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Abstract: We show via numerical simulations that the regime of enhanced frequency chirp can
be achieved in gas-filled multipass cells. Our results demonstrate that there exists a region of
pulse and cell parameters for which a broad and flat spectrum with a smooth parabolic-like phase
can be generated. This spectrum is compatible with clean ultrashort pulses, whose secondary
structures are always below the 0.5% of its peak intensity such that the energy ratio (the energy
contained within the main peak of the pulse) is above 98%. This regime makes multipass cell
post-compression one of the most versatile schemes to sculpt a clean intense ultrashort optical
pulse.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Self-phase modulation (SPM), the phase shift induced by the optical Kerr effect, is the most widely
used spectral broadening nonlinear effect. A few years after the Ruby laser was demonstrated,
SPM was identified as one of the possible effects responsible for the spectral broadening observed
during nonlinear propagation of laser pulses in various media [1]. In 1978 R. H. Stolen and C.
Lin showed a clean experimental demonstration of SPM in an optical fiber [2]. Another relevant
milestone in the field of ultrashort pulse generation was reached in 1973, when Hasegawa and
Tappert discussed theoretically the possibility of obtaining solitonic laser pulses during their
propagation in an optical fiber in the anomalous dispersion regime [3]. These solitons were
experimentally demonstrated in 1980 by Mollenauer and coworkers [4]. Almost simultaneously
a few experiments, supported by numerical simulations, demonstrated optical pulse compression
in an optical fiber in the normal dispersion regime. In these demonstrations, the nonlinear
propagation induced a spectral broadening with a spectral phase that had to be compensated with
a grating-based compressor [5—7]. Most of these cases were operated in the enhanced frequency
chirp regime, in which the nonlinearity dominates the dynamics but the dispersion still plays a
non-negligible role and, therefore, pulses without the pronounced spectral modulations related
to the SPM are generated [8]. All these milestones constitute the foundations of the different
post-compression schemes that have been proposed until today [9].

An important evolution of the post-compression schemes developed in optical fibers in the
1980s was motivated by the appearance of chirped pulse amplification (CPA) laser systems
[10], which permitted to noticeably increase the laser peak intensity. The ultra-intense laser
pulses delivered by these systems could not be compressed in optical fibers due to both material
damage and the appearance of undesirable nonlinear effects. In 1996 however, Nisoli et al.
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demonstrated that gas-filled hollow core fibers could be used for nonlinear post-compression
of the high intensity optical pulses generated by CPA systems. This post-compression scheme
is now ubiquitous in laboratories worldwide but becomes increasingly cumbersome for optical
pulses with energies above 1-2 mJ [11].

Alternative post-compression schemes, such as those using thin plates, have been proposed for
high-energy Ti:Sapphire [12] and Ytterbium-based laser systems [13,14]. While this multi-plate
approach addresses some of the challenges of the HCF-based compressors, it is often cumbersome
as it relies on precise placement of the plates — the placement of which is coupled to day-to-day
variations in laser parameters —, provides limited control of spatial intensity profile and is
ultimately limited in energy handling.

New laser sources, such as the Yb-based laser systems, are gaining interest in both scientific
and industrial settings owing to their high average power and repetition rate. Yb-based lasers,
that typically feature limited bandwidth (~10 nm) yet can operate at orders of magnitude higher
average power than Ti:Sapphire systems [13], have motivated the appearance of a different
post-compression scheme based on SPM in multipass cells (MPC) [15]. Multipass cell schemes
are able to achieve high-average power ultrashort pulses with a homogeneous spatial distribution
and a high energy throughput (>90%). These schemes have been demonstrated using either
bulk dielectric media [15—-19] or gas [19-26] as nonlinear medium inside the MPC. Under some
configurations self-compression has been achieved both in gas-filled [27] (theoretically) and
in bulk MPCs [28,29], even in the mid-infrared [30]. Moreover, different spatial modes of the
cavity have also been used to improve the energy throughput in a gas-filled MPC [31]. For more
information related with the state-of-the-art studies on pulse compression in MPCs the reader
can refer to two recent reviews [32,33].

