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We demonstrate the generation of wavelength-tunable deep-ultraviolet pulses in a small-mode-area hollow-core
fiber fabricated by tapering a nodeless tubular-type hollow-core fiber. Down-scaling of the cross-sectional geom-
etry reduces the pump energy requirement for inducing sufficient nonlinear effects, presenting a unique oppor-
tunity for staging low-energy-threshold gas-based nonlinear optics. We report the onset of the ultraviolet light
with the pump pulse energy as low as 125 nJ. Our numerical analysis shows that the frequency conversion arises
due to soliton phase matching, and therefore shot-to-shot coherence of the ultraviolet emission is well-preserved.

It offers a promising platform for a compact ultraviolet frequency comb source.
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1. INTRODUCTION

Gas-filled hollow-core fibers present an interesting means for
realizing femtosecond ultraviolet (UV) light sources [1-3].
The technique capitalizes on the unique dispersion landscape
of hollow-core fibers, which permits phase-matched conversion
of the pump in the near-infrared to UV through dispersive
wave generation. This coupled with solarization-free guidance
of UV in hollow-core fibers has led to multiple demonstrations
of the UV generation process, achieving wavelengths as short as
110 nm [4].

For the onset of UV in the gas-filled hollow-core fiber, the
pump must accumulate sufficient nonlinear phase shifts along
the propagation. One common drawback of the gas-based sys-
tem in this respect is its relatively small nonlinear index. For
instance, the third-order susceptibility of argon at its standard
pressure and temperature is about 4 orders of magnitude lower
than that of fused silica. While this shortfall can be compen-
sated to some degree by increasing the gas pressure or choosing
heavier gas, doing so also largely affects the dispersion, shifting
the phase-matching point toward a longer wavelength, which
may not be desirable in many applications. Alternatively, one
can use longer propagation distance or higher pump peak
power to produce enough nonlinear phase shifts. However,
the former is subject to transmission and bending losses in
the hollow-core fiber, and the latter raises the bar on the pump
source requirement.

One simple approach to mitigate the issue is to come up
with a hollow-core fiber that tightly confines light into very
small mode area. In the small-mode-area hollow-core fiber
(SMA-HCF), much higher intensity is achieved for given peak
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power, allowing large nonlinear effects to be induced from rel-
atively small pulse energy. It exploits the universal energy scal-
ing in gas-based nonlinear optics [5]. Up-scaling of the process
demonstrated recently in a large-core capillary led to generating
microjoule-level UV pulses [4]. The down-scaling has also been
tested in a kagomé-type hollow-core photonic-crystal fiber with
flat-to-flat core diameter of 22 pm, achieving the UV radiation
by launching a 800 n] pump, which is the lowest reported until
now [6]. We note, by confining the beam further into
<50 pm?, the pulse energy requirement for the UV emission
can be reduced to sub-hundred nanojoules—to a level that is
accessible by modern compact femtosecond oscillators operat-
ing at multi-megahertz repetition rates [7]. This opens a poten-
tial pathway to develop a compact and robust UV frequency
comb source.

In this work, we report low-energy-threshold onset of the
wavelength-tunable deep-UV pulses in an argon-filled hol-
low-core fiber. This is achieved in a short piece of SMA-
HCF, which is obtained by scaling down a tubular hollow-core
fiber through tapering. We demonstrate that with the effective
fundamental mode area of 51.3 pm?, the energy threshold for
triggering the UV radiation can be as low as 125 nJ.

2. SMALL-MODE-AREA HOLLOW-CORE FIBER

The transmission loss is the main point of concern when a
small-scale hollow-core fiber is considered. In both a simple
dielectric capillary and an antiresonant-guiding hollow-core fi-
ber, the loss increases rapidly with reduction in the core size
[8,9]. We note, on the other hand, a remarkable recent progress
in low-loss antiresonant-guiding hollow-core fibers [10,11].
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Studies have shown substantial suppression of the loss when
negative curvatures are introduced at the core-cladding inter-
face. This has promoted a simple fiber design that consists only
of several non-touching cylindrical cladding tubes surrounding
the central hollow core [12,13]. The geometry of SMA-HCF is
based on this nodeless tubular hollow-core fiber structure.

