IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 30, NO. 6, NOVEMBER/DECEMBER 2024

8700211

Spectral Broadening and Pulse Compression in
Molecular Gas-Filled Hollow-Core Fibers

Tran-Chau Truong
and Michael Chini

, Christopher Lantigua, Yuxuan Zhang

, Jack W. Agnes, Ruaridh Forbes
, Member, IEEE

, Bonggu Shim",

(Invited Paper)

Abstract—Gas-filled hollow-core fibers have over the last three
decades emerged as a key technology for ultrafast nonlinear op-
tics and strong-field physics. Today, noble gas-filled capillary and
microstructured fibers are used to generate broadband, coherent
supercontinuum spectra through self-phase modulation, which can
then be compressed to yield few-cycle driving pulses spanning the
ultraviolet to mid-infrared. More recently, the use of molecular
gases for spectral broadening has attracted significant interest, due
to the interplay of the rotational and vibrational degrees of freedom
with the electronic nonlinearity. Depending on the pulse duration
of the driving laser, the complex interplay between instantaneous
Kerr effect and the “delayed” rotational and vibrational Raman
nonlinearities can induce novel behavior, such as four-wave mixing,
stimulated Raman scattering, and soliton self-frequency shifting,
which can combine with self-phase modulation to realize unique
few-cycle sources in spectral regions inaccessible the laser gain
medium. In this Invited Paper, we discuss new routes to spectral
broadening in molecular gas-filled hollow-core capillary fibers,
with a particular focus on the generation of few-cycle pulses from
ytterbium-doped laser amplifiers. We review the physics underly-
ing the rotational enhancement of optical nonlinearity in linear
molecules and explore nonlinear propagation in molecular gas-
filled fibers through both simulations and experiments. We demon-
strate pulse compression, using dispersive mirrors and bulk media
to produce few-cycle output pulses in different spectral regions, and
discuss the challenges and opportunities for average power scaling.
Finally, we describe the prospects for generating few-cycle sources
in the mid-infrared through red-shifted broadening initiated by
long-wavelength driving lasers.
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I. INTRODUCTION

HE generation and control of broadband coherent light

across the electromagnetic spectrum has been an important
enabling technology for the study of light-induced phenomena
in matter. In recent decades significant effort has been spent
on trying to understand light-matter interactions at increas-
ing shorter timescales as well as higher intensities. Titanium-
Sapphire laser systems, based on chirped pulses amplification
[1], have represented the workhorse tool for the majority of
these studies. Despite their prevalence, the utility of these lasers
for studying ultrafast dynamics down to the few-femtosecond
time scale is limited due to the typical pulse durations (~30 fs)
routinely available, which represent many optical cycles in the
near infrared. For many light-driven processes the dynamics at
the level of a single optical cycle play an important role; hence
generating octave-spanning spectra is important for entering
this regime [2]. A commonly used method for increasing the
bandwidth of multicycle laser pulses is the propagation through
a medium where the nonlinear process of self-phase modulation
(SPM) is exploited to generate a supercontinuum [3].

One of the cornerstone techniques for generating single- or
few-cycle laser pulses is to increase the bandwidth, via SPM, in
a noble gas-filled hollow core fiber (HCF) and to compensate
for the resulting dispersion via chirp mirrors [4]. This method,
first introduced by Nisoli and coworkers [5], is now routinely
used to generate the few-cycle laser pulses needed to produce
attosecond pulses in the extreme ultraviolet (XUV) and X-ray
through high-harmonic generation (HHG) [2]. Compared to
other approaches, such as SPM induced via filamentation [6], [7]
or bulk material [8], [9] the HCF method offers excellent beam
quality, due to propagation of the light in a specific mode of the
fiber, as well as a high degree of spectral uniformity across the
beam profile [10]. The method is also scalable to relatively high
pulseenergies [11], [12] and, through the important development
of stretched HCF to reduced transmission losses [13], scalable
to longer wavelengths in the infrared (IR) [14], [15]. This desire
to achieve few-cycle pulses in the IR is partially driven by the
inherent scaling rule of the maximum photon energy generated
in HHG, the so-called “cut-off” energy. The straightforward
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correlation is expressed as hv =1,+3.17U,, where hv represents
the maximum photon energy produced, I, denotes the ionization
potential of the medium involved in generation, and Uy, is the
ponderomotive energy. The latter is influenced by both laser
intensity and the square of the driving wavelength [16], [2].

