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Multipass cells (MPC) are used nowadays as nonlinear tools to perform spectral broadening and temporal
manipulation of laser pulses while maintaining a good spatial quality and spatio-spectral homogeneity. However,
intensive 3D nonlinear spatio-temporal simulations are required to fully capture the physics associated to pulse
propagation inside these systems. In addition, the limitations of such scheme are still under investigation. In this study,
we first establish a 1D model as a useful design tool to predict the temporal and spectral properties of the output pulse
for nearly Gaussian beams, in a wide range of cavity configurations and nonlinearity levels. This model allows to
drastically reduce the computation time associated to MPC design. The validity of the 1D model is first checked by
comparing it to 3D simulations. The results of the 1D model are then compared with experimental data collected from
a near concentric gas-filled multipass cell presenting a high level of nonlinearity, enabling the observation of
wavebreaking. In a second part, we experimentally characterize the spatio-spectral profile at the output of this
experimental setup, both with an imaging spectrometer and with a complete 3D characterization method known as
INSIGHT. The results show that gas-filled multipass cells can be used at peak power levels close to the critical power

without inducing significant spatio-spectral couplings in intensity or phase.

http://dx.doi.org/10.1364/A0.99.099999

1. INTRODUCTION

Nonlinear optics in single mode fibers is a research area that
has bloomed continuously since the 1980’s until today [1]. It
has allowed both the observation and understanding of
fundamental phenomena in nonlinear physics, as well as
enabled a plethora of applications, for instance in
telecommunications and coherent light sources. One of the
reasons for the success of this field is the one dimensional
nature of light propagation along the fiber. This simplifies the
dynamics considerably, and makes it easier to grasp nonlinear
phenomena that can still be of great complexity. One of the
salient examples is supercontinuum generation, which is
much easier to describe and predict in optical fibers [2] than
in bulk media [3].

In terms of applications, one of the weaknesses of single
mode optical fibers is that the energy or peak power of pulses
that can be manipulated using nonlinear optics phenomena is
limited by the small transverse dimensions of the fiber core.

In silica core fibers, self-focusing limits the peak power to
values in the range 1 - 10 MW. Hollow core fibers allow to
increase this value [4], but in all cases there is a small but
nonzero overlap between the guiding material and the optical
field, which makes energy scaling difficult in practice. The
most robust solution to scale the energy while retaining a
guided propagation is to use hollow capillaries [5]. These
structures are lossy and multimode by nature, but can
approximate a low loss single mode waveguide by proper
excitation of the fundamental mode and by selecting a large
enough core diameter.

Recently, multipass cells (MPC) either including a bulk
medium [6] or filled with a rare gas [7-9] have been used to
perform nonlinear temporal compression of femtosecond
pulses in various regimes (normal dispersion [6-9], soliton
compression in anomalous dispersion [10]), in a large range
of pulses energies (from uJ [6, 11] to mJ [7, 9]), and output
pulse durations (from >100 fs [6] to few cycles [10, 12]). In



all these demonstrations, it was observed that the MPC
essentially acts like a 1D nonlinear object, with negligible
impact of the nonlinearity on the spatial properties of the
beams. MPCs can therefore be seen as a vehicle to perform
1D nonlinear functions or experiments with energetic pulses.

They provide a large number of design degrees of freedom in
terms of nonlinearity (bulk plates or gas with adjustable
pressures) and dispersion engineering (through the mirror
coatings). They can also provide long propagation distances
in the nonlinear medium with a compact setup.
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Fig. 1. Summary of equivalent waveguide parameters for three MPC geometries: bulk medium (a), stationary gas-filled MPC (b), and 4f gas-filled MPC

(o).

In this article we address two questions. First, we aim at
assessing to which degree a MPC can be thought of as a
simple 1D nonlinear waveguide. We first introduce the notion
of “equivalent waveguide” for different types of MPCs, and
compare numerically a full 3D propagation model to the
simplified 1D model obtained using this notion. The
developed 1D model is shown to quantitatively predict the
observed temporal and spectral properties of the output pulse
when the nonlinearity level is low enough to essentially
preserve the beam Gaussian shape and caustic evolution. The
1D model is then compared with an experiment in a near
concentric MPC at increasing nonlinearity level, and is shown
to remain valid at peak power values above half the critical
power. In particular, it is able to reproduce the observation of
wavebreaking, a well-known phenomenon in the context of
nonlinear fiber optics in normal dispersion regime.

