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Abstract

In this investigation, we explore the phenomenon of spectral broadening in a gas-filled hollow-core
capillary induced by ultra-short pulses, with a focus on nonlinear mode coupling at a power lower
than the critical power. As the pulse propagates through the capillary, the spectrum primarily
broadens due to self-phase modulation, and concurrently, high-order modes are generated through
interactions between different modes. Both experimental and numerical results consistently demon-
strate that the spectral region near the center of the spectrum remains within the fundamental mode,
while the spectral edges propagate in higher-order modes, predominantly in the LP12 mode gener-
ated through nonlinear mode coupling within the gas-filled hollow-core capillary. This observation is
relatively weak but is of paramount importance for the design of post-compression systems in gas-
filled hollow-core capillaries with a high-quality beam profile when the power starts to reach the
critical level. Understanding and then accommodating the dynamics of nonlinear mode coupling are
crucial for achieving the desired characteristics and beam quality while optimising the performance
of such systems.
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1 Introduction

Hollow core capillaries (HCC) filled with gas have
found widespread use as a platform for convert-
ing light through nonlinear processes. One of
the most commonly employed techniques involves
compressing extremely short, high-energy laser
pulses [1-7]. During this process, the input pulse
undergoes spectral broadening primarily due to
self-phase modulation and afterward, the pulse is

compressed using phase compensators, ultimately
achieving a few-cycle duration. Gas-filled HCC
have also been integrated into various optical non-
linear studies, including investigations into soli-
ton and dispersive wave generation [8—13]
and four-wave-mixing [14-19], among others.
Nowadays, there is a renewed interest in non-
linear interaction within multimode waveguides
providing a new degree of freedom for nonlinear
conversion. For example, it is possible to reach the



anomalous dispersive regime for high order modes
(HOM) while the fundamental mode lies in the
normal dispersion regime. Particularly, it leads to
the generation of various phenomena, like other
types of solitons [20, 21], conical waves [22], disper-
sive waves [23], few cycle pulses [24] in multimode
waveguides, to mention just some examples. Alter-
natively, the amazing control of the beam, now
achievable, allows to tailor the spatiotemporal
properties of the input beam shape to synthesize
ultrafast wavepackets [25] before injecting them
into the HCC, thereby directly exciting specific
HOM. The generation of HOM is often achieved
through nonlinear spatiotemporal coupling due
to intense light propagation in a gas and con-
trolled via parameters influencing the nonlinear
process [26—29]. Spatial kerr effect [30] or ion-
ization process [31] within the HCC reshapes the
propagating light and create new spectral com-
ponents. The intensity dependent refractive index
causes self-focusing of the beam toward the more
intense central region of the HCC, which acti-
vates high order modes during propagation. This
effect typically occurs when the input peak power
exceeds or approaches a critical power threshold
(P.) required to transfer energy from the fun-
damental mode to HOM [26, 27]. It has also
been demonstrated that light confinement in the
HCC can induce spatial collapse, possibly occur-
ring below this critical value due to a complex
spatio-temporal dynamic with a power equals
to 0.86 times the critical power [27]. While
this nonlinear mode mixing can be very advanta-
geous to achieve intense few-cycle pulses [24], it
may impede the overall performance of conven-
tional post-compression techniques designed for
single mode output, in addition to the intrinsic
difficulties in managing dispersion and non linear-
ity over a broad bandwidth. In this manuscript,
the generation of HOM resulting from the
nonlinear interaction with spatio-temporal
coupling is experimentally and numerically
investigated at a power below the critical
level. In this configuration, HOM are usu-
ally not observed and may be weak. Here,
we propose to focus on this observation and
origins. We adopt a standard configuration
where the input spectrum undergoes broaden-
ing, mostly due to self-phase modulation, as it
propagates through an Argon-filled HCC. In the
resulting spectrum, the central spectral region has

a distinct bell-like shape reminiscent of the LPg;
mode while the spectral edges exhibit HOM. The
goal of this experimental and numerical study is to
explore and characterize the spectral and spatio-
temporal nonlinear dynamics of HOM coupling, so
as to finely control ultra-short pulse propagation
in the HCC.

2 Experimental results

The experimental setup, as illustrated in Figure 1,
involves a Ti:Sa amplifier system (Libra, Coher-
ent Inc.) that generates pulses with a duration of
approximately 120 fs at full width at half max-
imum (FWHM). These pulses are delivered at a
repetition rate of 1 kHz, and the maximum pulse
energy reaches around 800 uJ, with the spectrum
centered at 805 nm. The pulses are injected with a
lens (f=500 mm) into a 30 cm-long HCC featuring
an inner diameter of 150 pm, located in a home-
made metal chamber. Then, the output beam is
collimated using a lens with a focal length of 150
mm and is characterized with spectrometers and
two cameras that record both far-field and near-
field images. The initial measurements were taken
when the HCC was under vacuum conditions, as
depicted in Figure 2.a. The spectrum exhibited a
spectral bandwidth of 8 nm, and the near-field and
far-field images closely resembled the profile of the
LPy; mode due to the optimized alignment of the
HCC. Subsequently, the chamber and the HCC
were filled with Argon gas, reaching a gas pressure
(Pgas) equals to approximately 4 bar. This pres-
sure leads to the propagation of the fundamental
mode in the normal dispersion regime.