In recent years diode-pumped Ytterbium (Yb)-based laser
systems have become increasingly prevalent in ultrafast science
due to their femtosecond pulse durations and ability to run at very
high repetition rates [17], [18]. However, a significant drawback
compared to Ti-Sapphire laser systems is the ability to generate
large bandwidths, due to constraints of the gain medium, which
has typically capped pulse durations at greater than several
hundred femtoseconds. To exploit the advantages of these sys-
tems for HHG and attosecond science experiments significant
amounts of nonlinear compression is required to generate the
prerequisite few-cycle laser fields. The use of stretched HCFs
to construct long (>5 m) fiber systems [19] as well as multiple
stages of compression [20], [21] have been used to provide the
required amounts of broadening.

An attractive alternative to provide the levels of broadening
needed to generate large bandwidth from the relatively long
few-hundred femtosecond pulses from Yb laser systems is to
exchange the gas medium in the HCF from atomic to molecular
gases [22]. Due to the presence of both vibrational and rotational
degrees of freedom there exists “delayed” nonlinear responses
linked to field-induced alignment and stretching of the molecular
bonds [23], [24]. Additionally, there are four-wave mixing pro-
cesses connected to Raman transitions [25], [26]. For the typical
pulse durations produced from Ti-Sapphire lasers these delayed
nonlinear responses have a minimal impact [27] but this is not
the case for the longer pulse durations produced from Yb lasers
[28]. This increased rotational nonlinearity can be approximated
as nearly instantaneous, leading to a time-dependent rotational
nonlinear response which is present along with the electronic
Kerr nonlinearity. Selecting the molecular gas based on the input
pulse duration allows for a more than tenfold enhancement in
total nonlinearity compared to an atomic gas with comparable
nonlinear susceptibility and ionization potential [28].

In recent years studies have explored multiple aspects of
molecular gas broadening including using frequency shifting of
the pulses using stimulated Raman scattering (SRS) [29], [30],
[311, [32], [33], [34], [35], [36] scaling to higher pulse energies
[37] as well as higher repetition rates [38], [39]. Recent works
have also explored the use of multiple pulses to exploit the use of
pre-aligned molecules for spectral broadening and wavelength
shifting [40]. For applications in HHG the ability to exploit SRS
for frequency shifting to the IR is particularly appealing due the
associated enhancement of the maximum cut-off energy [41],
[37]. Despite the huge promise of molecular gases for both SRS
frequency shift and broadening there exists several technical
challenges surrounding the scaling to high repetition rates due
to thermal effects [38].

In this article we review the theory of nonlinear optics in
molecular gases, showcase experimental and theoretical results
on spectral broadening and frequency shifting in molecular
gases. The time-frequency properties of red-shifted pulses from
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molecular gas are discussed in detail, two methods for pulse
compression are demonstrated experimentally, and severe ther-
mal effects at high repetition rates are described along with
mitigation strategies. In particular, we demonstrate new results
about the role played by thermal lensing in determining the fiber
energy efficiency, along with a method of using mixed gases to
assist in average power scaling. Finally, we discuss the prospects
of broadening into the mid-IR.

II. THEORY OF SPECTRAL BROADENING IN MOLECULAR
GASES

One can theoretically model the propagation of the laser
electric field in a gas-filled HCF using the nonlinear envelope
equation (NEE) with a modal expansion assuming cylindrical
symmetry [42], [43], [44], [29]. The propagation equation is
given as
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where each term given by X is in the spectral domain and
is linked to its time domain counterpart, X, by the Fourier
transform. The spectral representation of these terms is decom-
posed into discrete modal components,:f,:, and are written as
X = Em:ﬁ;fg(qmr /rc), where Jo(ym7/7) is the normalized
zeroth-order Bessel function, ~,, is the mth root of zeroth-
order Bessel function Jy and 7. is the radius of the capil-
lary. For instance, E is the electric field envelope written as

E = SmEmJo(ymt/re). kzym = /k2(w) — k2 ,, is the wave

number in the propagation direction, where k (w) = n(w)w/c,
n(w) is the gas refractive index, w is the angular frequency, ¢
is the speed of light and k| , = ym /7 is the modal trans-
verse wave number. k (w) = ko + (w —wo)/ve, Where wp
is the central frequency of the laser, and v, is the group ve-
locity of the fundamental mode ( vy = (dkz,l/dw|w=wo)_1 ).
Equation (1) is solved in the frame of the group velocity of
the fundamental mode. The loss coefficient is given by £, =
0.5(1 4 12)/(n% — 1)""%] (ym/k(w))? /72, Where ne is the
refractive index of cladding. Py, is the nonlinear polarization
which is given by Py (t) = 2eg ng (ng I(t) + ngem ) E(t).
Here ¢ is the free space permittivity, ngp is the linear re-
fractive index, no is the instantaneous nonlinear index coef-
ficient, I(¢) is the intensity of the laser pulse and nggm is
the index change due to the rotational Raman effect, which
is described below. The plasma effects such as plasma de-
focusing and absorption are incorporated by calculating the
free charge-induced current J which is written as J (&) =
(€2/me) (Ve +iw)/(v2 + w?)p(t)E(t), where e and m, are
the electron charge and mass, respectively, v, is the electron
collision frequency, and p is the free electron density. In addition,
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anr () = wﬂ E(t) is the absorption due to optical field
ionization (OFI), where py is the neutral gas density, W (I) is
the OFI rate, and I}, is the ionization energy. The electric field
propagation (1) is coupled with the plasma equation which is
given by