In a second part, we experimentally study the spatio-
spectral profile at the output of MPCs as the peak power
approaches the critical power. This is done using both an
imaging spectrometer and a complete 3D characterization
technique known as INSIGHT [13]. The results show that the
output pulses are essentially free of spatio-temporal couplings
even at peak power levels close to the critical power.

2. EQUIVALENT WAVEGUIDE AND 1D MODEL

We start by defining the equivalent 1D model for different
MPC geometries. We assume a Gaussian beam shape and
propagation in order to establish this model. Since linear
effects such as dispersion or attenuation are not affected by
the changes in beam size, they can be directly transposed from
the 3D situation to the 1D situation. We therefore focus on the
nonlinear effects.

In the case of an MPC including a thin plate of bulk
medium, as shown in Fig. 1(a), the simplest approach is to
neglect the nonlinearity introduced by propagation outside of
the medium. The beam size inside the material can be
considered constant if its thickness is much less than the
Rayleigh range. In this case, the equivalent waveguide is
simply a waveguide with an effective area equal to 7 Wni?2,
where wy is the beam waist in the nonlinear medium, a length
given by 2 Nyt zni, where Ny is the number of roundtrips and
zne is the thickness of the medium, and the nonlinear index n;
is the same as the bulk material. The dispersive properties of
the MPC mirrors can be either accounted for as discrete
elements inserted after each propagation length zy. to mimic
the real implementation, or distributed over the propagation
inside the medium. The use of such a “bulk” MPC allows peak
powers in excess of the critical power, and equivalent
propagation in a piece of bulk material longer than the self-
focusing distance. Given that the nonlinearity of gas is
typically three orders of magnitude less than that of bulk
media, this equivalent 1D approach is reasonable, as an
example, for cells of lengths in the few tens of centimeters
range, and nonlinear media length in the few mm range, in
which case the nonlinearity accumulated in the medium
accounts for approximately 90% of the total.

Let us now consider the case of a symmetric two-mirror
Herriot cell [14], with mirror radius of curvature R and
distance between the mirrors L, filled with a gas with
nonlinear index nz and dispersion f3,, as depicted in Fig. 1(b).
By identifying the nonlinearity accumulated over one pass
[15] and the nonlinearity accumulated in a waveguide with a
constant beam size, the equivalent waveguide is found to have
the following properties: same overall length 2 Ny L, same
nonlinear index ny, same dispersion £ if the mirror dispersion



is added as an additional discrete contribution at each
propagation length L, and an effective area given by
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Where / is the central wavelength, and M? is the beam quality
parameter of the input beam.

Finally, we consider the case of a MPC in a 4f
configuration, shown in Fig. 1(c), as used in [7]. This
geometry allows an additional degree of freedom in the
design, since the smallest beam waist size in the gas is now
unrelated to the mirror radius of curvature and cell length. In
this case, using the same approach as in [15], the B-integral
(averaged over the beam transverse profile) accumulated over
one roundtrip is found to be given by

_ Ppeak m?

B= szcrit TI (2)
where Ppeax is the pulse peak power and P,,;, = A2/8 n, is the
critical power for self-focusing in the gas medium. One
remarkable result is that this B-integral does not depend on
the chosen small waist, because the large waist size is
inversely proportional to the small one. As a consequence the
equivalent waveguide effective area is given by

Aepr = M? % (3)
Figure 1 summarizes the equivalent waveguide characteristics
in these three MPC geometries. We now compare numerical
results obtained with a full 3D model of the propagation to

this simplified 1D approach, to investigate its validity range.
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Fig. 2. Top -B-integral as a function of distance in the near confocal MPC
for a xenon pressure of 1 bar. Bottom - Spectrum at the output of the
MPC. The solid lines correspond the 3D simulation and the dashed lines
to the 1D simulation.

The 3D model is described in [15] and is based on an
envelope equation [16] solved using the split-step method.
This model includes self-steepening in addition to diffraction,
dispersion to all orders, and instantaneous Kerr effect. The 1D
model is a standard split-step algorithm typically used to
model propagation in single mode fibers and includes the
exact same effects, excepting diffraction.