Fabricating a small-scale low-loss hollow-core fiber directly
from the drawing tower is challenging. This is because, without
a careful control, the cladding elements tend to stick to each
other due to surface tension, forming dielectric nodes that sub-
stantially degrade light guidance [14]. Among the tubular-type
hollow-core fibers, the smallest core diameter achieved straight
from the thermal drawing so far is 15 pm intended to guide
light at 355 nm [15]. One attractive approach to overcome this
difficulty is to post-process the fiber in a tapering rig to gently
stretch it under heat in a well-controlled manner [16]. This
technique has been demonstrated for down-scaling a tubular
hollow-core fiber to finally arrive at a core diameter as small
as 5.8 pm [17].

For the fabrication of SMA-HCEF, a tubular hollow-core
fiber with the original core diameter of 25.6 pm is used.
The tapering produces a down- and an up-transition regions,
and between the two, there is a taper waist where the reduced
dimension is maintained along its length. This part can serve as
SMA-HCE. In our setup, we can produce the taper waist of up
to 15 c¢m in length, which is sufficiently long for the experiment
to follow.

Figure 1(a) shows scanning electron micrographs of the
original fiber and SMA-HCF cross sections. The core diameter
is scaled down from 25.6 to 10.6 pm, and the cladding tubes
are also reduced, on average from 11.2 to 4.45 pm in diameter,
achieving the tapering ratio of approximately 0.4. The overall
structure is well-maintained without the formation of any di-
electric nodes between the cladding elements. The tapering is
performed on a commercial fiber splicer that has a CO, laser
heat source. The heating temperature is kept low as to cause
only minimal disruption to the fiber structure during the
down-scaling. By sealing the two ends of the original fiber prior
to tapering, the cladding tubes can be self-pressurized during
the heating and avoid deformation of the inner microstructure.

The transmission spectra of the original fiber and SMA-
HCF obtained using a high-power xenon lamp are plotted
in Figs. 1(b) and 1(c), respectively. The gray shaded regions
are the high-loss bands that appear due to the cladding element
wall thickness [18]. A reduction in the wall thickness from
415 nm in the original fiber to 186 nm in SMA-HCEF blueshifts
these loss bands correspondingly. That is, the first high-loss
band is moved from 800-960 to 380—420 nm, and the second
one is pushed from 440-490 to, supposedly, 200-220 nm,
which is outside the coverage of our xenon lamp. In Fig. 1(c),
light guidance in the core is not supported beyond 970 nm in
SMA-HCE. This cutoff shifts to shorter wavelength with fur-
ther reduction in the cross-sectional structure, placing an ulti-
mate limit on the applicable scaling-down factor for a given
pump wavelength. The loss at 800 nm measured using cut-
back method is 16 dB - m™!. The oscillations seen in the trans-
mission spectra in Figs. 1(b) and 1(c) are attributed to the outer
jacket thickness-induced resonances. They appear because of
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Fig. 1. (a) Scanning electron micrographs showing cross sections of
the original tubular hollow-core fiber (left) and SMA-HCF produced
via tapering (right). (b) Transmission spectrum of the original fiber
and (c) that of SMA-HCF. Gray shaded regions are the high-loss
bands that appear due to cladding element wall thickness. The
loss measured at 800 nm using cut-back method is 16 dB - m™'.
The loss calculated via finite-clement modeling assuming an ideal
structure is presented in red dashed line in (c). The gray dotted line
is the expected normalized transmission of the 5-cm-long SMA-HCEF,
which is obtained from the calculated loss and source spectrum.

the incoherent xenon lamp exciting modes of the overall struc-
ture. Here, the outer jacket acts as an additional antiresonant
reflection layer, resulting in the high-loss regions that are uni-
formly separated at a frequency governed by its thickness. This
effect is comprehensively studied in thin-wall dielectric capil-
laries of different wall thicknesses [19]. The jacket thicknesses
in the original fiber and SMA-HCF are 7 and 2.9 pm, amount-
ing to the separations of 14.8 and 35.7 THz, respectively.
These values are in good agreement with the fringe patterns
in Figs. 1(b) and 1(c). Nonetheless, the jacket thickness-in-
duced resonances have negligible impact on the fundamental
core mode due to small spatial overlap between the core and
dielectric jacket modes. With the use of a laser beam, the light
can be coupled predominantly into the fundamental core mode
and avoid the jacket thickness-induced resonances.