a
=" D—p-1, @

where 7. is the electron recombination time. Here, the first term
on the right side describes plasma generation via the Perelemov-
Popov-Terentev (PPT) OFI model [45], which incorporates both
multiphoton and tunneling ionization, and the second term is
about plasma recombination.

The nonlinear index change due to the rotational Raman effect
is calculated via the quantum mechanical density matrix method
[46], [47], [48], which is given as

1672N(Aa)? = 1(I—1)
_ Z;: ( P
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t
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where N is the gas number density, A« is the polarizability
anisotropy of the linear molecule, % is the reduced Plank’s
constant, /(t’) is the laser intensity, wgrom = 4wcR(21 —1) is
the Raman angular frequency of the molecule, R is the rotational
constant (for instance, 0.3902 cm™! for CO and 0.41 cm™!
for N2O [49]), and p; is the density matrix for the unperturbed
molecular system given by

S@+1)e Far

—hcRglg+1) (4)
Y, Sq(2g+1)e” FT
where §; is a statistical weighting factor (1 for both COy and
N50), his Plank’s constant, k is Boltzmann’s constant, and T'is
the ambient temperature. Here we ignore the damping/dephasing
factor because of its long timescale (tens of picoseconds). In
our calculation, we use Aa = 16.3 x 10~5 cm? for CO5 and
22.7 x 1075 em?® for N, O, which are the measured values [47]
by the state-of-the-art single-shot frequency domain holography
technique [50], [51]. The information of parameters used in the
simulation is shown in Table I for different gases.

Using the above approach, we perform simulations of spectral
broadening in Ar, CO; and NO gases. For the simulations,
the HCF has a length of 3.5 m and a radius of 250 pm. The
input beam is a spatio-temporal Gaussian, and its focal spot size
radius at the HCF entrance is 0.645 times the capillary radius
for optimal coupling efficiency [52]. Fig. 1 shows (a, c, €) the
on-axis (r = 0) spectra as a function of propagation distance and
(b, d, f) the on-axis spectrum at the output of a HCF filled with
each gas at 4.4 bars. Here we use laser pulses with a central
wavelength (1) of 1025 nm and pulse duration (7) of 280 fs,
and the input peak intensity (I) is 2 x 10'2 W/cm?. Since the
information on dispersion for N5O is lacking, the dispersion
properties of Ny are used for the N>O calculation. As shown,

pL=
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TABLEI
NUMERICAL PARAMETERS USED IN THE SIMULATIONS
N: 0, N:0 CO;
nz (x 10" cm?*/W) 1 0.74 0.95 21 1.3
R (cm™) N/A 2 1.44 0.41 0.3902
Aa (107 cm?) N/A 9.3 10.2 22.7 16.3
Seven N/A 6 6 1 1
Sedd N/A 5 3 1 1

Capillary radius (ag) 250 pm
Input beam radius 0.645 ay
Pressure (bar) 4.4
Peak Intensity >
(TW/em?)
N: 0, N.O cO,
Pulse duration (fs) 280 60 150 280 280
i (pm) 1.025 24 4.1 1.025 1.025
Tonization energy (eV) 15.76 15.576 | 12.063 12.89 13.78

the spectral red shift from molecular gases is dominant due to
the strong rotational Raman effect, while the spectrum from
Ar gas is symmetric around the center wavelength due to the
electronic Kerr nonlinearity alone. Due to the greater Raman
effect for N O, spectral broadening is larger than that from Ar
and COs3. This can be understood by comparing the value of
nonlinear index ny and the polarizability anisotropy A« of each
gas shown in Table I, where Ar has a small n,, and both values
Aq and n3 of N2O are larger than the ones of COs.