We first compare the 3D and 1D models for a set of
parameters resembling the experimental configuration

reported in [8]. The MPC is close to confocal with a mirror
radius of curvature of 300 mm, and a cell length of 290 mm
filled with xenon at a pressure of one bar. The dispersion data
is extrapolated from the Sellmeier coefficients reported in
[17], and the nonlinear index is given by n =5.2 x 102 m2/W
[18]. The input pulses have a Gaussian profile in time and
space with a 300 fs pulse duration and 150 pJ energy, and
propagate along 35 roundtrips in the MPC. The input spatial
profile is chosen to match the stationary condition in the MPC.
These parameters correspond to a Ppeax/ Perit ratio of 0.18. The
3D model is implemented on a grid size of 64x64x256 in the
space/time domain with steps dx = dy = 30 um, dt =10 fs, and
dz = 12 mm in the propagation direction. For the 1D model,
the equivalent effective area is Aer = 0.19 mm? Figure 2
shows the result of both models, clearly illustrating the fact
that at this nonlinearity level, the 1D model quantitatively
reproduces the results of the 3D model at a much reduced
computational cost. This makes it a very useful design tool.
The small discrepancy shows that the 1D model tends to
slightly underestimate the spectral broadening, which is
further explored in the following.
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Fig. 3. Top - beam radius as a function of distance in the near concentric
MPC for a xenon pressure of 0.5 bar (blue) and 3 bar (red). The black
dashed line corresponds to the equivalent waveguide beam radius.
Middle - B-integral as a function of distance in the MPC for a xenon
pressure of 0.5 bar (blue) and 3 bar (red). The solid line is the 3D
simulation and the dashed line is the 1D simulation. Bottom - Spectrum
at the output of the MPC for a xenon pressure of 0.5 bar (blue) and 3 bar
(red). The solid line is the 3D simulation and the dashed line is the 1D
simulation.

For the second comparison, we choose a xenon-filled cell
with the following geometry: mirror radius of curvature 300
mm, cell length 551 mm, close to the concentric
configuration. These dimensions were chosen to match the



experimental parameters used in the next sections, and
because the concentric configuration allows the use of
relatively compact setups while keeping the beam size at the
mirror large, which is important to avoid optical damage.

The input pulses have a Gaussian profile in time and space
with a 350 fs pulse duration and 200 pJ energy, and propagate
along 5 roundtrips in the MPC. This number of roundtrips is
chosen to easily illustrate the comparison between the 3D and
1D models in terms of caustic evolution. Two xenon pressures
are considered: 0.5 bar, corresponding to a low level of
nonlinearity (Ppeak/ Perit = 0.1), and 3 bar, corresponding to a
very high level of nonlinearity (Ppeak / Perit = 0.6). The 3D
model is implemented on a grid size of 128x128x256 in the
space/time domain with steps dx = dy = 50 um, dt =10 fs, and
dz = 5.6 mm in the propagation direction. For the 1D model,
the equivalent effective area is At = 0.22 mm? Figure 3
shows the comparison results. At low nonlinearity, the 1D
model still follows closely the 3D model. The main reason is
that the caustic evolution during propagation is essentially
unmodified by the spatial Kerr effect, as shown in Fig. 3 (top).
However, at high nonlinearity, the Kerr lens clearly modifies
the beam caustic from the stationary situation. In particular,
the first pass shows a beam waist smaller than in the linear
case, and an oscillation of the beam size with respect to the
unperturbed evolution is observed. This result in a higher
level of nonlinearity than the 1D model predicts, as shown in
Fig. 2 (middle). The output spectrum is therefore broader for
the 3D model than for the 1D model. Note that these
discrepancies appear at levels of nonlinearity that are higher
than most experimental reports, making the 1D approximation
still very useful as a design tool.

