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We demonstrate ultrashort pulse compression from 300 fs
down to 17 fs at a repetition rate of 20 kHz and 160-µJ
output pulse energy (3.2 W of average power) using multidi-
mensional solitary states (MDSS) in a 1-meter hollow-core
fiber (HCF) filled with N2O. Under static pressure, thermal
limitations at this repetition rate annihilate the MDSS with
suppression of spectral broadening. The results obtained in
differential pressure configuration mitigate thermal effects
and significantly increase the range of repetition rate over
which MDSS can be used to compress sub-picosecond laser
pulses. © 2022 Optica Publishing Group

https://doi.org/10.1364/OL.464428

Over recent years, major developments have led to cutting-
edge high-power high repetition rate laser sources based on
the ytterbium (Yb) gain media including fiber lasers, Innoslab,
and thin-disk lasers [1–5]. This is of critical importance for a
wide variety of applications such as scaling the flux and rep-
etition rate of high harmonic sources [6–9] with attosecond
pulse duration [10,11]. In comparison with titanium-sapphire
(Ti:Sa) technology, which is limited to ∼20 W of average power
(e.g., 10 kHz, 2 mJ), the Yb can provide kW of average power
and will enable third-generation femtosecond technology [4].
However, the pulse durations of Yb lasers are typically longer
(250 fs–1 ps) compared with Ti:Sa (sub-30 fs) and require
large compression factors to reach few-cycle pulse durations
[12,13].

Recent results obtained with sub-ps pulses have demonstrated
the generation of a highly asymmetric, redshifted multioc-
tave supercontinuum based on the stimulated Raman scattering
(SRS) in molecular gases at low repetition rate, typically
lower than 1 kHz [14–16]. Furthermore, the demonstration of
the creation of multidimensional solitary states (MDSS) in a
Raman-active medium [17] makes this technique a sustain-
able alternative to the well-known self-phase modulation (SPM)
broadening with noble gas through hollow-core fibers (HCF)
[13,18–21] or multi-pass cells [22]. Nevertheless, thermal
effects, associated with high rotational states in the molecular

gases, have been identified as a limitation for scaling this
technique at a high repetition rate [23].

Here, we have investigated how to mitigate the thermal effects
observed when propagating pulses at higher repetition rates in
a comparatively short 1-meter HCF filled with N2O molecu-
lar gas. Furthermore, we have identified the parameters where
the source is stable and usable. Coupling the MDSS at high
repetition rates with Yb lasers promises to be an advantageous
platform to generate short pulses in the near-infrared spectral
range, overpassing the usual limitations of the optical paramet-
ric amplification process, such as the low conversion efficiency
[24]. The ability to generate MDSS pulses exhibiting negative
dispersion in such a short HCF opens the door to a compact,
cost-effective, and efficient single-stage compression system.

The experiments were carried out at the Advanced Laser
Light Source (ALLS) facility, using an Yb-doped fiber amplifier
(Tangerine, Amplitude) delivering 300-fs pulses with a tunable
repetition rate up to 2 MHz and a maximum average power of 50
W. All measurements were performed with a constant laser out-
put energy of 200 µJ. The beam was focused into a 1-meter-long
stretched HCF (Few-cycle Inc.) with an inner core diameter of
250 µm. The setup enables pressurizing the HCF up to 10 bar,
either in static or differential configuration. The use of a short
HCF is motivated by our precedent simulations, showing that
the spatiotemporal Raman enhancement takes place in the first
centimeters of propagation [17]. A shorter HCF should thus also
exhibit MDSS broadening, even with less spectral broadening
and a higher flow velocity.

Our study compares static and differential pressure config-
urations. While the static configuration leads to suppression
of spectral broadening, we demonstrate how to mitigate such
annihilation by working in a differential pressure scheme by
pumping the HCF input with a primary vacuum. Figure 1 shows
the spectral broadening and power transmission behaviors in
static configuration for different pressures of N2O. All the spec-
trums presented are isolated from the pump using a long-pass
filter at 1050 nm [17]. Increasing the gas pressure results sys-
tematically in enhanced spectral broadening, as shown at the
bottom of Fig. 1(a) for 1 kHz. On the contrary, in agreement
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Fig. 1. In static pressure configuration, comparison of (a) spectral
broadening and (b) transmission (Pout/Pin) for different pressures
when propagating 200-µJ pulses through the N2O-filled HCF.

Fig. 2. Pressure dependences for various experimental conditions
at 20-kHz repetition rate. (a) Spectrum for the 300-fs pulses and (b)
transmission for both short and long pulses. (c) Reynolds number
and throughput of the HCF when filled with N2O, based on the
explicit equations for laminar and turbulent flow and (d) RIN value.
Horizontal and vertical lines in panel (c) and background colors in
panel (d) are used to indicate the different flow regions, based on
the RIN measurement.

with Ref. [23], increasing the pulse repetition rate (i.e., the aver-
age power), results in an important narrowing of the spectrum
[Fig. 1(a)] and a loss in transmission [Fig. 1(b)]. This drop in
transmission could be associated with the thermal lensing at
the HCF input, which is mitigated using a differential pressure
pumping scheme.