The difference in the characteristics of output spectra be-
tween molecular and atomic noble gases is clearly visible in
the time-frequency spectrograms in Fig. 2(b) and (d). While the
output pulses from Ar gas mainly exhibit positive chirp near
the peak of the pulse intensity profile, the pulses from N,O
gas display both negative and positive chirp components, with a
predominance of negative chirp at the leading edge of the pulse.
This suggests that both normal dispersion from bulk materials
and negatively-dispersive chirped mirrors could be used for
pulse compression in different temporal regions of the pulse,
which will be discussed in more detail in the following sections.

ITII. CoMPRESSION OF FEwW-CYCLE PULSES

The theoretical simulations of spectral broadening in molecu-
lar gas-filled HCFs highlight the potential benefits of rotational
nonlinearity for realizing large spectral bandwidths and large
compression factors from few-hundred femtosecond laser pulse
durations. This enhancement has also been realized experimen-
tally [29]. Fig. 3 shows the experimental results of pressure-
dependent spectra measured in Ar, Np and N»O-filled HCEF,
also with 250 pm radius and 3.5 m length. The driving laser
pulses were obtained from a commercial Yb:KGW amplifier
(Light Conversion PHAROS) with central wavelength of 1025
nm, pulse duration of 280 fs, energy of 400 pJ, and tunable
repetition rate up to 50 kHz. For the results in Figs. 3 and 7,
a reduced repetition rate of 250 Hz was used to eliminate the
potential for multi-pulse interaction effects. As clearly seen in
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Fig. 1. Calculated spectral broadening in 4.4 bar Ar (a)-(b), CO3 (c)-(d), NgO
(e)-(f) filled capillary with 3.5 m length and 250 pm radius: (a), (c), (e) On-axis
(r = 0) spectra vs. distance and (b), (d), (f) output spectrum. The black line
shows the input laser spectrum. The laser has a central wavelength of 1025 nm
and 280 fs pulse duration, and its input peak intensity is 2 x 102 W/cm?.

Fig. 3(a) and (b), the spectrum obtained from Ny is substan-
tially broader than and red-shifted in comparison to that from
Ar at the same pressure, in spite of the fact that both have
similar electronic nonlinearity ny and ionization potential I.
For N»O, which has larger electronic and rotational nonlinearity
than N», an even more substantial broadening and red-shifting
is observed, resulting in a supercontinuum spectrum covering
more than two octaves. The broad spectrum from Ny gas was
observed independently by other groups [31], [53], where the
asymmetric, broad spectrum is attributed to the cascaded SRS
and the excitation of high-order modes in the fiber propagation.

A. Nonlinear Compression With Chirped Mirrors

Aside from the generation of a broadband spectrum, the com-
pression of few-cycle pulses further requires the compensation
of the frequency chirp accumulated during nonlinear propa-
gation. For Nj, the electronic and rotational nonlinearity are
comparable, and the most energetic portion of the output pulse
is expected to have a positive linear chirp for the laser parameters
used in our experiment. As a result, the spectral phase resulting
from propagation an N»-filled HCF can be best compensated
using chirped mirrors with negative group delay dispersion. As
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demonstrated in [29], a set of 8 pairs of complimentary-pair
chirped mirrors (Ultrafast Innovations, PC1632) with spectral
range of 700—1400 nm and nominal GDD of —85 fs?/pair were
used to compensate the dispersion of the relatively narrower
spectrum generated with 6.5 bar N3. The optimal compression
was achieved when adding 20 mm CaFs and characterized by
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AAAS. Distributed under a CC BY-NC 4.0 License).

a home-built second harmonic generation frequency resolved
optical gating (SHG FROG) device. As shown in Fig. 4, the
compressed pulses with full-width at half-maximum (FWHM)
duration of 7.0 fs are close to Fourier transform-limited (FTL)
pulse duration of 6.9 fs. In other words, the combined electronic
and rotational nonlinearities of Ny enable the generation of a
sub-two-cycle laser source with a large compression ratio of
~40 times.

B. Nonlinear Compression With Bulk Materials

A notable characteristic of spectral broadening from larger
molecules such as CO; and N>O is the heavy redshifted spec-
trum, which has the potential for generating long-wavelength
few-cycle sources. This long wavelength side results from the
interplay between the timescales associated with the molecular
rotational nonlinearity and the duration of the driving pulse. The
leading edge of the laser pulse initiates the electronic response,
which is then amplified by the alignment of the molecules, such
that the instantaneous frequency continues to shift towards the
red wavelengths even during the central part of the temporal
intensity profile. As a result, the long wavelength side of the
broadened spectrum possesses an overall negative temporal
chirp, which suggests an alternative approach to post compres-
sion in molecular gases, using the normal dispersion of bulk
materials. This interesting feature of molecular gases was first
observed by Safaei and co-workers, who lengthen 40 fs pulses
from Ti: Sapphire amplifier to ~700 fs positively-chirped pulses
in order to take advantage of rotational broadening of Ny gas
filled in a HCF, and then employed the normal dispersion of
fused silica (FS) to compress the negatively-chirped, spectrally
broadened output pulses to <11 fs, [31]. The observation of
negatively-chirped output pulses was dubbed multidimensional
solitary states (MDSS), since the pulse compression due to the
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Fig. 5. Beam profiles after N2O-filled capillary fiber taken by silicon-based
cameras before (left) and after (right) a long pass filter cutting off at 1340 nm and
a 73 pm thick silicon window. The left image shows visible and near-infrared
light scattered by a card. The right image shows a representation of the beam
profile through two-photon absorption in the camera sensor.

