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The generation of few-femtosecond pulses with high energy and tunable spectrum in the ultraviolet region is an ongo-
ing challenge in ultrafast optics. Harnessing the cross-phase modulation between an intense near-infrared pulse and its
third-harmonic, co-propagating in a gas-filled hollow-core fiber, we demonstrate spectral tuning, broadening, and tem-
poral compression in the ultraviolet range. Ultraviolet pulses with negative chirp, leading to self-compression down to
6 fs during propagation in air, and energy > 10 uJ were characterized. This technique opens a way towards the realization
of few-fs pulses with high energy, tunable over most of the ultraviolet range.
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1. MOTIVATION
The availability of few-fs ultraviolet (UV) pulses with pJ-level

energy and tunable spectrum is particularly important for ultrafast
spectroscopy, since relevant excited states of many molecules can
be resonantly addressed by photons in the 200-400 nm range
[1]. Tunable ultrashort UV pulses with durations down to 8.4 fs
and ~ 1 yJ energy were achieved via sum-frequency generation
in a BBO crystal between two pulses obtained by different optical
parametric amplifiers [2]. In order to further reduce the UV pulse
duration, itis possible to exploit nonlinear processes in gases, where
dispersion is much smaller compared to solids. For example, by
generating the third-harmonic (THG) of a near-IR (NIR) pulse
with a sub-2 cycle duration in a noble gas (inside a vacuum cham-
ber),a UV pulse with a duration of 2.8 fsand energy of 300 n] (after
filtering out the fundamental) was obtained [3]. Optimization of
the THG through the use of a laser-fabricated high-pressure gas
cell allowed to achieve a record UV pulse duration of just 1.9 fs,
with a pulse energy of 150 n] [4]. This process, while enabling
the shortest UV pulses, lacks spectral tunability and suffers from
low conversion efficiency, which limits the available pulse energy.
Recently, the resonant dispersive wave (RDW) emission proc-
ess [5] was extended to large-core gas-filled hollow-core fibers
(HCFs), allowing for few-fs UV pulses tunable over an impressive
110-400 nm range [6]. Temporal characterization of UV pulses
obtained by RDW in neon demonstrated sub-3 fs durations over
the 230-400 nm region; however, even in this case, the pulse
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energy is <1 pJ after filtering [7]. Earlier two-color experiments
in HCF used an 800 nm pulse and its second-harmonic (400 nm)
to realize 2w + 2w — @ wave mixing [8], obtaining, after com-
pression with a grating pair, 8 fs pulses centered at 270 nm with
>1 pJ of energy [9]. In order to eliminate the need for lossy post
compression, the scheme of chirped four-wave mixing (CFWM)
was introduced and numerically explored for the generation of
vacuum ultraviolet (100-200 nm) pulses [10]. Later CFWM
experiments with 800 and 400 nm pulses demonstrated the gener-
ation of 270 nm pulses with 300 nJ of energy, self-compressing to
9.7 fs during propagation in air [11].

Attaining a higher UV pulse energy would not only provide
access to a wider range of spectroscopic techniques, but as well to
drive strong-field processes. For instance, few-fs UV pulses with
energies of few tens of 1] are expected to allow for the generation
of intense isolated attosecond pulses in the XUV region via high-
harmonic generation, a process that is all the more efficient the
shorter the wavelength used to drive it [12].

One technique that seems particularly suited for realizing
higher-energy few-fs UV pulses is cross-phase modulation (XPM).
XPM occurs when an intense pulse of light propagating in a Kerr
medium modifies the optical phase of a second light beam, often
a weaker pulse of a different color. Extensively studied in nonlin-
ear optics [13,14], XPM is exploited in a multitude of different
systems, such as quantum non-demolition measurements [15],
demultiplexers of optical signals [16], and compression of ultra-
short pulses [17]. The XPM process has the advantage that the
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UV pulse energy can be scaled independently from the NIR pulse
energy. At the same time, since in XPM the phase shift needed for
broadening the UV pulse is induced by the stronger NIR pulse, the
UV pulse intensity can be kept low enough to avoid any significant
ionization (by scaling the HCF diameter), enabling high-energy
UV pulse compression with low-energy losses. Another key advan-
tage of XPM is that, on top of broadening the UV spectrum, it can
provide extra negative dispersion to balance the positive dispersion
that will be accumulated during propagation in air, leading to UV
self-compression outside the HCF setup.