The loss spectrum of SMA-HCF calculated using finite-
element modeling is presented in Fig. 1(c) as reference.
Here, a uniform tubular hollow-core fiber that has a 10.6-
pm-diameter core surrounded by six cladding tubes of diameter
4.45 pm and wall thickness 186 nm is assumed. Figure 1(c)
shows also the expected normalized transmission of the
5-cm-long SMA-HCEF, which is obtained from the calculated
loss and source spectrum. The cutoff wavelength and locations
of the high-loss bands in the calculation are in excellent
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agreement with the measured values. From the modeling,
the loss is 11 dB - m™! at 800 nm, which is close to the mea-
sured value.

Within the simple six-tube geometry, the lowest loss is
achieved when the ratio of cladding tube diameter to core
diameter is 0.6-0.8 [20]. Considering that this ratio is 0.42
in SMA-HCEF, there still is room for further reduction in loss
that can be realized by controlling the cladding tube size during
the fabrication. For better improvement, we can adopt a fiber
design that is optimized for ultra-low-loss transmission, such as
the nested antiresonant nodeless hollow-core fiber [21].
Alternatively, the system can be pumped at a shorter wave-
length, e.g., at the second harmonic, to increase the core diam-
eter to wavelength ratio, which is the dominant factor
influencing loss in hollow-core fibers [22].

The effective mode area of SMA-HCEF is calculated to be
51.3 pm? at 800 nm. The small mode area presents an ideal
observe broadening of the platform for hosting nonlinear
experiments at low pulse energies.

3. EXPERIMENTAL SETUP

The experimental setup is illustrated in Fig. 2(a). A 5-cm-long
SMA-HCEF is placed inside a gas chamber, which is pressurized
with argon. There are two 3-mm-thick CaF, windows attached
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Fig. 2. (a) Schematic of the experiment. HWP, half-wave plate;
TFP, thin-film polarizer; M, mirror; L, lens. (b) Intensity (blue solid
line) and phase (red dashed line) profiles of the pulse at Point A ob-
tained using second-harmonic generation frequency-resolved optical
gating technique. (c) Measured (blue solid line) and reconstructed
(red dashed line) spectral profiles. (d) Acquired (left) and retrieved
(right) spectrograms.

on the sides of the gas chamber providing optical access to the
fiber. The system is pumped by femtosecond pulses at 800 nm
from a Ti:sapphire laser operating at 1 kHz repetition rate. The
power is adjusted with a half-wave plate and a thin-film polar-
izer. The beam is filtered beforehand, first through a pinhole,
and then in a 7-cm-long original hollow-core fiber to improve
its spatial quality. This substantially enhances the light coupling
into SMA-HCEF, which otherwise is difficult due to sheer size of
the fiber core. Figure 2(b) shows temporal intensity and phase
profiles of the pump after passing through the input window
attached to the gas chamber, which is marked as Point A in
Fig. 2(a). They are obtained using the second-harmonic gen-
eration frequency-resolved optical gating technique [23]. The
corresponding measured and reconstructed spectral profiles are
plotted in Fig. 2(c). The match between the acquired and re-
trieved spectrograms presented in Fig. 2(d) is good with only
0.8% root-mean-square difference between them. The full-
width at half-maximum (FWHM) duration of the pump at
Point A is 52 fs, broadened from the original duration of
40 fs at the laser output. The spectral bandwidth measured
at Point A is 8.4 THz, which is identical to that of the laser
indicating that no significant nonlinear effects are introduced
to the pump until it reaches SMA-HCEF.

For the measurement of output spectrum, the exiting beam
emerging from the output window of the gas chamber is col-
lected directly using a fiber patch cable attached to the spec-
trometer. This raw measurement is intensity calibrated by
applying spectral response functions of the diagnostic instru-
ments. Further to that, rather low average power at the output
of SMA-HCF makes it impractical to use an integrating sphere
to collect the entire beam into the spectrometer. Hence, when
taking measurements, the end face of the patch cable is placed
at the center of the output beam. Since the divergence angle of
the beam depends on the wavelength, the recorded spectrum
needs to be scaled by the square of the wavelength to obtain
true spectral composition of the total output. We affirm that
the measured spectra presented in the subsequent sections have
this correction factor applied.