Raman effect was accompanied by a smaller effective mode
radius in the HCF, due to coupling to higher-order modes.
Red-shifted supercontinuum spectra have now been obtained
using few-hundred femtosecond sources with NIR central wave-
lengths of 1030 nm [29], [53] 780 nm [31] and even visible
central wavelength of 400 nm [54]. Furthermore, the generated
long-wavelength spectra from molecular gas-filled HCFs have
been experimentally shown to produce high-order harmonics
with higher cut-off photon energy than self-phase modulation-
based sources [41] and with continuous spectra that suggest
sub-cycle gating of the HHG process.

The short wavelength (<1000 nm in our experiments) light
generated in molecular gas-filled HCFs has been observed to
have an unstable, multi-mode beam profile, as shown in Fig. 5.
On the other hand, the long wavelength (1340-2000 nm) side of
the spectrum, which can be selected by spectral filtering with
a long-pass filter and a thin Si window at Brewster’s angle,
has a clean and stable beam profile (Fig. 5(b)). This behavior
was also observed in N2 gas-filled HCFs and was attributed
to intermodal interactions during the formation of MDSS [31].
Both the spectral broadening and the evolution of these modes
occurs primarily near the beginning of the fiber, which can
potentially allow the reduction of the conventional fiber length
used for SPM.

An experimental setup was implemented to investigate the use
of bulk materials to compress the red-shifted supercontinuum
resulting from broadening of a Yb-doped amplifier in N>O gas
[55]. In the experiments, we achieved a broad spectrum by
propagating 280 fs, 400 pJ pulses through a HCF, with radius
of 200 pm and length of 1.4 m, and filled with 2.7 bar of
N3O. Subsequently, the generated supercontinuum beam was
transmitted through 4 mm NaCl windows, taking advantage of
the normal dispersion of NaCl in the short-wave infrared, to
compress the pulses enroute to the SHG-FROG setup used for
pulse characterization. As expected, the FROG results shown in
Fig. 6 reveal that the pulses were compressed to an impressive
11.5 fs pulse duration, 175 pJ pulse energy, equivalent to less
than 3 cycles at the central wavelength of ~1200 nm. The
compressed pulse durations observed here with N>O and bulk
compression are comparable to those previously observed with
Xe gas and chirped mirror at 1030 nm [56], [57] and also with
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vibrationally-excited Hy gas and silica glass compression at
1800 nm [58], which yielded sub-three-cycle pulses but with
lower pulse energy and in a more complex setup. Despite the
generated spectrum spanning from 800 nm to 1650 nm, the
spectral range of the FROG trace in Fig. 6(a) and the retrieved
spectrum in Fig. 6(d) indicates that only the longer-wavelength
(above 1 micron) side of the spectrum contributes to the short
pulses. This is because the long wavelength range inherits the
negative dispersion from the rotational nonlinearity and there-
fore is compressed by normal dispersion of the bulk materials.
Furthermore, due to the limitation of the temporal window of
the single-shot geometry and the difficulty of resolving low
signal levels associated with the much lower-intensity, uncom-
pressed pulses, the short-wavelength component can’t be seen
in the FROG trace. In sum, these observations align with our
simulations and highlight the distinctive negative chirp in the
long-wavelength spectrum generated from molecular gases.
Increasing the static pressure to 4.6 bar NoO allows the
extension of the long-wavelength side of the spectrum up to
~2 pm wavelength and enables further pulse compression by
using only bulk materials. However, the third-order dispersion
presents a significant limitation when using the dispersion of a
single material for pulse compression. The experimental results
in [59], on the other hand, showed that sub-two-cycle pulses
can be obtained by a simple, off-the-shelf light field synthesizer
in which the broad output spectrum split into two arms of
Mach-Zehnder interferometer, separately compressed, and then
recombined by a pair of dichroic mirrors with cutoff wavelength
near 1500 nm, as shown in Fig. 7(a) and (b). While the short
wavelength arm is compressed to 12.5 fs pulse duration (<3.5
optical cycles at the central wavelength of 1170 nm) using
the normal dispersion of CaF» and fused silica optics in the
beam path, the long-wavelength arm is compressed to 22.2 fs
pulse duration (4 optical cycles at the central wavelength of
1690 nm) by the anomalous dispersion of fused silica. As seen in
Fig. 7(c), the final synthesized pulses with 7 fs pulse duration (1.5
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Fig. 7. (a) Light-field synthesizer setup from HCF filled with N2O gas, DM,