Figures 2(a) and 2(b) present the output spectrum and the
power transmission through the HCF in a differential pressure
scheme, respectively. We note that the behavior of the MDSS
spectrum [Fig. 2(a)] appears to be completely different than that
observed for the static pressure scheme [Fig. 1(a)], exhibiting
spectral broadening even at 20-kHz repetition rate, correspond-
ing to 4 W of average power at the input (with 160 µJ at the
output). Figure 2(b) reports a non-negligible difference in trans-
mission between short and long pulses at high pressure. This
variation can be attributed to the photon conversion process.
It is verified that the ratio between the central wavelengths
of the short, redshifted pulse and the long pulse equals the
ratio between the output powers, indicating that the lower out-
put power in the case of MDSS is due to the difference of the
output photon energy. In term of photons, there is no loss in
transmission due to the MDSS process.

However, when strong pressure gradients are applied, we
observe spatial instabilities at the output of the HCF, strongly
reducing the beam quality. In this regard, the flow velocity of
the gas and furthermore the flow regime (laminar, transition, and

turbulent regimes) inside the HCF become important parame-
ters of the system [25,26]. To take the gas regime into account,
we calculate the throughput Q, using the two following explicit
equations [27]. In the laminar regime,
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Here, R is the universal gas constant, T the temperature, and
Mmol the molar mass of the gas. Using the throughput, it is
possible to estimate the Reynolds number Re [28], defined as
the ratio between the inertial and viscous forces in a fluid,

Re =
4MmolQ
RTπdη

, (3)

which gives us a first assumption of the boundary for the laminar
(Re< 2040) and turbulent (Re> 3500) regimes [28,29]. In the
case of N2O, Fig. 2(c) shows the gas throughput (right y axis)
and the Reynolds number (left y axis) for our 1-meter, 250-
µm inner diameter HCF as a function of the output pressure pi

(p0 = 20 mbar).
To confirm the regime, we measure the relative intensity noise

(RIN), at the HCF output, using a fast photodiode and a small
aperture, based on the method established in Refs. [25,26]. Fig-
ure 2(d) presents the spatial instabilities for 2.5-ps and 300-fs
pulses. The picosecond pulse linearly propagates through the
HCF in the fundamental mode and is used as a reference. The
femtosecond pulse experiences Raman based spectral broaden-
ing in the gas-filled HCF. At a strong pressure gradient (>3 bar),
the two curves are comparable, proving that the MDSS process is
not involved in the spatial instabilities. Those instabilities derive
from the turbulent regime of the gas inside the HCF. Inversely,
in the transition regime (1–3 bar), a diminution of the spatial
instability is observed when the MDSS process takes place in the
HCF. As mentioned in Ref. [26], spatial instabilities can be used
as a novel tool for the investigation of volume flow in HCFs. In
the transition regime, flow fluctuations occur close to the inner
walls of the HCF; the flow in the center remains in a laminar
regime [29]. This diminution of the spatial instability could be
explained by the fact that the MDSS process propagates through
a spatial soliton and thus maps only the central part of the flow.

By comparing Fig. 2(c) and Fig. 2(d), and based on the
instability behavior, we deduce that the transitions between the
flow regimes are reached for lower Reynolds numbers than the
theoretical values, respectively 490 for laminar and 1500 for
turbulent. This downshift, compared with the Reynolds num-
bers predicted in the literature (Re< 2040 for laminar regime
and Re> 3500 for turbulent regime) [29], may be due to small
variations in our geometry compared with a perfect HCF. Based
on the RIN values shown in Fig. 2(d), two pressure domains are
suitable for applications, as they present limited spatial instabil-
ities: (i) the laminar regime, with limited broadening; and (ii)
at the beginning of the turbulent regime (at 4 bar) with a spec-
tral broadening extending up to 1300 nm. This laser wavelength
range is of high interest for driving high-harmonic generation
(HHG) up to the carbon k-edge [30]. Therefore, 4 bar of backing
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Fig. 3. Influence of the repetition rate on (a) the spectral broad-
ening, (b) the beam divergence, compared with the divergence at
1 kHz, and (c) the transmission and the RIN when propagating
a 200-µJ pulse in gradient pressure conditions through an output
pressure of 4 bar of N2O. As the pressure remains constant along
the scan, the input coupling in the HCF has been re-optimized to
get the output transmission of 80%.

pressure seems to be an adequate trade-off between sufficient
spectral broadening and spatial stability with our HCF geometry.

