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Abstract: While industrial-grade Yb-based amplifiers have become very prevalent, their limited
gain bandwidth has created a large demand for robust spectral broadening techniques that allow
for few-cycle pulse compression. In this work, we perform a comparative study between several
atomic and molecular gases as media for spectral broadening in a hollow-core fiber geometry.
Exploiting nonlinearities such as self-phase modulation, self-steepening, and stimulated Raman
scattering, we explore the extent of spectral broadening and its dependence on gas pressure, the
critical power for self-focusing, and the optimal regime for few-cycle pulse compression. Using
a 3-mJ, 200-fs input laser pulses, we achieve a 17 fs, few-cycle pulses with 80% fiber energy
transmission efficiency. The optimal parameters can be scaled for higher or lower input pulse
energies with appropriate gas parameters and fiber geometry.

1. Introduction

Modern ultrafast experiments require high-energy, few-cycle pulses to drive high harmonic
generation [1-4] and to study electron and nuclear dynamics in atomic, molecular, and solid-state
samples [5-8] using time-resolved photon [9] and electron/ion [10] spectroscopies. Conven-
tionally, Ti:sapphire lasers have served as the primary source of short, broadband pulses. More
recently, Ytterbium (Yb)-based lasers have introduced a viable alternative to Ti:sapphire lasers,
offering higher repetition rates and industrial reliability [ 11]. The relatively narrow-gain band-
width of Yb-based lasers, however, limits pulse durations to hundreds of femtoseconds, elevating
the demand for bandwidth broadening and pulse compression techniques. Various techniques
have been implemented [12] for bandwidth broadening by exploiting the nonlinear response in a
medium to generate new frequencies via self-phase modulation or stimulated Raman scattering.
These techniques can be used in different geometries such as hollow-core fibers (HCFs) [13—17]
or Herriott cells [18, 19], in gaseous media, multi-plate compression (MPC) [20,21], in solid
media, or filamentation [22, 23] in gaseous or solid media.

While each geometry has its own merits, HCFs offer excellent beam profile, due to laser
coupling into fiber modes, uniform broadening across beam profile, minimizing spatial chirp,
and improved pointing stability [24]. Moreover, stretched HCFs offers additional tunability of
fiber lengths and enhanced laser coupling through flexible alignment, ensuring straightness [25].
The functionality of HCFs can also be extended to the long-wavelength mid-infrared (MIR)
regime [26] and can be scalable to high-energy lasers [27]. Molecular gas-filled HCFs can be
used to redshift the optical spectrum, translating the central near-infrared (NIR) wavelength to
the MIR regime, while achieving broadband, compressible pulses [28]. HCFs can also be used
to achieve a soliton state, which can be utilized for temporal self-compression [29], or efficient
generation of deep ultraviolet (DUV) pulses through resonant dispersive-wave emission [30,31].
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Fig. 1. Schematic showing steps taken to mount the HCF in a fixed geometry without
need for fiber mounting stages. The fiber is (1) glued temporarily to the outer stubs, (2)
stretched using a linear translation stage, and (3) glued permanently to the inner stubs.
The fiber is then (4) scored near the permanent glue and the temporary mounts are
removed. (5) The HeNe beam is then aligned to the fiber until >80% transmission is
achieved and (6) the IR laser is attenuated (3%) and aligned to the HeNe beam and then
optimally coupled (~ 80% transmission) to the fiber using motorized mirror mounts.
Pulse energy is ramped up to 3 mJ after optimal alignment. Vacuum enclosures are
then connected to KF25 stubs and enclosures are evacuated and filled with gases at
different pressures.

Short DUV pulses can be utilized to excite molecular transitions, in the 4-6 eV range, in organic
samples, for time-resolved measurements. On the other hand, short MIR pulses are also of great
importance in the HHG process, in order to extend the harmonic cutoff and generate coherent
X-ray pulses [32].