dichroic mirror; DS, delay stage; FS, fused silica. (b) Output spectrum from
HCF (grey)., spectrum of short- (orange) and long- (purple) wavelength arm
of synthesizer. (c) Left: measured FROG trace of synthesizer pulses; Right:
retrieved temporal intensity (black) and spectral phase (red). (Adapted with
permission from [59] @ Optical Society of America).

optical cycles) and red-shifted central wavelength of 1364 nm
are generated in a relatively simple and inexpensive setup. The
overall energy efficiency of the setup, with 11% of the driving
laser pulse energy in the final compressed pulses, is comparable
to that of optical parametric amplification (OPA) and optical
parametric chirped-pulse amplification (OPCPA) systems, but
with a broader spectrum that is not limited by the phase matching
of nonlinear crystals.

IV. THERMAL EFFECTS AND POWER SCALING
A. Thermal Effects

The theoretical results described in Section II consider the
interaction of a single pulse with the molecular gas-filled fiber,
while the experiments described in Section III were performed
with a relatively low repetition rate of 250 Hz. At higher rep-
etition rates, thermal effects in HCFs limit both the spectral
broadening and the throughput efficiency of the fiber. These
thermal effects are present in both atomic and molecular gas
systems to different degrees.

In atomic gases, it has been shown that photoionization and
heating of the fiber walls due to absorption causes a reduction in
throughput power when attempting to scale pulse compression
systems to >100 W average power levels [60]. Additionally, at
high repetition rates, gas density depressions can form inside the
fiber due to ionization-induced heating, which alter the refractive
index of the medium on millisecond time scales [61], [62].
Lensing by the gas density depressions causes a defocusing of
the beam that negatively impacts the spectral bandwidth of the
generated supercontinuum.

Thermal effects due to repeated laser interactions are present
in molecular gases as well. However, these effects occur at much
lower average powers, and are the result primarily of thermal
excitation of rotational and vibration degrees of freedom that act
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(Reprinted with permission from [38] © Optical Society of America).

to reduce the spectral bandwidth and throughput efficiency of
the fiber. In molecular gases, the nonlinear response is enhanced
due to the alignment of the molecules with the electric field of
the laser pulse. However, at high average powers the molecules
continue to be excited to higher rotational and vibrational levels,
which reduces the rotational coherence with the laser pulses,
and affects the enhanced nonlinearity. This spectral narrowing
in molecular gas-filled HCFs at high average powers is clearly
illustrated in Fig. 8, where the spectral bandwidth obtained from
an NyO-filled fiber is compared with a xenon-filled fiber for
various input average powers, with a fixed pulse energy and
variable repetition rate. As the repetition rate of the source
increases, the spectral bandwidth of N5 O decreases, while that of
xenon stays relatively constant over this range of input powers.

In addition to a reduction in the spectral bandwidth, Fig. 8
also illustrates a drop in the throughput efficiency of N2 O-filled
HCF compared to xenon. At the highest measured input power,
20W, the throughput of the N»O filled HCF drops to 20%. One
of reasons is from the fundamental limitation associated with
red-shifted spectra: even if 100% photon-to-photon conversion
efficiency is achieved, the overall pulse energy would be reduced
according to the shift of the spectral weight to lower photon en-
ergies. Moreover, molecular gases experience a thermal lensing
effect due to a non-uniform density distribution of the gas inside
the fiber. The molecules near the core of the beam experience the
highest rotational temperature. This rotational kinetic energy is
then transferred to translational energy via molecular collisions,
resulting in the increase of linear velocity, followed by the
appearance of a lower density region at the core and a higher
density of gas molecules in the outer regions of the beam. This
creates a negative lens, with a higher refractive index near the
edges of the beam and a lower refractive index in the center. This
negative lens defocuses the incoming beam, which negatively
impacts the coupling efficiency into the fiber, causes coupling
into higher-order modes, and thus reduces the overall throughput
efficiency. This thermal lensing effect becomes more dramatic
as the average power sent into the fiber is increased. In contrast,
atomic gases have more well-behaved nonlinearity, and the fiber
coupling efficiency is mainly reduced only by ionization, which
is kept to a minimum in the experiments, resulting in its high
output power.