In this work, we numerically investigate a regime of nonlinear compression that yields
broadband spectra with a smooth spectral phase that is compatible with ultrashort optical pulses
with temporal intensity profiles showing negligible side structure. The regime we investigate is
akin to that developed in the 80s in optical fiber and relies on enhancing the frequency chirp of
the pulses injected into the MPC [8]. It allows temporal compression by an order of magnitude
while providing remarkably clean pulses, with 98% of their energy within the main peak of the
pulse, with limited spatio-spectral coupling and scalability to high average powers.

2. Numerical model

The 3D numerical model that we have used to simulate the propagation of a laser pulse in the
gas-filled MPC is similar to the one presented in [34]. We focus on the spatio-temporal evolution
of the envelope of the field affected by diffraction, dispersion, SPM and self-steepening. We
neglect the Raman effect, as the propagation takes place in an atomic gas, and the ionization, as
the maximum intensity is kept below a relevant ionization threshold. Dispersion in the mirrors
is also neglected as it is very small compared to the dispersion introduced during propagation
if low-dispersion commercial mirrors are used (see, for example, Ultrafast-Enhanced Silver
Concave Laser Mirrors #4017 from Edmund Optics [35]). We solve the nonlinear propagation of
the envelope of the field with the standard Split-Step Fourier Method. Therefore, we first solve
the linear terms (diffraction and dispersion) both in the Fourier domain in the following way.
From the spatio-temporal structure of the envelope of the pulse at a certain position inside the
MPC, A(x, y, z,t), we calculate an intermediate envelope structure at z + Az as:

_ - (k2 +k2)
A'(ky, ky, 2 + Az, w) = Alky, ky, 2, w) X exp | ik(w)Azq |1 - W , €))
w

where A(k,, ky, z, w) represents the Fourier transform of A(x, y, z,t) in the two transverse and
temporal coordinates, k, and k, represent the components of the wavevector in the transverse
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coordinates, Az represents the step in the propagation direction, k(w) = n(w)w/c is the wave
vector in the MPC, c is the speed of light in vacuum and n(w) is the refractive index of the gas
filling the MPC, whose Sellmeier equation for 1 bar is taken from [36]. The refractive index is
scaled with pressure as n> — 1 o P. The second step is done in the space and time domain and
consists of applying to the intermediate envelope A’(x,y, 7z + Az,t) = A’ the nonlinear terms:

JOA L O A,)

Al*
az( )+ ot

A(x,y,z+ Az,t) = A’ X exp (1’2ceok0n2Az [|A'|2 + L (
wo

), @)

where ko = wyp/c is the wave vector in vacuum at the central frequency wy, n; is the nonlinear
refractive index of the gas filling the MPC and 2ceg are the constants needed to calculate the
optical intensity from the envelope amplitude (I = 2cgy|A|?), o being the dielectric permittivity
of vacuum. The first term of the nonlinear phase represents the SPM while the second one, that
has temporal derivatives, corresponds to the self-steepening. We should note that we work in the
retarded frame (a frame moving with the group velocity) [37]. The spatial and temporal windows
have been selected so that the beam fits during the whole propagation. The simulations have
been done in a grid with 128x128 points in the transverse coordinates and 512 time steps.

3. Results and discussion
3.1.  Optimum parameters for broadband pulse generation in gas-filled multipass cells

To achieve a broadband spectra in a gas-filled MPC, compatible with a clean ultrashort pulse, we
propose to enter in the enhanced frequency chirp regime and look for the optimal region [8]. In
terms of the standard lengths that define the nonlinear propagation dynamics, our optimum regime
requires that Ly;, < L < Lp, where L is the total propagation length, and Ly;, and Lp are the
nonlinear and dispersion lengths, respectively, defined as Ly; = 2/konalp and Lp = t(% /3.11| ]
[37]. In these formulae, 3, is the group velocity dispersion, and Iy and 7y represent the peak
intensity and the temporal duration at the full width at half maximum (FWHM) of the input
pulse, respectively. We also establish an upper limit to the soliton order to assure being in a
moderate nonlinear regime. We have chosen N = +/Lp/Ly; <10 as a reference value. Finally,
in order to avoid self-focusing, we impose that the maximum peak power reached during the
propagation must be below the critical value, P, = 1.8962(/1(2) /4nnony), Ao being the central
wavelength of the pulse and ng the refractive index of the gas at that wavelength [38]. All these
conditions define the region of parameters in which we must search in order to generate pulses
with the desired features. Besides, and similarly to what has been already proposed in [34], the
regime should be in a region in which the ionization and the optical damage in the mirrors of the
cell are avoided.