In this work, we investigate and compare the nonlinear response of several atomic gases and
SF6, which are all commonly used for spectral broadening in an HCF geometry. We conducted
experiments and simulations to examine the extent of spectral broadening in each gas species
as a function of pressure, as well as the temporal compressibility in each case. A fixed GDD
compensation was applied in each case using chirped mirrors. The critical power for self-focusing
is also investigated for each gas, which imposes limitations on the usability of certain gases for
different laser peak powers. Finally, we show optimal gas pressures for our geometry, to achieve
few-cycle (17 fs) pulses post-compression in different gas species.

2. Experimental setup

In this work, we devised a HCF solution to spectrally broaden a Yb-based, industrial-grade,
3-mJ laser (Pharos, Light Conversion), then temporally compressed it down to a few-cycle pulse
using chirped mirrors. In typical HCF geometries, the fiber input and output ends are mounted
on translation stages in order to adjust the coupling of the input laser and optimize the mode
and transmission efficiency of the output beam. In contrast to this arrangement, our fiber setup
exploits a fixed geometry where the fiber is fixed to the optical table and the input beam is
optimally coupled to the fiber input by aligning the beam using a pair of mirrors. The fixed
geometry eliminates the substantial cost of the translation stages and improves the mechanical
stability resulting in lower pointing and spectral fluctuations.

The 15W Yb:KGW (Pharos, Light Conversion) laser produces a pulse with 200 fs FWHM
duration, 3 mJ pulse energy, and a max repetition rate of 5 kHz. The Pharos laser beam diameter

D’l’/’ , = 8mm and is focused into the fiber using a 2 m lens. With M 2 ~ 1.2, the focused beam
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Fig. 2. Middle and bottom panels respectively show experimental and simulated
pressure dependence of spectral broadening in (a) helium, (b) neon, (c) argon, (d)
krypton, (e) xenon, and (f) SFg. Top panel shows spectrum at pressures resulting in
shortest achieved pulses listed in table 1 relative to input spectrum (black, dashed line).

waist (diameter) is 2wg = 390um. We employ a 2.6-m fused silica based stretched hollow-core
fiber (Polymicro-TSP530700) with an inner (hollow core) diameter (Do, = 530um) and an
outer (cladding) diameter (D cjqdding = 700um). To ensure straightness and to eliminate any
fiber tip/tilt requirements, we do a fixed fiber mounting (see figure 1) in several steps. First,
a HeNe laser is aligned through irises defining a line for the fiber axis and then four KF25
stubs with 1-mm concentric holes are positioned along that line. The holes in the stubs create
diffraction patterns when placed in the HeNe path, and using them as a guide, we make tip/tilt
adjustments to the stubs before fixing them in place. The fiber is stretched through the holes in



the stubs and is temporarily glued (with UV curing resin) to the outer stubs (step 1). The fiber
is then tensioned using the linear translation of the outer stubs (step 2). Then we permanently
affix the fiber (using vacuum epoxy) to the inner stubs and leave it to cure overnight (step 3).
We score the fiber using a ruby scribe at a position very close to the permanent stubs (step 4)
and remove the outer temporary stubs. If needed, the HeNe laser is then realigned to the fiber
end (step 5) until >80% transmission is achieved. Once the HeNe transmission is optimized, the
attenuated IR laser (~ 3% of maximum power) is sent along the HeNe path to the fiber front end
(step 6). The attenuated IR is focused with a movable lens and the mode matching with the fiber
is fine-tuned using the last mirror before the fiber, which is also motorized for precision. Once
high transmission is achieved (~ 80%) for the attenuated beam, the pulse energy can be ramped
up to our maximum value of 3mlJ.

The fiber output is directed towards chirped mirrors (Ultrafast Innovations-PC1611) providing
a nominal GDD of —150fs? per bounce. The beam experiences 5 bounces in total, providing
a total fixed GDD compensation of —750 fs* for all measurements. After the chirped mirrors,
beam passes through adjustable fused-silica wedges for GDD fine tuning with variable glass
thickness, yielding a GVD of +57 fs>/mm. For each pressure value in our measurements, the
wedges are optimized to achieve the shortest pulse for that pressure, as reported in figure 3.