In this paper, we demonstrate, both experimentally and with
numerical simulations (1D split-step method), the possibility to
spectrally tune, broaden, and compress a high-energy UV pulse via
the XPM induced by an intense NIR pulse in a neon-filled simple
capillary HCE UV pulses with duration down to 6 fs and >10 pJ
of energy (measured after removing the laser fundamental) were
characterized via two-dimensional spectral shearing interferom-
etry (2DSI) [18]. These pulses, to the best of our knowledge, are 10
times more energetic than what has been shown so far for similar
pulse durations in the UV range.

2. XPM SIMULATION MODEL

The XPM process was considerably studied in optical fibers and
bulk materials [13,19]. Following the same approach, the non-
linear evolution of the pulse envelope A(%, 2) is described by the
nonlinear Schrédinger Eq. (1):
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Here o is the loss coefficient accounting for both the linear
propagation losses of the EHy; fundamental waveguide mode,
and for the small coupling losses. 4, and k3 are respectively the
second- (GDD) and third-order dispersion terms. The 4; term is
subtracted by using the co-moving frame (v =z — k;2). The two
nonlinear terms in this equation are self-phase modulation (SPM)
and self-steepening. Here y is given by y(w) =mw/(c Ae),
where 7, is the nonlinear refractive index, A.s is the effective
mode area, w is the carrier frequency, and ¢ is the speed of light in
vacuum.

For XPM we consider a NIR pulse £1, centered at 800 nm, and
its third-harmonic £, centered at 267 nm. Other third-order non-
linear processes, such as sum-frequency and third-harmonic gener-
ation, are omitted since they are not phase-matched. The resulting
nonlinear frequency shifts for both pulses are given by

w
Bt = —ma— (3| il +20c | 4al°) 2, 2)

w
9Nt = —ﬂzTZ (8.1 A2 + 20, | A ) 2. 3)

The XPM effect on the UV pulseis 2(d; | 41]%)/(9;| A2|*) times
stronger than its own SPM. By choosing |A4;|>> |4;| the UV
broadening is dominated by XPM, and ultrabroadband spectra can
be achieved for intensities well below the ionization threshold.

Figure 1 gives a qualitative description of the XPM process
depending on delay among the interacting pulses. When the UV
pulse overlaps with the leading edge of the NIR pulse it is broad-
ened towards longer wavelengths; on the contrary when it overlaps
with the trailing edge it is broadened towards shorter wavelengths.

9,A=— —A — &32/1 + éa 34 At the peak of the NIR pulse the broadening occurs in both
6 directions. By looking at the time derivative of the NIR envelope
; (shown in blue) we can recognize the regions of negative dispersion
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Fig.1. (a) Schematic of the experimental setup. The input NIR beam is split into two arms via a thin film polarizer (WP + TFP). In the right arm, the

fundamental beam diameter is reduced (telescope L1, L2) and frequency-tripled via the combined action of a 100 pm thick second-harmonic generation
Type-I crystal (BBO-SHG), a birefringent delay plate (calcite), a zero-order dual wavelength wave plate (A /2-WP, A/2 at 800 nm + A at 400 nm), and a
50 pm thick sum-frequency generation Type-I crystal (BBO-SFG). Dielectric mirrors are used to isolate the third-harmonic and focus it (FM1). In the left
arm, the laser fundamental is delayed to match the UV generation arm (fine tuning by wedge insertion). A thick glass plate (DP) is used to adjust the near-IR
pulse duration independently from the UV arm and a lens (L3) is used to focus at the same position as the UV beam. The two pulses are overlapped with par-
allel polarization via a dichroic mirror (DM) and launched in the HCE At the HCF output the broadened UV pulse is separated from the near-IR beam and
guided through the 2DSI pulse measurement setup, where a small portion of laser fundamental is used to produce the ancillary pulses. (b) The central panel
shows the effect of XPM on the UV pulse. Depending on the initial delay of the UV pulse (dashed blue envelope) with respect to the NIR pulse (red enve-
lope), the UV broadened pulse (solid color gradient) will have different characteristics: (I) and (II) are upshifted while (III) and (IV) are downshifted; (I) and
(IV) have negative chirp while (II) and (III) have positive chirp.
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Fig. 2. Simulated UV XPM spectrum during NIR delay scans for
different input UV pulse durations (TL) equal to (a) 40 fs, (b) 20 fs, and
(c) 10 fs. The HCF length was set to 1 m and a fixed NIR pulse duration
(TL) of 40 fs. (d), (e) Upshifted and downshifted UV pulses obtained for
NIR delays of —30 fs and 50 fs, respectively (red dashed lines), for the
case in (a), together with their corresponding spectra (in purple). FWHM
durations of 3.4 and 3.9 fs were obtained by numerically propagating
through (d) 140 pm and () 350 um of MgF,.