Although the beam sizes are modified by the spatial Kerr
effect at high nonlinearity level, the 3D simulation shows no
spatio-spectral intensity couplings at 3 bar of xenon pressure,
corresponding to Ppeax/ Perit = 0.6. In this case the B-integral
per roundtrip calculated assuming an unperturbed caustic and
perfect homogenization is 2.5 rad, and the B-integral of the
first roundtrip from the 3D simulation is 4.3 rad. This 3D B-
integral is calculated by taking the on-axis value divided by 2,
which should be equal to the average value of the 1D model
in the case of perfect Gaussian beam and homogenization.
Although it might be surprising that this very large
nonlinearity does not induce significant spatio-spectral
couplings [19], it has also been observed experimentally that
a B-integral per roundtrip of 2.4 rad does not result in the
onset of spatio-spectral couplings in intensity, as revealed by
an imaging spectrometer characterization [9]. We would like
to point out that this is in contradiction with the result reported
at the end of our earlier report [15] that showed a rapid
increase of the spatio-spectral coupling for the concentric
configuration as the nonlinearity is increased. After
reexamination of the corresponding simulation data we
believe this was the result of insufficient sampling density, a
problem that is increasingly challenging as we approach the
concentric configuration. Indeed, the beam divergence and
size that must be accommodated by the sampling grid both
increase. This leaves the question open of how much
nonlinearity can be tolerated in a MPC before spatio-spectral

couplings appear. We investigate this question experimentally
in section 4.

3. EXPERIMENTAL VALIDATION OF THE 1D MODEL

We start by comparing the 1D model described above with an
experiment designed to be able to observe wavebreaking. It is
a phenomenon that is well-known in optical fibers [20], has
been recently observed in MPCs [7], and requires a high level
of nonlinearity, thereby providing an appropriate physical
testbed for the 1D model described here. The experimental
setup used in this study, shown in Fig. 4, includes a MPC that
consists of two concave mirrors with a radius of curvature of
300 mm placed in a 3.8-bar xenon-filled gas chamber. The
input laser pulse sent into the multipass cell originates from
an Yb-doped fiber amplifier delivering a maximum input
pulse of 200 pJ energy at a central wavelength of 1030 nm at
150 kHz repetition rate, corresponding to a maximum average
power of 30 W. The measured values of the spatial beam
quality M2 are 1.2 x 1.2 along two orthogonal axes.

L =551 mm

Beam diagnostics

Mode-matching
Yb-doped
fiber amplifier

=
= F /I =

Pressure chamber - 3.8 bar of xenon

Fig.4. Experimental setup.

Xenon was chosen as nonlinear medium due to its high
nonlinear index among noble gases. At our gas pressure of 3.8
bar the nonlinear index is given by n, = 2.0 x 102 m2/W,
corresponding to a critical power for self-focusing of 0.67
GW, and the group velocity dispersion is 296 fs2/m. This
critical power is higher than yet very close to the maximum
input peak power that can be reached by our laser source of
Ppeak = 0.59 GW, allowing us to investigate highly nonlinear
regimes in this MPC. Two rectangular 3 x 10 mm2 mirrors
located in front of one of the MPC mirrors were used for in-
out coupling of the laser beam. The concave MPC mirrors are
chosen to present a high reflection coefficient (> 99.9%) on a
980-1080 nm bandwidth and are coated with a dispersive HR
coating with GDD = -25 + 10 fs? that partially compensates
the normal dispersion introduced by the nonlinear gas
medium. The distance separating the two mirrors is chosen to
be 551 mm, near a concentric geometrical configuration. By
finely adjusting the length between the two mirrors and the
input coupling into the cell, we obtain 21 roundtrips resulting
in a total propagation length of 24.5 m including the path
before and after the MPC in the gas-filled enclosure. The
beam is mode-matched using an arrangement of three lenses,
in order to provide beam radii close to theoretical values of
154 um at the center of the cell expanding to 624 um on the
concave MPC mirrors. This kind of MPC geometries is
advantageous, as mentioned earlier, for inducing spectral
broadening at relatively high input pulse energy while



mitigating any damage of the MPC mirrors since the beam
size becomes large on the mirrors allowing to maintain a
fluence on the mirrors well below the damage threshold.
However, with a relatively small waist at the center of the cell,
one should pay attention to gas ionization. In our case, the
maximum intensity at the center of the MPC is 7.9 x 10!
W/cmz, well below the ionization threshold for xenon.