4. RESULTS AND DISCUSSIONS

Figure 3(a) is the spectrum of the beam leaving SMA-HCF
when the measured output pulse energy is 125 nJ. This cor-
responds to estimated input pulse energy of 150 nJ taking into
account attenuation in the 5-cm-long SMA-HCEF. The launch
efficiency is approximately 24%. Here, the gas chamber is pres-
surized with argon at 40 bar (1 bar = 10’ Pa). We observe
broadening of the pump spectrum and presence of the UV ra-
diation band centered at 243 nm with its peak reaching approx-
imately 15 dB down from that of the pump spectrum. The
energy contained within the UV range (<400 nm) estimated
from the intensity calibrated spectrum is 2.6 nJ, amounting to
2.1% of the total output. Shown in the inset in Fig. 3(a) is how
the energy contained in the entire spectrum and UV part
(<400 nm) varies when the end face of the light collecting
patch cable is moved across the output beam horizontally
and vertically crossing the center. They exhibit excellent
Gaussian fits, indicating that the pump and UV both emerge
from the fundamental core mode in SMA-HCF.
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Fig. 3. Spectra of the beam exiting from the 5-cm-long SMA-HCF
pressurized with 40 bar argon when the observed output pulse energies
are (a) 125 nJ and (b) 100 n]. The corresponding pump energies are
150 and 125 nJ, respectively. The inset in (a) shows energy contained
in the entire spectrum and that in the UV part (<400 nm) when the
end face of the light collecting patch cable is moved across the output
beam horizontally and vertically crossing the center. They exhibit ex-
cellent Gaussian fits (dashed and solid lines), indicating that the pump
and UV radiations both emerge from the fundamental core mode in

SMA-HCEF.

The UV radiation weakens as the pump energy is decreased,
and it disappears into the noise when the observed output pulse
energy is below 100 nJ. This amounts to the pump energy of
125 nJ. At this point, there is only a small peak that is approx-
imately 30 dB down from the pump at 239 nm as shown in
Fig. 3(b). We highlight that the demonstrated pump energy
threshold is the lowest reported so far, and it is at the level that
can be delivered by modern high-repetition-rate femtosecond
laser oscillators. One major limiting factor in this regard is the
poor coupling efficiency, which we believe can be improved
with further engineering of the gas chamber and fiber coupling
optics.

We examine our observations numerically by solving the
unidirectional field propagation equation. It is given by [24]
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where # is the time frame moving at a reference velocity, », and
z is the propagation length. E(z, ®) is the optical field in the
frequency domain with @ denoting angular frequency. This is
obtained by taking the Fourier transformation of the fast oscil-
lating electric field, ie., E(z,w) = F{E(z,1)}. We assume
propagation only in the fundamental mode of SMA-HCEF.
Its linear dispersion is accounted for in f§, where pressure de-
pendent contribution from the gas is obtained using a Sellmeier
equation [25]. The waveguide portion of f and transmission
loss @ are calculated using finite-element modeling. The term

containing ¥ is responsible for the third-order nonlinearity of
the pressurized argon [26]. The last term is accountable for
photoionization, which has negligible effect for the cases stud-
ied in this work, but it is nevertheless included for the sake of
completeness. Here, /p is the first ionization energy, and ¢ and
m, are the electron charge and mass, respectively. For the cal-
culation of local free-electron density, 7(z, £), we use a model
developed by Ammosov ez al. [27].

Figure 4(a) shows the simulated spectrum at the output of
the 5-cm-long SMA-HCEF filled with argon at 40 bar for the
150 nJ pump. The experimentally measured spectrum for the
same condition is presented in the gray shaded region for refer-
ence. All important features, such as the width of the emission
band at 240 nm and that of the broadened pump, are well-re-
plicated in the simulations confirming relevance of the model.
One major discrepancy observed at 400 nm, as we shall explain,
is associated with irregularity of the SMA-HCF structure used
in the experiment.