(GDD < 0) that we want to exploit for self-compression, corre-
sponding to the first half of the leading edge and the last half of the
trailing edge (IV and Iin Fig. 1).

Based on Eq. (1), we performed numerical simulations of the
UV spectrum broadening depending on the initial delay of the
NIR pulse (Fig. 2). Different initial UV pulse durations (40, 20,
and 10 fs) were simulated, while keeping the NIR pulse duration
fixed (40 fs, transform limited). The pulse energies were 1.6 m]
and 20 pJ for the NIR and UV, respectively. We chose a 1 m long
fused-silica HCF (see Supplement 1) with a core diameter of
250 pm, filled with 1.5 bar of neon. In order to precisely simulate
the propagation of the UV pulse, we propagated the full phases and
subtracted the linear phase of £}, the co-moving frame of the NIR
pulse, instead of fitting its dispersion with Tailor coefficients.

The strongest UV broadening in the negative GDD regions
occurs when the two pulses have similar duration [Fig. 2(a)]. Here,
durations down to 3.9 fs for the downshifted and 3.4 fs for the
upshifted pulses can be achieved after propagation in MgF, and/or
air [Figs. 2(d) and 2(e)]. For UV input pulse durations significantly
shorter than the NIR [Figs. 2(b) and 2(c)], if the UV overlaps
with the tails of the NIR, the XPM, instead of broadening, pre-
dominantly down/up shifts the whole spectrum. When the pulses
overlap (NIR delay ~0), the UV spectrum reaches the maximum
broadening, however with a complicated spectral phase.
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Fig. 3. (a) Simulated and (b) experimental NIR delay scans for input
pulse durations tyy = 48 fs (positively chirped) and iR = 45 fs (close to
TL). Pulse durations were characterized via 2DSI and SHG-FROG. The
dashed line in (b) marks the cutoff wavelength of dielectric mirror reflec-

tivity.

3. EXPERIMENT AND SIMULATION RESULTS

In Fig. 1 we present the experimental setup. We used up to 2.5 mJ,
~40 fs pulses centered at 800 nm, originating from a 3 kHz
Ti:sapphire amplifier. At the input of the setup, the fundamental
pulse is split into two arms, one dedicated to the UV generation
(third-harmonic) and one used to drive the XPM. The UV pulse
duration was adjusted in 20-48 fs range by changing its chirp
with the compressor after the laser amplifier. The NIR pulse is
kept nearly transform limited (after Win1) by choosing a proper
dispersive plate (DP) placed before the focusing lens (L3). At
the input of the HCE, 1 m long, with 250 pm core diameter and
filled with 1.7-1.8 bar of neon, the fundamental pulse had 1.6 m]
of energy (70% transmission through the HCF), while the UV
pulse energy was adjusted in the 20-28 pJ range, depending on
its duration. The UV transmission through the HCF ranged from
53% to 73%, depending on daily alignment. The UV pulse energy
was kept well below 50 pJ, since at this pulse energy we observed
a fast degradation of the fused-silica fiber, a corresponding drop of
transmission to about 23%, and consequently a reduced spectral
broadening. When the UV pulse strongly overlaps with the NIR
peak (NIR delay ~0 fs), the UV output energy drops significantly
due to excessive ionization.

To verify the accuracy of the model, in the first experiment
we compared the UV spectral broadening measured during a
NIR delay scan with a numerical simulation that used actual
pulse characterization data for both the UV and the NIR pulses
[Figs. 3(b) and 3(a)]. The substantial agreement between theory
and experiment validates our numerical model. Unfortunately the
region below 260 nm could not be measured due to the drop in
the reflectivity of the multi-layer mirrors (Eksma 082-2840-i0-45)
used to separate the UV from the NIR after broadening. The use of
these “standard” mirrors limits the possibility of characterization to
downshifted pulses only. In fact, in order to separate the upshifted
UV pulses from the NIR, different high-reflectivity mirrors,
covering the 220-270 nm region, are needed.