The output beam is recollimated using a 1.5m lens, which telescopes the beam diameter down
to D‘l’/“e’2 = (four/ fin) - D’i?ez = 6mm. The smaller output beam diameter allows for multiple
bounces per chirped mirror, reducing the number of used chirped mirrors. The spectrum is
analyzed using a homemade IR spectrometer with a 300 g/mm grating which is calibrated using
Neon lamp IR emission lines. The pulse duration is characterized using a homemade SHG-FROG
apparatus with all-reflection geometry, which eliminates any added dispersion from beamsplitters
in a typical SHG-FROG arrangement. In our FROG apparatus, a mask clips the input beam
creating two adjacent pencil beams which reflect off from two concave, D-shaped mirrors with
f = 10cm. The focused beams are matched spatiotemporally on a thin (10um) BBO crystal to
produce a second-harmonic signal. The signal beam is spatially filtered using a second mask,
collimated using a lens, and sent to a visible spectrometer (Photon Control, SPM-002). The
second IR pencil beam is delay-controlled by linearly motorizing one concave mirror and the
resulting spectrogram (FROG trace) is recorded.

3. Theoretical Methods

We used the open-source code Luna [33]. It can simulate a variety of nonlinear optical processes,
but it is optimized for ultrafast pulse propagation in fibers. It accounts for linear and fiber
modal dispersion, self-phase modulation, self-steepening, self-focusing, photo-ionization, plasma
effects, as well as molecular responses, such as stimulated Raman scattering (SRS), resulting
from vibrational and rotational couplings. The code projects the frequency-domain electric
field calculated from input beam parameters onto the transverse modes of the fiber. Each mode
is propagated given the medium dispersion, losses, and nonlinear polarization effects, in each
propagation step. The final field can be calculated by appropriately summing over the final fiber
modes, the spectral intensity and phase can be calculated and Fourier-transformed to give the
final temporal field intensity and phase.

The Pharos laser output has a central wavelength of 1030 nm with bandwidth Adpwpay =
7.7nm. The focused high intensity (fluence Fy = 5 J/cm?, peak intensity Iy = 23 TW /cm?)
of the laser field is maintained throughout the length of the fiber (2.6 m) and it drives spectral
broadening due to self-phase modulation (SPM) in the gaseous media. The instantaneous
frequency of the laser pulse during propagation can be iteratively calculated using [12]:

w(1) =w0(1—%%) (1)
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Fig. 3. FWHM pulse duration as a function of gas pressure for (a) helium, neon, and
argon and (b) krypton, xenon, and SF6. Dashed horizontal line at 17 fs represents
lowest achieved pulse duration. Due to pressure controller limitations, the maximum gas
pressure we were able to produce was approximately 2800 torr which was insufficient
pressure for neon and helium to reach 17 fs pulse.

where z is the propagation step, wy is the central frequency, c is the speed of light, and n; is
the non-linear refractive index (n(¢) = n, + n21(t)).

The non-linear refractive index, n;, depends on the polarization response of the medium. For
gases, the gas species and pressure dictate the strength of the non-linear response, which is related
to the third-order nonlinear susceptibility, y (), [34] by:
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Historically, The nonlinear susceptibility y*), has been measured by means of nonlinear
harmonic generation [35,36]. Since the nonlinear response in gases is density-dependent, the
measured values for third-order susceptibility y ) are measured at STP (Py =1 atm, Ty = 273K [0°
C]), and can be scaled, for any temperature and pressure, approximately, as follows:

N(P,T)

(3) ~
X (P’ T) ~
N(Py,To)

X0 (P, Ty) = 2205 (o, Ty) G
o T

where N = P/KpT is the number density. The nonlinear response can also depend on the
driving field wavelength 19. Most measurements have been performed for 19 = 800nm and
Ay = 1064nm [35,36], and, in this work, the slight variation resulting from the wavelength
dependence has been ignored, since our central wavelength (1o = 1030nm) is close to the central
wavelength in the reported measurements.