The UV is generated in the form of a dispersive wave [28].
The spectral evolution along SMA-HCEF leading to this output
is presented in Fig. 4(b). After the launch, the 150 n] pump,
which amounts to a higher-order soliton of order 4.7, under-
goes temporal compression and spectral broadening due to in-
terplay between the anomalous dispersion and nonlinearity.
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Fig. 4. (a) Simulated spectral profile at the output of the 5-cm-long
SMA-HCEF for 150 pJ, 52 fs pump centered at 800 nm. The fiber is
filled with argon at 40 bar. Measured spectrum for the identical con-
dition is shown in the gray shaded region. (b) Its spectral evolution
along SMA-HCEF. The zero-dispersion wavelength is marked with a
white vertical dotted line with N and A denoting normal and anoma-
lous dispersion regimes, respectively. (c) Dispersive wave phase-match-
ing diagram for 800 nm pump. The phase-matching point is indicated
by a red vertical dashed line. (d) The degree of first-order coherence of
the output calculated based on 50 simulations with random shot-noise
added in the pump; 1 denotes complete preservation of shot-to-shot
coherence and 0 otherwise. Red shades are the high-loss regions of

SMA-HCEF.
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Eventually, the low-intensity spectral tail of the pump reaches
the phase-matching point indicated with a red vertical dashed
line in Fig. 4, and conversion from the pump to this wavelength
takes place. The phase-matching condition is obtained using

@’ €

A =p-po- Prle-w0) -0

where ff; and f3; are the zeroth and first Taylor series expansion
coefficients of § at the pump, @, linked to its phase and group
velocities, respectively, and E| is the peak electric field strength
of the input pulse. Figure 4(c) shows the plot of the phase mis-
match featuring a zero mismatch at 238 nm. We observe an-
other peak that appears at 400 nm, which originates from rapid
variation in the dispersion near the resonant band [29]. Here,
the wavelength is determined solely by, and is highly sensitive
to, the wall thickness of the dielectric cladding elements.
Hence, the much broader emission band observed near 400 nm
in the experiment can be attributed to variations in the thick-
ness of the cladding element walls in SMA-HCEF.

The shot-to-shot coherence of the output is quantified nu-
merically and presented in Fig. 4(d). It is obtained by running
50 simulations with random shot-noise added in the input
pulse and calculating the degree of first-order coherence be-
tween them, such that 1 denotes complete preservation of the
shot-to-shot coherence and 0 otherwise [30]. The entire output
maintains a high degree of coherence, meaning that the phase
relation between the spectral components in the pump and UV
band is well-maintained.

In the subsequent experiment, we keep the pump energy at
125 nJ and record the spectrum while varying the argon pres-
sure. The results are presented in Fig. 5. The UV band appears
centered at 227 nm when the pressure is 35 bar. As the pressure
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Fig. 5. Spectra of the beam leaving the 5-cm-long SMA-HCEF for
different argon pressures when the observed output pulse energy is
100 nJ. This amounts to approximately 125 nJ pump. The entire spec-
tra are presented in the left-hand-side panel, and corresponding mag-
nified UV parts are shown in the right-hand side.

is increased, the emission moves toward longer wavelength, ar-
riving at 251 nm when the pressure is 45 bar. The redshifting of
the UV band is due mainly to the increased contribution of the
denser argon on the dispersion that pushes the phase-matching
point to a longer wavelength. It is in accordance with previous
observations [1-3]. The range of wavelength tunability in this
work is limited by the coverage of our spectrometer at the short-
wavelength side, and the pressure handling capability of
our gas chamber at the long-wavelength side. The latter can
be extended further by using denser gas such as krypton
or xenon.

Again, we notice a similar spectral feature at 400 nm as ob-
served in Fig. 3, which is caused by the band edge effect. Its
location is neither affected by the pulse energy nor gas pressure
as is apparent in Figs. 3 and 5.

5. CONCLUSION

We demonstrate low-energy-threshold onset of the wavelength-
tunable deep-UV emission in SMA-HCF through dispersive
wave generation. The fiber is obtained by post-processing a
nodeless tubular hollow-core fiber on a tapering rig. It confines
light tightly into a small mode area allowing accumulation of
nonlinear phase shift that is sufficient for the frequency con-
version process with relatively small pump pulse energy. The
energy scaling down is achieved alongside the reduction in
the length requirement. This not only mitigates the issue of
having high attenuation per unit length in SMA-HCEF, but
it is also advantageous for building a compact system. It opens
a promising avenue for a compact wavelength-tunable UV fre-
quency comb source driven directly by a femtosecond oscillator
operating at a multi-megahertz repetition rate.
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