In asecond experiment, we characterized the UV pulse duration
by implementing a 2DSI setup based on difference frequency
generation (DFG) [20]. Here the UV pulse is down-converted in
a BBO crystal by means of two narrowband components (called
ancillary pulses), spectrally separated by just 6 nm, obtained by
filtering the laser fundamental spectrum (scheme in Fig. 1). These
two down-converted replicas spectrally overlap and interfere. The
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Fig. 4. UV pulse characterization after XPM. In this experiment, the

input pulse durations were Tyy = 38 fs (positively chirped, ~20 fs TL)
and TR = 42 fs (close to TL). The 2DSI measurements of the output
UV were done for (a) NIR delay equal to ~65 fs and (b) NIR delay ~56 fs.
(c), (d) Corresponding measured UV spectra and spectral phases at the
2DSI measurement point (dashed lines) and after adding/subtracting a
suitable amount of air propagation (solid lines). Corresponding temporal
profiles of the UV pulses showing (¢) FWHM duration of 11.2 fs at the
measurement point (dashed line) and 6.0 fs after removing 28 cm of air
propagation (solid line) and (f) duration of 7.5 fs at the measurement
point (dashed line) and 7.4 fs after adding 4.1 cm of air propagation (solid
line). The 2DSI measurement point is located ~1.3 m after the output
window of the HCF setup (Win2).

spectral phase of the UV pulse is obtained by collecting the down-
converted signals via a visible-range spectrometer while scanning
the delay (or relative phase) among the two ancillary pulses [tcw in
Figs. 4(a) and 4(b)]. In the experiment, the broadened UV pulses
were propagating for about 1.3 m after the output window of the
HCF (Win2, 100 um of MgF,) before reaching the BBO crystal
of the 2DSI setup. Therefore the UV pulses acquire additional
dispersion during the propagation in air.

We performed pulse characterization for two different input
NIR delays, and compared them with simulations. When the
input NIR delay is set around 65 fs (obtained by comparison with
simulations), the UV pulse mostly interacts with the first half of the
leading edge of NIR pulse, and its spectrum is mildly downshifted.
The corresponding pulse characterization [Figs. 4(a), 4(c), and
4(e)] showed that, in this case, the UV pulse self-compressed to
6.0 fs, after 1 m of air propagation past Win2. Therefore, at the
measurement position, the UV was slightly positively chirped to
11.2 fs FWHM. After decreasing the NIR delay to about 56 fs,
the UV pulse broadening and down shifting increase. In this case
the UV pulse acquired sufficient negative chirp, to balance the dis-
persion of Win2 and the full 1.3 m air propagation. This resulted
in an almost flat spectral phase at the measurement position; see
Fig. 4(d), corresponding to 7.5 fs, which could be further reduced
to 7.4 fsifan additional 4.1 cm of air propagation would be added.
The measured output UV pulse energy in both cases was 11 pJ,
corresponding to an overall transmission of >50%.
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We performed another numerical simulation with input UV
and NIR pulse parameters identical to those used during the pulse
characterization experiments. It should be noted that the input
UV pulses were shorter (although slightly chirped) with respect
to the NIR delay scan experiment in Fig. 3. Figure 5 shows the
calculated temporal profiles of the UV pulses after broadening
as a function of the initial NIR delay. Here, after the HCE, we
numerically propagate the pulses through 100 um MgF, and
28.4 cm of air. The broadened spectra calculated for NIR delays
of 65 and 56 fs [Figs. 5(b) and 5(c)] are in good agreement with
the ones experimentally measured [Figs. 4(c) and 4(d)]. However,
simulated temporal profiles are somewhat shorter then those mea-
sured experimentally. A possible explanation is that, in the 2DSI
measurements, the DFG could not be perfectly phase-matched
over the entire UV spectrum due to the ~10 pm thickness of the
BBO crystal (see Supplement 1). This could cause the measured
pulse duration to be slightly overestimated. A 5 um BBO crystal
would allow for broader phase-matching, extending the characteri-
zation UV pulses down to ~3 fs. Moreover, the simulated pulses
have less negative GDD than the measured ones and self-compress
after a shorter propagation outside the HCF setup. The additional
negative GDD found in experiments could come from the HCF
dispersion, which was neglected in the 1D simulation. We also note
that for the case of NIR delay = 65 fs [Figs. 4(c), 4(e)/Fig. 5(b)],
the simulation matches the experimental data better than for NIR
delay = 56 fs [Figs. 4(d), 4(f)/Fig. 5(c)]. This is attributable to the
use, in our simulations, of the ADK ionization model, which is
known to underestimate the ionization rate for intensities in the
TW-range [21]. The discrepancy in the ionization rate is more
relevant to the case in Figs. 4(d), 4(f)/Fig. 5(c), as here the NIR and
UV pulses overlap more, not only causing a higher intensity (and
thus more plasma), but also allowing the UV to participate in ion-
ization. This causes ionization to shift towards the multi-photon
regime and thus increases the discrepancy with the ADK tunneling
model. A larger amount of plasma can also explain the pronounced
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Fig.5. (a) Simulated UV pulses after XPM during a NIR delay scan for
the same input pulse parameter as in the experiment shown in Fig. 4. After
XPM in the HCF the pulses are numerically propagated through 100 pm
of MgF, and 28.4 cm of air. Spectra and temporal profiles corresponding
to NIR delays of (b) 65 fs and (c) 56 fs (blue color). Here, after the 100 pm
MgF, window, the air propagation distance was individually optimized
to give the shorter duration [12.3 cm of air in (b), 28.4 cm in (c)]. The red
spectrum and pulse in (c) are simulated while considering an ionization
ratew = 80 - WADK -
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blue-shift of the experimental spectrum, compared to the simu-
lated one. To verify this, we performed another simulation for NIR
delay = 56 fs, this time assuming ionization rates 80 times higher
than obtained by the ADK formula (w = 80 - wapk). In this case,
the broadened UV spectrum and the corresponding compressed
pulse, shown in red in Fig. 5(c), show a much better agreement
with experimental data.