To limit the search to a few parameters, we focus on pulses from standard Ytterbium-based
systems, emitting pulses centered at 1030 nm with initial pulse duration of 7, =150 fs. We
assume that our initial pulse has a Gaussian temporal profile, I(f) = Iy exp(=2>/ tf,). Moreover,
we choose a 40 cm long gas-filled confocal multipass cell, formed by two identical mirrors with
40 cm radius of curvature. We consider that the input beam is mode-matched to the cavity.

If we assume that our pulse completes 20 round trips in this multipass cell, so that the total
propagation length is 16 meters, the two free parameters that we have to search for the desired
pulses are the pulse energy (E) and the gas pressure (p). Figure 1 identifies the { E-p}-region for
which all the conditions mentioned above are fulfilled, i.e., where we expect to enter the enhanced
frequency chirp regime. The region of interest (lighter color in Fig. 1) corresponds to parameters
for which the nonlinear interaction is always in a moderate regime and, in our particular situation,
is limited to pulse energies below 160 uJ (N < 10), gas pressures below 42 bar (L < Lp) and two
hyperbolae: E - p > 60 bar-uJ (Ly;, < L) and E - p < 1800 bar-uJ (P, < Pep).

Note that the optimum {E-p}-region is limited by hyperbolae that correspond to constant
B-integral values. This is a general trend observed in different nonlinear propagation contexts



Research Article Vol. 31, No. 12/5 Jun 2023/ Optics Express 18901

Optics EXPRESS

Pressure (bar)
Conditions furfilled

Energy (u))

Fig. 1. Region of parameters where the three conditions which limit the enhanced frequency
chirp regime are fulfilled. The three conditions are: (I) Ly; < L < Lp, (II) 1 < N < 10 and
(1) the self-focusing must be avoided (P;, < P.). All the parameters are calculated for an
Ytterbium-based laser, emitting pulses with a Gaussian temporal profile with initial pulse
duration of 150 fs half width at 1/ 2 centered at 1030 nm, coupled into the fundamental mode
of an argon-filled confocal MPC with two identical mirrors of 40 cm radius of curvature, in
which the pulse completes 20 round trips. The color code is such that the lighter the color,
the more conditions are fulfilled.

[39,40]. It is then clear that we need a B-integral high enough to broaden the spectrum but
restricting ourselves to a moderate nonlinear regime. We found the optimum region for our
particular situation limited by B-integral values in between 3 and 45 rad, which are relatively
moderate B-integral values in the context of MPCs [41]. Once we have identified the {E-p}-region
that is potentially interesting, we have to determine if the output pulses in this region achieve the
clean spectral broadening that we desire. We will do this by performing numerical simulations of
the propagation in the particular MPC that we have described before, varying the pulse energy
and the gas pressure.

To identify if the output pulse has the desired properties we characterize its spectrum at the end
of the propagation with two parameters: first we calculate the spectral width (Aw) as the FWHM of
the output spectrum. This width is calculated from f / |A(k,, ky, Zends w)|>dk.dk,, i.e., integrating
the intensity profile on the transverse coordinates. The second parameter is the cleanness of
the spatially-integrated spectrum, defined as C = 1 — V, where V = (Iyy — I,,)/(Ips + I,,) is the
visibility of the spectral fringes, Ij; being the peak value of the spectral intensity and 7,, the
lowest value of the local minima inside the spectral width Aw. Standard SPM spectra present
several spectral maxima, with the higher peaks at the extremes of the spectrum. We identify the
highest spectral value and then look for the lowest minima located in between the two spectral
high-peaks. If these two values are close, the spectrum is very flat, V ~ 0 and C ~ 1. By
contrast, if the spectrum is strongly modulated, then V approaches 1 and the cleanness is almost
0. If the spectrum does not present a structured shape with local minima, for example if it
has a Gaussian-like or similar profile, we identify it as a perfect flat spectrum (C = 1), as its
corresponding transform limited temporal distribution would present a clean profile with low
secondary structures.

