the difficulty
of coupling a signal with ~100 times lower signal levels into the fiber, due to the difficulty of
detection at 2 um wavelength. Going to higher repetition rate (~10 kHz) would mitigate this
issue.

5. Conclusion

We conceived and experimentally demonstrated a novel all-optical method for the generation of
CEP-stable broadband pulses. The method consists in coupling the passively-CEP-stable idler
of a broadband OP(CP)A into a HCPCEF, used to correct for the angular chirp of the idler. It
is simple, cost-effective, and energy-efficient if compared with other methods. We showed the
feasibility and quality of this approach in terms of beam profile, spectral content, compressibility
of the spectral phase, CEP stability in a proof-of-principle experiment. Several planned changes
can improve the performances of our experimental apparatus: enclosing the setup, minimizing
the beam path, coupling the first instead of the second stage into the fiber, further reducing the
angular chirp, optimizing the design of the imaging system for better coupling efficiency. The
generated CEP-stable pulses, being centered at 2-um wavelength, can be used to seed high energy
OPCPAs pumped by 1-um Yb lasers. The OPCPAs can reach mJ-level energies, watts or even
tens of watt average power, few-optical-cycle pulse durations. In combination with spectral
broadening techniques, they are the ideal driver for the production of reproducible IAPs in the
WW spectral region via HHG.
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