4. DISCUSSION AND OUTLOOK

UV pulse broadening via XPM in a HCF has several key advan-
tages. First, in neon it allows the input UV pulse spectrum to be
broadened by a factor of ~10, thus enabling TL durations down
to 3.5 fs, with a throughput efficiency > 50%. By controlling the
delay among the two interacting pulses it is also possible to tune the
central wavelength of the UV pulse, although ultra-wide spectra
with negative GDD can only be obtained at two positions, corre-
sponding to central wavelengths of ~250 nm and ~290 nm. To
further extend to shorter wavelengths, it might be possible to use as
input UV pulse the fourth-harmonic (200 nm) instead of the third
(see Supplement 1, Fig. S11). Another important aspect of XPM is
that, thanks to the possibility of obtaining pulses with GDD < 0 at
the HCF output, the broadened UV pulses reach their minimum
duration after a certain propagation, e.g., a few hundred pm in
MgF, or a few tens of cm in air. Remarkably, this technique makes
it possible to obtain an order of magnitude higher pulse energy
at the sample position than previously reported for sub-8 fs UV
pulses. It should also be possible to scale up the energy further by
using a HCF with a larger core. For example, a HCF with a core
diameter of 500 um should support an UV input energy of up to
~100 pJ, thus enabling 6 fs UV pulses with energy >50 pJ.

In order to further reduce the pulse duration and reach the
few-fs range, few paths could be followed. One way is to increase
the XPM interaction length by means of alonger HCF and alonger
NIR pulse (with the same intensity). Alternatively a gas with a
larger nonlinear refractive index can be used. In Fig. 6 is shown a
broadband UV spectrum supporting a 2.4 fs TL duration that we
obtained via XPM in an argon-filled HCE. Such pulses, according
to simulations, self-compress to ~3 fs after a short propagation (see
Supplement 1). Another interesting direction to reduce the UV
pulse duration is to shape the envelope of the NIR pulse in the form
ofan M, as proposed in [14]. In this case, if the UV pulse overlaps
with the central region (valley) of the NIR, it is symmetrically
broadened (both upshifted and downshifted) while still acquiring
negative dispersion. To preserve such a short pulse duration, itis no
longer possible to use high-reflectivity dielectric mirrors to separate
the UV from the fundamental (due to oscillations in the GD). In
this case it is necessary to use a Fresnel reflection, for instance, from
asilicon plate, which, despite involving much higher losses for the
UV (~80%), would support few-fs pulses with several ] energy.
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