With a backing pressure of 4 bar, we later performed spec-
tral and transmission measurements as a function of the laser
repetition rate, presented in Fig. 3(a) and Fig. 3(b), right y axis.
We can gain better insight into thermal effects by studying the
spatial instabilities presented on the left y axis of Fig. 3(b) and
the measurement of the beam divergence, presented in Fig. 3(c).
The spectral broadening slowly starts to shrink around 25 kHz
[Fig. 3(a)], while the pulse instabilities [Fig. 3(b), blue curve]
and the divergence [Fig. 3(c)] experience a major change above
40 kHz. Above this repetition rate, we also observe a modifi-
cation in the characteristic structure of the MDSS spectrum.
Without thermal effects, the spectrum exhibits clear Raman
peaks, with most of the energy at the right edge of the spec-
trum. As the repetition rate increases, the energy is no longer
fully transferred and is distributed more equally between the
different peaks.

To understand the underlying physical mechanism of how the
differential pressure scheme contributes to limit the thermal load
in the molecular system, up to a certain pulse repetition rate, we
first hypothesize that the gas flow should be sufficiently high
enough to replace gas molecules between two consecutive laser
shots. We test this hypothesis using the calculated throughput in
Fig. 2(c). For the 1-meter-long HCF with a 250-µm core diame-
ter, a backing pressure of 4 bar enables to completely refresh the
gas in the HCF core every 38 ms, corresponding to a renewing
rate of 26.3 Hz. Therefore, the mitigation of the thermal load
in the differential pressure configuration could not be directly
related to the renewal of the molecules in the HCF, as there is
no correlation between the refreshing rate and the suppression
of spectral broadening. The thermal load induced by the laser
pulses corresponds to larger contributions of higher-energy rota-
tional states to the molecular ensemble, leading to a reduction
in rotational coherence and, consequently, of the spectral broad-
ening [17]. To our knowledge, the only mechanism responsible
for the rotational state distribution relaxation between pulses
is the collision. The induced flow generated by the differen-
tial pressure increases the collision rate between the molecules

Fig. 4. Compressed pulses characterized by SHG-FROG: (a)
measured and (b) reconstructed trace. (c) Reconstructed spectrum
and (d) temporal profile (blue lines) with spectral and tempo-
ral phases (orange lines). The incoming 300-fs pulses propagate
through the 1-meter HCF, filled with 4 bar of N2O, at 20-kHz rep-
etition rate. After the 3-mm BaF2 window at the HCF output, the
160-µJ pulse propagates through an additional 4 mm of BaF2. No
further chirped mirrors have been added (Z error= 0.00476).

and seems to be responsible for the faster relaxation of the
molecules [31].

To confirm proper operation of the HCF system in the
MDSS regime with a repetition rate of 20 kHz, we performed
second-harmonic generation frequency-resolved optical gating
(SHG-FROG) measurements at the HCF output [Figs. 4(a)
and 4(b)] with an output pulse energy of 160 µJ. The char-
acteristic negative quadratic spectral phase confirms spectral
broadening through the MDSS process and enables compress-
ing the pulse close to its Fourier transform limit (14 fs) without
using additional chirped mirrors [Fig. 4(c)]. Moreover, the sim-
ple propagation through a high-density gas output cell and the
output window results in a primary self-compression of the
pulse. A total thickness of 7 mm of BaF2 allows us to compress
the pulse duration to 17 fs [Fig. 4(d)], i.e., a compression factor
of 17, resulting in a pulse of less than 4 optical cycles.

Here, the repetition rate of 20 kHz was chosen to fix the
edge of the spectrum at 1300 nm [Fig. 4(c)]. However, as Fig. 3
suggests, our setup should allow higher repetition rates (up to
40 kHz) before instabilities start to increase.

In conclusion, by considering the gas flow and the different
flow regimes present when using a differential pressure scheme,
we demonstrate that the renewal rate of the molecules within
the HCF is not directly linked to the mitigation of the thermal
load inherent to the excitation of rotational molecular motions.
However, the differential pressure scheme enables a significant
increase of the repetition rate by a factor of 20–40, and we
propose that the collision rate between molecules is the critical
parameter responsible for evacuating the thermal load. Obvi-
ously, the parameters defining the gas flow and those defining
the nonlinearity in the HCF are closely coupled. Therefore, an
increase of the pressure to broaden the output spectrum could
also result in a lower beam quality, which is not suitable. In
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this perspective, a balance needs to be found to simultane-
ously achieve a broad spectrum, a small divergence, and a low
RIN value. Such parameters should define the guidelines for the
design of MDSS-based HCF setups.

We remark that other parameters should also be considered to
control the nonlinearity under specific conditions. For instance,
in the case of a more energetic source, selecting a gas with a
weaker Raman response such as N2 could be beneficial. Another
interesting option would be to mix a Raman-active gas such
as N2O with an inert gas such as He [23]. Adjusting relative
pressures may enable control of the Raman broadening without
observing thermal effects or spatial instabilities.

To summarize, we have demonstrated a simple way to use the
MDSS approach for the pulse compression of a high repetition
rate laser system. We compressed laser pulses at 20-kHz repe-
tition rate to the few-cycle regime, in the infrared, that would
allow HHG up to the carbon k-edge of the water window spec-
tral range [32]. The results presented here confirm MDSS as
a promising technology to redshift and compress high repeti-
tion rate ytterbium laser systems with a compact single-stage
compressor.
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