The power transmission of the experimental setup is 86%,
including the mode matching optics. This reduced value
compared to previous reports might be due to aging of the
optical coatings. The beam exiting the MPC is collimated and
sent to the diagnostics. The temporal characterization of the
output pulse was made by means of a home-built Second
Harmonic Generation Frequency Resolved Optical Gating
(SHG-FROG) setup allowing us to investigate the occurrence
of wave breaking for different values of input energies. This
nonlinear effect is observed in nonlinear optical fibers when
the combination of self-phase modulation (SPM) and group-
velocity dispersion (GVD) makes a pulse broaden and change
its shape towards an almost rectangular form. This pulse
evolution then features the appearance of fast temporal
oscillations on both sides of the pulse [20]: the red-shifted
light near the leading-edge travels faster for B> 0 and
overtakes the unshifted light in the tail of the pulse, while the
opposite takes place at the trailing edge of the pulse. This
gives birth to temporal interference oscillations and
subsequent generation of new frequencies at the spectrum
edge.

Fig. 5 shows the pulse temporal and spectral profile
measured at different levels of input energy compared with
the results obtained by the 1D numerical model described
above, taking into account the measured spectrum and
spectral phase of the input pulse. The temporal profile
changes from a Gaussian-shaped pulse to a rectangular-
shaped pulse with oscillations appearing on both temporal
edges of the pulse as the energy is increased. These
oscillations are accompanied by the appearance of broad
sidelobes on the pulse spectrum. Wave breaking is
experimentally observed, in our case, at input energies > 60
pJ. At 60 pJ input energy, the estimated B-integral at which
wavebreaking occurs is 11.2 rad [20], and the accumulated B-
integral obtained from the 1D model corresponding to the
experimental parameters is 12 rad, in quantitative agreement.
There is a good agreement between the experimental results
and the model, at Ppeax /Pcrit ratios up to 0.73 (160 pJ pulse
energy), illustrating the value of this simple 1D picture. While
it might be surprising at first that the 1D model is still valid at
such a high nonlinearity level, we believe that this is due to
the fact that it is straightforward to account for an imperfect
beam through the M? value, as shown in section 2. It is more
difficult to do so with 3D models, since an exact shape of
intensity and phase imperfections must be assumed or
measured.
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Fig. 5. Left column, FROG-retrieved temporal intensity profile (red)
compared to numerically simulated temporal intensity profile (blue)
obtained for different levels of input energy at the output of the MPC
filled with 3.8 bar of xenon. Right column, measured spectrum (red)
compared to spectrum obtained by simulation (blue).

4. MEASUREMENT OF INTENSITY AND PHASE
SPATIO-SPECTRAL PROFILES

In this section, we investigate the spatio-spectral profiles at
the output of the MPC as the nonlinearity increases. Indeed,
although energy scaling limitations are well defined regarding
gas ionization and mirror damage, the limitation in terms of
nonlinearity (either in terms of B-integral per pass or peak
power to critical power ratio) is not clear to our knowledge.
In particular, it is not yet fully understood how far the
nonlinearity level can be pushed in MPCs while still retaining
a spatio-spectral couplings-free output beam, although a clear
upper bound is the critical power in the gas medium. To study
the spatio-spectral couplings in the beam after the multipass
cell, we first use an imaging spectrometer setup. This setup is
an f-f arrangement composed of an 800 lines/mm grating, a
50 mm focal length cylindrical lens and an InGaAs CCD
camera with a 30 um pixel size. The camera is voluntarily
saturated for the spectral components near 1030 nm in order
to better observe the spatio-spectral structures of the full
broadened spectrum. The results are plotted in Fig. 6.
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Fig. 6. Experimental spectro-imaging measurements in logarithmic
(dB) scale for increasing energies of 133 pJ (top), 166 pJ (middle), and
186 yJ (bottom).