Figure 2(a) shows the cleanness (C) of the output spectra when scanning simultaneously pulse
energy and gas pressure. We have added contour lines corresponding to those cases where the
spectral width (A2) is 60 nm, 90 nm and 120 nm. To better see the cleanness obtained in the
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optimal region, Fig. 2(b) shows a zoom of the {E-p} map with a different color scale. We have
not done simulations in the white region as it corresponds to values for which P;,>P,.,, where
the nonlinear propagation is so intense that it affects strongly both the spectral and spatial beam
structure, entering in the undesired self-focusing region. We assume the 0 bar and O uJ cases
as linear and assign the same spectral width as the input one and a perfect cleanness value. As
it can be seen in Fig. 2(b), the region where short and clean pulses are obtained is part of the
optimum region shown in Fig. 1. It is true that Fig. 2(a) indicates that one could use input pulse
energies larger than 200 uJ to obtain even broader spectra, but the cleanness (C) deteriorates
notably. Moreover, as we use higher pulse energies, we enter in a high solitonic order regime
(N>10) where nonlinear terms prevail over linear dispersion, destroying the smoothness of the
pulses. We have therefore discarded that high energy region. Regarding the cleanness, we have
verified that the sidelobes of the intensity distribution of the transform limited pulse of a case
with a C > 0.9 do not exceed 0.5% of the peak intensity. These are the type of pulses that we
want to obtain, hence we propose to work in the energy region around that cleanness value. From
the above considerations, we conclude that a good trade off can be found in the region of energies
between 50 and 100 wJ and pressures between 10 bar and those defined by the critical power
curve. The spectra of the output pulses obtained in this central region is broad enough to generate
pulses with transform limit duration in the 15-25 fs range and energy ratio, defined as the fraction
of energy contained in the main peak of the pulse, above 98%. Note that a good energy ratio
obtained in a standard propagation is around 80% which is a clear indication of the excellent
quality of the pulses obtained in our case [26].
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Fig. 2. Pulse cleanness in the energy-pressure map including contour lines for the spectral
full width at half maximum (A1) shown in nm (a). Zoom of the high cleanness region (b).
The dashed line shows the gas pressure at which the critical power (P,) is reached for each
input pulse energy.

3.2.  Pulse features under optimal conditions

To illustrate the complete structure of the output pulse that we find under optimum conditions,
we analyze here the particular case of an input pulse with 100 uJ of energy in a MPC filled
with 10 bar of argon. This particular case is used as an example, yet we have confirmed that
similar spectro-temporal features are observed in the vicinity of these { E-p} parameters shown in
Fig. 2 where the cleanness is close to C = 0.9. Figure 3 shows the spatio-spectral distribution
integrated in the y axis (Fig. 3(a)) and in the x axis (Fig. 3(b)), and the on-axis temporal (Fig. 3(c))
and spectral (Fig. 3(d)) intensity profiles, including their respective phases. Figure 3(a) and
3(b) confirm that we obtain an excellent spatio-spectral homogeneity, as expected from an MPC
[16]. The output pulse (Fig. 3(c)) has a stretched top-hat-like temporal profile on axis due to the
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Fig. 3. Results of a simulation in the optimal region which corresponds to a pulse with 100 pJ
of energy in a MPC filled with 10 bar of argon. We show the normalized spatio-spectral
distribution integrated in the x axis (a) and y axis (b), and the temporal (c) and (d) spectral
on-axis intensity profiles, including their respective phases.

addition of the linear and nonlinear dispersion acquired during the propagation, as expected in the
enhanced frequency chirp regime. In fact, the stretching induced during the propagation of the
pulse is an essential ingredient to achieve the desired output pulses. This pulse stretching is also
responsible to mitigate the contribution of self-steepening during the nonlinear propagation. The
inset in this plot shows the temporal profile of the corresponding transform limited pulse which is
14.2 fs long (FWHM), which corresponds to a compression factor of more than 12, and presents
an extraordinarily clean profile with a secondary structure below 0.4% of the peak intensity. In
fact, the only way to observe the secondary structure of the transform limited pulse is cutting off
the upper part, as done in Fig. 3(c), where we show the transform limited pulse together with
the input and output pulses. The output on-axis spectrum (Fig. 3(d)) is, as desired, broad (it
has a FWHM of 33.2 THz, which corresponds to 118.2 nm) and is also clean with a cleanness
factor C = 0.91. The on-axis spectral phase, shown in Fig. 3(d), is smooth along the whole
spectrum and, as obtained in past studies in the context of pulse compression in optical fibers [8],
it has a dominant positive group delay dispersion that has to be compensated in the compression
stage, together with the spectral phase added at the output window of the MPC. Nevertheless, the
presence of phase at the input pulse or at the mirrors of the cell might deteriorate the results if
their values are large enough.