When the pump peak power is set at approx-
imately 1.61 GW (=~ P./6, for an energy of
205 nJ), the pump spectrum broadens mostly
due to self-phase modulation and self-steepening,
and extends to a wavelength lower than 680 nm
and higher than 875 nm (Figure 2.c in a lin-
ear scale). To efficiently detect the weak spectral
part on the edges, the entire spectrum was selec-
tively filtered so as to appropriately isolate the
edges from the central zone. We employed a short-
pass filter with a cut-off wavelength of 650 nm
(Thorlabs-FES0650), a high-pass filter with a cut-
off wavelength of 900 nm (Thorlabs, FELH0900),
and a bandpass filter centered at 800 nm. These fil-
ters allowed us to examine the spectrum at shorter



=
3
2
€]
2
g
5
2
[
P

C o

v sL4

C o

SEEosL3

FM2

oS

SL2 Fm1
l sLs I!MZ

CccD

'1_?_7_J'

CHAMBER ‘ J

Fig. 1 Experimental set-up. M, Mirror, SL Plano Con-
vex lens, ND absorptive neutral density filter, F, Filters,
FM, Flip Mirror, CCD Camera, SP1, Spectrometer 1 , SP2,
Spectrometer 2.

wavelengths (SW), longer wavelengths (LW), or
the central (CW) region, in conjunction with the
near-field and far-field profiles. The shape of the
filtered beam at the CW region (Figure 2.b) is
notably circular, as depicted in Figure 2.f and
2.g, and closely resembles a LPy; mode, similar to
what was observed under vacuum conditions (see
Figure 2.d and 2.e).
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Fig. 2 a) Input spectrum b) Filtered central region of
the output spectrum c¢) Output spectrum when the pulses
propagate in a 30 cm-long HCC. The pressure is approxi-
mately 4 bar and the peak power is 1.61 GW d-e) Far-field
and near-field images of the output beam with the
HCC under vacuum f-g) Far-field and near-field images
of the output beam.

The filtered spectra at SW and LW are pre-
sented in Figure 3.a and 3.b. Since the central
part of the spectrum was removed by the filter,
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Fig. 3 a-b) Filtered spectra at SW and LW with an
increase power in front of the spectrometer c-f) Images of
the near and far field for each filtered spectrum

the total power was lower. Thus, we increased
the input power in front of the spectrometers by
changing the neutral density to observe the spec-
tral edges at approximately 650 nm and 900 nm,
unseen in Figure 2.c. The beam profiles corre-
sponding to SW and LW, as seen in Figure 3.c-d
and Figure 3.e-f, display multiple structures and
highlight that the fundamental mode is not pre-
dominant in the filtered spectra. We anticipate
that the recorded beam profiles are the result of
a combination of several beam profiles within the
filter bandwidth, including modes such as LPg;
and LPgys. In this configuration, this nonlin-
ear coupling of modes is primarily observed at the
spectral edges, owing to the spatio-temporal inter-
action during the propagation within the gas-filled
HCC.

3 Numerical results

To gain a more comprehensive understanding of
the impact of the nonlinear mode coupling at low
power within the gas filled HCC, simulations
were conducted by solving the generalized unidi-
rectional pulse propagation equation expressed in
the modal basis. The modes in a capillary are
theroretically described with hybrid elec-
tromagnetic HE modes. Nevertheless, we
approximate the real vectorial modes by
their scalar counterparts, LP modes, in the
weak guidance approximation. The equation
incorporates factors such as the transversal dis-
tribution of the refractive index, modal linear