The nonlinear refractive index n; also depends on the linear refractive index ng (eq. [2]), which
also depends on pressure and temperature. This dependence can be modeled in different ways,
and for this work we adopt a transformation based on Sellmeier coefficients [37], as follows:



(b)

~
o
~

1 : .
Il Helium

>
G oy
5 ‘ ‘ = E
E 2 St
= — <
= < —
2 - 5 s
= 3 \
= SN s N T -~

0 . . s

200 0 200 9950 1000 1050 1100 °
Delay time (f5) Wavelength (nm)

(c) (d)

1 : , 1 . —1
>, [ Rrpion |
- 2| M
g (B Xenon ]| & N
E = S
— < —
) : = <
2) / s ] 8
5] () - e TTTA- - e S
= n | oA -

0 0= =40

200 0 200 950 1000 1050 1100
Delay time (fs) Wavelength (nm)

Fig. 4. FROG measurements for fiber outputs yielding reconstructed pulse durations,
spectra, and spectral phases (dashed black). Input pulse duration (solid black) is shown
in (a) and (c).
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Finally, the spatial Kerr effect (self-focusing) has to also be taken into account. Surpassing the
critical power for self-focusing in the fiber can lead to ionization and beam defocusing, which
disrupts the SPM process resulting in distortions in the spectral broadening. The critical power
for self-focusing P.,;;. can be estimated [38] as follows:

2
Perir, = ol )
nonz
With ny ~ 1 in Eq. 5, we find that ny = le — 23 m*/W yields a critical power of 15.7 GW.
Given our laser peak power Ppeak = E puise/Tputse =3 mJ /200 fs = 15 GW, we can safely avoid
self-focusing, provided that the pressure dependent n, does not exceed le — 23 m?/W. This sets
the upper limits on the pressure for each gas, which we discuss in the next section.

4. Results and discussion

Figure 2 shows the spectral broadening as a function of gas pressure for different gas species. For
each gas, we have a separate panel showing optimal spectrum (top), experimental variation of
spectrum with pressure (middle), and simulation results (bottom). In general, the experimental



results and simulations agree very well for the entire range of experimentation. For He and Ne, the
spectral broadening is minimal due to their low nonlinear response. Even though these gas species
are not practical for our pulse energy (3 mlJ), they are convenient for high pulse-energy laser
systems (> 5 mJ) or smaller fiber geometries (Dia. < 250 um), especially their high resistance
to self-focusing can accommodate high intensities at high pressures. For intermediate pulse
energies (1-3 mJ), Ar, Kr, and SF6 are ideal to produce large spectral broadening at moderate
pressures as shown in figure 2(c),(d),(f). It is important to choose convenient gas species and
fiber geometry to achieve large bandwidths around moderate pressures (~ 1 atm) to ensure the
mechanical stability of the fiber which affects the spectral and mode stability.

As per our calculations, the critical limit for self-focusing occurs at pressures of 21,000 torr
for He, 11,700 torr for Ne, 900 torr for Ar, 330 torr for Kr, 110 torr for Xe, and 960 torr for
SF6. These values agree with experimental and simulation results (figure 2(c),(d),(e)) where
the smooth spectral broadening starts to distort around these pressure for each gas species. The
calculated pressure for the critical power in SF6 does not match the simulation and experimental
results in figure 2(f) as only the Kerr effect from electronic response is considered for this
calculation of the critical power. Molecular couplings can contribute to the nonlinear effects,
which is observed experimentally and is taken into account in the simulations, as discussed later.

Figure 2(d),(e), show the rapid spectral broadening in Kr and Xe, respectively, as a function
of pressure. Due to the variation of n, with pressure, and hence the reduction in the critical
power for self-focusing, the spectral distortion sets in at pressures of ~ 330 torrs for Kr, and 110
torrs for Xe. Therefore, despite achieving short pulses (~ 17 fs) in Kr and Xe for our system, as
shown in table 1, the optimal pressures are much lower than atmospheric pressure, which has a
potential drawback that over time atmosphere can diffuse in and the reduction in gas purity can
disrupt the SPM process, resulting in spectral and pulse duration instabilities. These gas species
are convenient for low pulse-energy laser systems (< 1 mJ) and can be used to produce large
bandwidths, enough to achieve few-cycle pulses [15].