The reduction in throughput efficiency and spectral narrow-
ing observed in molecular gases limits their applicability for
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high-power systems. However, various mitigation techniques
and strategies have been explored that give promising results
and offer the possibility to scale molecular gas filled HCFs to
higher average power levels.

B. Pressure Gradient

One method to alleviate the thermal effects associated with
molecular gases is to utilize a pressure gradient between the
entrance and exit tubes of the fiber. This approach was previ-
ously used to increase the input power and pulse energy for
pulse compression using noble gas filled HCFs [62], [11]. In
the experiment detailed in this paper, a pressure gradient is
established along a 1-meter HCF with a 375 pm core radius.
The fiber is filled with NoO at the exit, and the entrance of
the fiber is held under vacuum conditions. The impact of the
pressure gradient scheme can be seen in Fig. 9, where the
results of spectral broadening and throughput efficiency are
compared to a static pressure configuration. From the Fig. 9(b)
and (c), it can be seen that the power throughput in the static
pressure configuration drops significantly from 80% to 30% as
repetition rate of the input to the HCF is increased from 0.25
kHz to 50 kHz. In comparison, the results obtained under the
pressure gradient scheme, with a backing pressure of 1.7 and
2.4 bar, shows a nearly constant 80% throughput efficiency as
the average power input sent into the fiber increases. This is
because the pressure gradient inside the fiber suppresses the
effects of thermal lensing by essentially maintaining a vacuum at
the entrance of the fiber, thereby avoiding the effects of negative
lensing, and thus stabilizing the beam coupling into the fiber. As
seen in Fig. 9(a), the spectral bandwidth obtained from the 1.7
bar gradient pressures (green line) is less affected by increases
in the average power when compared to the significant spectral
narrowing seen at the static (blue line). In this case, the reduced
number of molecules interacting with laser can be a reason for
the spectral narrowing. To examine how thermal effects impact
the spectrum, the pressure gradient with the same quantity of
molecular gas in fibers was chosen. In Fig. 9(a) we additionally
show the spectra corresponding to a 2.4 bar gradient (red line),
which has the same spectral bandwidth as the static pressure of
1.7 bar at low power (0.1 W). While broader bandwidths can
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be obtained at higher repetition rates than in the static pressure
configuration, spectral narrowing is still present in the pressure
gradient scheme.

Increasing the backing pressure can enhance the spectral
bandwidth obtained from the HCF system, but as the pressure
difference increases between the two sides, the flow rate of gas
also increases. Beyond a critical pressure, that is dependent upon
both the fiber and gas parameters, the gas flow transitions from
a laminar to a turbulent regime, causing spatial instability in the
beam profile [39], which limits the effectiveness of this scheme.

C. Mixed Gases

An alternate approach to mitigating the thermal effects in-
volves a mixed gas medium that combines the molecular gas with
a buffer gas [55], [63]. In this scheme, the buffer gas is expected
to play a catalytic role in the cooling process by extracting rota-
tional heat from the molecules and reducing the thermal lensing
effect. A suitable buffer gas should therefore have good thermal
conductivity, but also high ionization potential. Helium matches
both these criteria, and a previous study also observed the
effectiveness of helium in thermal mitigation in high-repetition
rate photoionization of krypton gas [64]. To test its impact as a
buffer gas in a molecular gas-filled HCFs, a 1-meter long HCF
with a core radius of 375 umiis filled with N> O at a static pressure
of approximately 1.6 bar, and then subsequently filled and mixed
with varying pressures of helium. Fig. 10 displays the results
of spectral broadening and throughput efficiency in a mixed gas
system in contrast to just the molecular gas. In the pure N3O con-
figuration, the spectral narrowing and notable drop in throughput
efficiency, from 85% to ~20% are seen as the input power
to the HCF system is increased. When comparing the mixed
gas scheme, the presence of helium improves both the spectral
bandwidth and power throughput at high-average powers. This
improvement is attributed to helium’s role in removing heat from
molecules, causing them to stay at lower rotational energy levels.
As a result, the coherence between the molecules and the laser
pulses is recovered, along with a reduction in thermal lensing.
With helium and N5O in a mixed gas scheme, the throughput
efficiency can reach 90% depending on how gases, as seen in the
pink line in Fig. 10(b). In this scenario, the mixed gas scheme was
optimized to maximize the throughput efficiency of the HCF.
The immiscibility of He and molecular gas leads to long-lived
local distributions of gases in the fiber system [65], and the fiber
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Fig. 11. Measured spectra (a), SHG-FROG traces (b) and retrieved temporal
intensities (c) for different mixtures of N2O and He gas.