dispersion, the Kerr effect [32, 33]. The nonlin-
ear refractive index of 10723m?/W has been
taken It also incorporates the ionisation process
even if it has no contribution in the current inves-
tigation. The loss of the capillary has been
ignored to save some computation time.
As the losses of the HOM should be higher
[31], their observations are slightly over-
estimated in the simulation compared to
the fundamental mode. Then, we performed
nonlinear propagation simulations in which 120-fs
Gaussian pulses propagated in the 30 cm long
HCC filled with Argon gas at a pressure gas of
4 bar. The beam waist of the input beam is set
at w,=57 pm (FWHM) to maximize the HCC
coupling in the fundamental mode. The spectrum
was initially recorded as the function of the HCC
length in the logarithmic scale (Figure 4). As
anticipated, the spectrum experiences gradual
broadening during propagation, predominantly
due to self-phase modulation. The spectrum
reaches wavelengths higher and lower than 900
nm and 650 nm, respectively, as in the exper-
imental observation (Figure 2 and Figure 3).
Concurrently, there is an oscillation of the peak
fluence throughout the propagation, indicating
that the laser beam undergoes spatial stretch-
ing and compression along its length (Figure
5). The nonlinearity provides efficient power
transfer to HOM, as in self-focusing condition.
This spatio-temporal coupling is primarily from
the fundamental mode to an ensemble of HOM
[26, 30]. The HOM are populated from the modal
four-wave mixing process along the propagation
from the product between the spatial modes
present in the HCC [30]. However the LPy; and
LPy2 modes are mostly coupled due to the smaller
phase-mismatch between their wave-vectors. The
noisy-like shape is actually due to the interaction
of an ensemble of modes. However, the main
oscillation corresponds to the power transfer
between these two LPg; and LPg2 modes and the
period is directly linked to the coherence length
LC = 27‘1’/(511 — ﬁlg) with ﬂll and ﬁlg the wave
vectors of these two first modes. In our condi-
tions, L. equals approximatively to ~2.25 cm and
this value aligns well with the period obtained in
Figure 5. Simultaneously to this modal transfer,
new frequencies are generated from the self-phase
modulation and intermodal cross-phase modula-
tion. As the fundamental mode is the strongest,

it acts predominantly in the nonlinear processes
to broaden the spectrum and generates the HOM
[24].
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Fig. 4 Numerical calculation of the spectral broadening as
the function of the HCC length in the logarithmic scale.The
Argon pressure is 4 bar.
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Fig. 5 Fluence as the function of the HCC length exhibit-
ing the couplings between the modes. The beating of the
two first LPg; and LPgp2 modes has a period of 2.25 cm.

Figure 6 illustrates the mode resolved spec-
trum at the HCC output as the function of the
radial coordinates. The stronger contribution of
the spectral broadening is mostly originated from
the fundamental mode even if HOM exists across
the full spectrum. It means than the beam profile
in the middle part of the spectrum will exhibit a
shape close to the fundamental mode, as observed



in the experiment. When approaching the edge of
the spectrum, the contribution of HOM becomes
stronger relatively to the one of the fundamental
mode. For example the LPgy exhibits a stronger
contribution for a wavelength higher than 910
nm or lower than 630 nm. To summarize this
part, the relative contribution of HOM versus
the fundamental mode depends on the spectral
selection at the HCC output. It emphasizes that
the beam profile, observed on a camera, strongly
depends of the chosen wavelength range of the
mode distribution.
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Fig. 6 Mode resolved spectrum at the HCC output as the
function of the function of radial mode order.

The beam profiles for several spectral region
were plotted to compare the numerical simulation
at the HCC output with experimental results. As
shown in Figure 7.a, the beam profile in the mid-
dle of the spectrum exhibits a clear LPg; shape,
confirming that HOM are weakly present in this
spectral part relative to the fundamental mode.
The SW and LW portions of the spectrum were
then selected using the cut-off wavelengths of 620
and 930 nm, similarly to the experimental proce-
dure. The corresponding, spectrally integrated,
beam profiles are presented in Figure 7.b and c. In
the SW region, the beam displays a distinct ring,
supporting the presence of HOM, particularly
the LPg2 mode. Similarly, the beam in the LW
part also exhibits a ring shape, resulting from the
contribution of HOM. We also checked that when
a small asymmetry is applied to the input beam,
an asymetry is observed at the HCC output
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Fig. 7 Beam profiles when the filter selects a) the middle
part, b) the SW with a cut-off wavelength of 620 nm or c)
the LW portions of the spectrum with a cut-off wavelength
of 930 nm

attributed to the weak azimuthal mode content.
In fact, this explains partly the observed assy-
metric beam profile in the experiment (Figure 3).
In addition, the quality of the experimental beam
profiles are subject to other various experimental
constraints, such as the input beam shape, focus-
ing conditions, quality of the HCC and alignment
of the detection scheme. Nevertheless, in this
regime at low power, the simulation leads to
the same conclusion : the spectral portion close to
the center remains within the LPy; mode, while
the edge propagates in HOM, mostly in the LPgo
mode, generated through the nonlinear mode
coupling in the gas-filled HCC.



4 Conclusion

We highlighted the generation of HOM at the edge
of the broadened spectrum due to a nonlinear
mode coupling. Both experimental and numeri-
cal results consistently demonstrate that in our
condition at low power the spectral region
near the spectrum center remains within the LPg;
mode, while the edges correspond to the gen-
erated HOM propagation, primarly in the LPgs
mode generated through nonlinear mode coupling
in the gas filled HCC. This observation holds sig-
nificant importance in the design considerations
for a post-compression system in gas-filled HCC
when the HOM becomes predominant at
higher power. Understanding and accounting
for the dynamics of nonlinear mode coupling are
critical elements in optimizing the performance
of such systems for achieving the desired pulse
characteristics and beam quality.
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