To have an insight on how the pulse shown in Fig. 3 builds up, Fig. 4(a) shows the evolution of
the spectral broadening after each round trip (the FWHM with blue circles and the full width
at 1/¢* with orange circles) (left y-axis), and the evolution of the cleanness in purple circles
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Fig. 4. Panel (a) shows the evolution of the spectral broadening after each round trip (the
FWHM with blue circles and the full width at 1/¢2 with orange circles (left y-axis), and the
evolution of the cleanness in purple circles (right y-axis). Panel (b) shows the spatial mode
at the end of the propagation. Panel (c) shows the comparison between the linear (blue line)
and nonlinear (dots) transverse beam size during the propagation.

(right y-axis). The evolution of the two spectral widths clearly indicate that although the main
spectral broadening is done during the first round trips (the first 10 round trips in this case,
after which the FWHM stops growing), the evolution of the full width at 1/¢* confirms that
the tails of the spectrum keep broadening during the whole propagation. In fact, the presence
of these spectral tails confirms that we are in the enhanced frequency chirp regime [8]. The
evolution of the cleanness (purple circles) is similar to the spectral width at 1/¢? as it increases
during the entire propagation. The only obvious difference is at the beginning of the propagation,
where the spectrum is close to the initial one, i.e. it is non-modulated, and therefore shows a
high cleanness. For completeness, Fig. 4(b) shows the spatial mode (the time-integrated spatial
intensity distribution) obtained at the end of the propagation, displaying a smooth, symmetrical
Gaussian-like profile. In Fig. 4(c) we show the evolution of the beam size (in dots), defined as
the radius at which the time-integrated spatial intensity decreases to 1/e? of its peak value. As
the spatial distribution keeps the cylindrical symmetry during the whole propagation, we have
only plotted the beam size on the x-axis, being identical to the beam size on the y-axis. The
first thing to note is the smooth evolution of the beam spatial properties, confirming that the
propagation is done in a moderate nonlinear regime that avoids the appearance of any catastrophic
spatial dynamics. We have checked that when adding a 5% white noise into the spatial intensity
distribution of the beam, the propagation maintains the same spatio-temporal characteristics. We
further note that the spatial-mode of the propagation does not correspond to the fundamental
spatial-mode of the cell, whose evolution is shown in the blue line in Fig. 4(c). This means
that the spatial mode of the beam corresponds to a nonlinear stationary mode of the MPC, as
discussed in [41].
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The description of the pulses obtained in the optimum {E-p}-region is similar to what we
have presented in Figs. 3 and 4 for a pulse with 100 wJ of energy in a cell filled with 10 bar of
argon. As we have mentioned earlier, we observe that while maintaining the cavity properties
and gas pressure, the higher the pulse energy, the larger the spectrum and the lower the cleanness.
Therefore, we confirm that we have been able to generate large and clean spectra with smooth
spectral phases in a MPC filled with argon, which paves the way for the generation of few-cycle
pulses with a very clean temporal intensity profile.

4. Conclusion

We have shown that pulses with large and clean spectra, compatible with ultrashort and very clean
temporal profiles, can be achieved in a multipass cell filled with argon pumped by Y tterbium-based
laser systems. We have demonstrated that there is a region in the pulse energy and gas pressure
space where these desired pulses are optimally obtained. The final spectrum is achieved thanks
to the simultaneous effect of the self-phase modulation and the linear dispersion in the enhanced
frequency chirp regime. We have verified that the propagation is done in a stable nonlinear spatial
mode of the cell. We believe that these results pave the way for the generation of few-cycle and
very clean pulses in the near- and mid-infrared regions.
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