can be configured such that a boundary exists between He and
N3O. Here, filling the fiber so that the boundary of immiscibility
exists just beyond the entrance allows the fiber to be configured
such that the entrance of the fiber is mostly He and the remaining
portion of the fiber being mostly N2O. The effect of this is an
improvement in the throughput efficiency of the fiber. Helium is
less susceptible to heating at higher repetition rates compared to
N3O, and thus the impact of thermal lensing is reduced thereby
improving the coupling efficiency into the fiber and improving
the throughput efficiency overall. This of course comes at the
expense of spectral broadening because the laser pulses have a
smaller interaction length with N2 O, which can be seen in the
pink line spectrum of Fig. 10(a). However, the ability to tune and
optimize the configuration of the fiber in a mixed gas scheme is
a promising feature of the scheme.

While different amounts of buffer gas can be used to mitigate
the thermal effects of molecular gas, the properties of the gen-
erated supercontinuum spectra for pulse compression need to
be considered. Spectral broadening associated with NO leads
to the generation of MDSS that are characterized by negative
chirps, which can be compensated for by the normal dispersion
of optical materials. To ensure that the addition of helium does
not impact the generation of MDSS, two different gas mixtures
from the previous experiment with similar spectra, but at dif-
ferent repetition rates were chosen to compare with the post
compression of pure NoO as shown in Fig. 11(a). The spectra all
supported a transform-limited pulse duration of approximately
20 fs as shown in Fig. 11(b), and in each case an identical
thickness of glass was used for pulse compression. Fig. 11(c)
shows the results obtained from SHG-FROG measurements
under each of the three conditions. The retrieved FROG traces
are nearly identical, each corresponding to a compressed pulse
duration of approximately 22 fs. These results demonstrate that
the inclusion of helium as a buffer gas inside the fiber does not
impact the generation of the MDSS.

V. PROSPECTS FOR FEW-CYCLE MID-IR PULSES

When driven by lasers with central wavelength in the near-
infrared, the above results show promising opportunities for
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producing longer-wavelength, few-cycle pulses, which have
clear applications to HHG and attosecond pulse generation. One
attractive prospect, then, is to use longer-wavelength driving
lasers to further push the central wavelength into the mid-
infrared, where few-cycle driving lasers can potentially generate
attosecond pulses with photon energies extending beyond 1 keV
[66]. Of these, driving lasers based on Tm-doped fiber [67]
or solid-state [68] gain media, as well as Cr- [69], [70] and
Fe-doped [71] ZnSe are especially attractive due to their fem-
tosecond pulse durations and multi-millijoule pulse energies.

To explore the potential of these lasers for driving SRS-
enhanced spectral broadening, we perform simulations us-
ing laser pulses with longer wavelengths and different gas
molecules. In particular, we focus on the wavelengths and pulse
durations of existing Cr:ZnSe and Fe:ZnSe amplifiers, and on N
and O gases which are minimally absorbing in the mid-infrared.
Again, the capillary length is chosen to be 3.5 m and its radius
is 250 pm. Fig. 12 shows the output spectra for (a) N, at 4.4
bars when a laser pulse with A = 2400 nm, 7 =60 fs, and ] = 2
x 10'?2 W/cm? interacts with the Ny filled capillary, and (b) O
at 4.4 bars when a laser pulse with A = 4100 nm, 7 = 150 fs,
and I = 2 x 10'2 W/cm? interacts with the O filled capillary.
Overall, spectral broadening is reduced in comparison with that
from NoO and CO5 because of the smaller rotational Raman
effects in Ny and O3, Furthermore, spectral broadening from O
is more symmetric compared with dominant red-shifts from N,
This is due to greater plasma generation, resulting in larger blue
shift in Oo because of its smaller ionization energy (12.063 eV
for O3 and 15.576 eV for N»).

VI. CONCLUSION

In conclusion, molecular gas-filled HCFs offer a promising
platform for the generation of few-cycle pulses in spectral re-
gions which are inaccessible using standard laser gain media. In
particular, the use of molecules with large rotational nonlinear-
ity can allow the generation of strongly red-shifted few-cycle
pulses, which are especially attractive for cutoff scaling of
attosecond HHG sources. While peak and average power scaling
of molecular gas-filled HCFs presents significant challenges,
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the potential for generating tunable few-cycle sources with sub-
stantially higher overall conversion efficiency than parametric
amplifiers is a strong motivation for pursuing novel thermal
energy reduction schemes.
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