Figure 2.(f) shows the broadening in SF6-filled HCF which resembles the amount of broadening
in Kr, despite having lower nonlinear index, n;, for the same pressure (P*) (table 1). The calculated
nonlinear indices are purely derived from electronic responses which is most accurate for atomic
gases. Molecular gases have additional vibrational and rotational couplings which can enhance
spectral broadening through stimulated Raman scattering (SRS) [11,28,39,40]. In the SF6 case,
the rotational response is minimal due to the symmetry of the SF6 molecule and only vibrational
modes are considered in the simulations. While the electronic response for SF6 is comparable to
Argon [39], additional molecular couplings effectively improves spectral broadening where the
overall response is comparable to Krypton.

Figure 3 shows pulse durations for different gas species, as a function of pressure, after
chirped-mirror compression and measured using SHG-FROG. For He and Ne in figure 3(a),
optimal pulse durations could not be achieved due to high-pressure limitations of our equipment.
For Xe, the output pulse duration is highly sensitive to changes in the gas pressure. This results
from the high dependence of the output spectrum on small pressure variations (figure 2(e)).
Figure 3(b) shows the similarity between Kr and SF6 in the final pulse durations due to similar
broadening effects as discussed earlier.

Considering that SF6 can achieve a short pulse for a wider range of pressures (figure 3(b)) and
is also more cost-effective, it makes it a better candidate for pulse compression applications. For
Ar (figure 3(a)), short pulse durations can be achieved for a broad range of pressures, similar to
SF6, but at pressures closer to 1 atm, which improves mechanical stability, making Ar the best
candidate given its cost-effectiveness as well. In table 1, relative nonlinearities of different gas
species are listed with their linear and nonlinear indices at optimal pressures P* where shortest
pulse durations are observed.

Finally we show pulse characterization results in figure 4. We show optimal retrieved pulse



Gas YOG Prorr) TP m(PHCEZ)  ng(PY)

(He) (£)

Helium 1 - - - -
Neon 1.8 - - - -
Argon 23.5 690 16.6 7.71 1.000236
Krypton 64 220 18.2 8.29 1.000141
Xenon 188.2 65 19.6 5.78 1.000054
SF6 32.3 275 17.3 3.117 1.162049

Table 1. Relative nonlinear susceptibility [35] compared to He, XEI%I)e) = 0.00126
pmz/V2 (at 1 atm, 25°C). This value is a factor of 4 larger than [35] because of their
definition of hyperpolarizability. Pressures P* are values where shortest pulse durations
7(P*) are found for different gas species. ng(P*) and ny (P*) are the respective linear
and nonlinear indices at optimal pressures P*. T 15 value for SF6 is calculated using only

Kerr effect from electronic response and does not account for molecular contributions.

durations (figure 4 (a), (c)), compared to fiber input pulse duration (black line), obtained for all
gas species at their corresponding optimal pressures as stated in table 1. Figure 4 (b), (d) show
the corresponding retrieved spectra and spectral phases for all six gas species.

5. Conclusion

In this study, we compared the nonlinear properties of all atomic gases as well as SF6 and their
utility in broadband, few-cycle pulse generation. We explored the pressure dependence of spectral
broadening, critical power, and pulse compression. These results can be mapped to different laser
intensities, fiber geometries, and can even guide other spectral broadening methods. We show
the generation of broadband spectra in different gas species and the ability of post-compression
down to few cycle pulses. While these results are produced with input pulses in the intermediate
pulse energy (3 mJ) regime, the same technique can be applied to low pulse-energy (< 1 mlJ)
lasers [15,16] and high pulse-energy lasers (>5 mJ) [27,28], by selecting a convenient gas species
and appropriately scaling fiber geometry [41] to accommodate the input laser intensity.
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