For 133 pJ input energy, corresponding to a Ppeax / Perit ratio
of 0.58, the measured spectrum across the transverse profile
does not show signs of spatio-spectral couplings. As the
energy is increased to 166 pJ (Ppeak/ Peric = 0.73), some slight
signs of couplings appear. At this point the beam pointing
starts to be unstable. At 186 pJ pulse energy (Ppeak/ Perit =
0.81) the beam is very unstable. However, when the spatio-
spectral profile is recorded using a low integration time, as
shown at the bottom of Fig. 5, it is still not showing very clear
signs of couplings in intensity. To quantify this assertion, the
mean spectral overlap factor V [21] is 97% even at this
extreme nonlinearity level. The mechanism for the observed
beam instability is not clearly understood, but might be due to
the fact that small initial fluctuations in intensity are
transferred to changes in the beam propagation through the
large amount of Kerr spatial phase.

In order to further asses the spatio-spectral properties of
the broadened laser pulses, we use the INSIGHT technique
[13], which involves spatially-resolved Fourier-transform
interferometry at three positions around the focus. Using a
phase retrieval algorithm this allows for reconstruction of the
spatio-spectral phase in addition to the spectral amplitude
already afforded by the Fourier-transform spectroscopy. The
results of an INSIGHT measurement at 133 pJ can be seen in
Fig. 7, showing both slices of intensity (a)-(c) and phase (d)-
(f) at three sample wavelengths, and reconstructed integrated
quantities (g)-(i). INSIGHT characterization at higher energy
levels was not possible because of the increasing shot-to-shot
instability of the beam.

The power of the complete spatio-spectral measurement
is the ability to measure both the amplitude and phase at all
frequencies within the laser pulses. Therefore, the non-

integrated processed data can provide information on
frequency-resolved aberrations, the so-called spatio-temporal
or spatio-spectral couplings [22]. Three maps of the spatial
intensity and phase profiles at 1000 nm, 1030 nm, and 1060
nm are shown in Fig. 6 (a)-(c) (intensity) and Fig. 6 (d)-(f)
(phase). Although especially at 1060 nm the intensity profile
begins to degrade, the phase maps contain very small
magnitude low-order aberrations. In fact, in this case the main
aberration is a minor wavelength-independent astigmatism,
which does not contribute to spatio-temporal deterioration.
We do not measure any low-order spatio-temporal couplings
such as pulse-front tilt or pulse-front curvature. A single
number, the so-called spatio-temporal Strehl ratio [23] can be
used to assess the severity of the chromatic phase couplings.
In the case of the data shown in Fig. 7, the spatio-temporal
Strehl ratio is 0.9, meaning that the spatio-temporal couplings
(i.e. the purely chromatic aberrations which would not be
possible to correct via a deformable mirror) are responsible
for a decrease in focused intensity by 10%.

Figure 7(g) shows the spectrally-integrated beam profile,
along with integrated 2D spectrograms in Fig. 7(h)-(i) that
numerically reconstruct the imaging spectrometer used to
produce the data in the top panel of Fig. 6. The integrated
results provide a good benchmark for the INSIGHT results, in
that they agree qualitatively with previous measurements.
Despite the fact that fine features are not reproduced due to
the limited spectral resolution of these INSIGHT
measurements compared to the imaging spectrometer (related
to the range of the delay scan done), the results, especially in
Fig. 7(h)-(i), are comparable.
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Fig. 7. Results of the INSIGHT measurement. The full spatio-spectral
data from the INSIGHT measurement produces the 2D amplitude
profiles (a-c) and phase profiles (d-f) for the three wavelengths shown
01000, 1030, and 1060 nm. The spectrally-integrated beam profile (g)
and spatio-spectral profiles (h-i) provide a comparison to standard



devices. In (h) and (i) the intensity is integrated along the spatial axis
that is not shown.

5. CONCLUSION

To conclude, we have proposed a simple 1D numerical model
that can be used to describe pulse propagation in MPCs with
Gaussian beams, and is valid when the nonlinearity does not
lead to major changes in the beam caustic along propagation.
This model is tested experimentally in a near concentric
xenon-filled MPC and allows to accurately reproduce the
observation of wave breaking. We also perform a full 3D
characterization of the electric field at the output of a MPC
for the first time to our knowledge using the INSIGHT
method. Despite the very high level of nonlinearity
introduced, no severe spatio-spectral inhomogeneity at the
output of the multipass cell has been observed, whether in
intensity or phase. Our results show that MPCs can be used to
perform nonlinear optical functions usually implemented in
optical fibers while scaling the pulse energy.
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