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We demonstrate the generation of few-cycle deep ultraviolet
pulses via frequency upconversion of 5-fs near-infrared
pulses in argon using a laser-fabricated gas cell. The mea-
sured spectrum extends from 210 to 340 nm, corresponding
to a transform-limited pulse duration of 1.45 fs. We extract
from a dispersion-free second-order cross-correlation mea-
surement a pulse duration of 1.9 fs, defining a new record in
the deep ultraviolet spectral range. © 2019 Optical Society of
America

https://doi.org/10.1364/OL.44.001308

Absorption of ultraviolet (UV) radiation is associated with elec-
tronic excitation. In most of the molecules, this excess of energy
is often dissipated via nonradiative decay. Upon UV excitation,
ultrafast conversion of electronic energy into vibrational modes
has been demonstrated to be at the core of fundamental proc-
esses such as DNA damage and photoprotection [1,2]. Owing
to the natural temporal scale of electron motion, getting access
to these ultrafast mechanisms requires extremely short laser
pulses, such as the ones provided by femtosecond or even atto-
second laser sources. Nowadays, attosecond science is able to
provide subfemtosecond laser pulses with a tunable spectrum
over an extremely broad range, from the vacuum UV (VUV)
[3] or extreme UV (XUV) [4–6] to the soft x rays [7]. Recently,
even subfemtosecond visible (VIS) pulses have been generated
[8]. At the same time, few-fs pulses in the visible or near-
infrared (NIR) spectral range can be routinely generated via
hollow-core fiber compression [9] and filamentation [10].
Nevertheless, the generation of few-fs deep UV (200 to
300 nm) pulses is still extremely challenging. The hurdle arises
from the need to optimize a nonlinear optical process over a
broad spectral range where compression and phase control

are currently not available. In the last two decades, many differ-
ent techniques have been tested to generate ultrashort UV
pulses, such as frequency upconversion [11], optical parametric
amplification [12], four-wave mixing [13], or self-phase modu-
lation in hollow-core [14] and photonic crystal fibers [15,16].
Starting from NIR pulses, third harmonic generation (THG) is
the most suitable process to be exploited for UV generation.
Despite the high conversion efficiency nonlinear crystals can
provide, they strongly limit the lowest duration of the upcon-
verted pulses because of intrinsic dispersion and phase-
matching constraints [17]. A valid alternative is to use a noble
gas as a nonlinear medium for THG [18,19]. This method
allows a broad spectral bandwidth to be upconverted without
inducing significant dispersion to the generated UV pulses, at
the expenses of a lower conversion efficiency. Using this tech-
nique, the generation of sub-3-fs pulses has been achieved [18].

In this Letter, we report the generation of 1.9-fs UV pulses
centered at 260 nm using THG driven by few-fs NIR pulses in
a high-pressure gas cell specifically designed to optimize the
process. A pulse energy of 150 nJ was measured on target.
To our knowledge, these are the shortest pulses ever generated
in the deep UV spectral range, opening up new perspectives for
resolving the UV-photoactivated molecular processes at the
time scale of electronic motion.

As schematically shown in Fig. 1, 5-fs waveform-controlled
NIR pulses (carrier wavelength of 770 nm) are used to seed an
interferometric setup: a portion of the NIR beam (250 μJ) is
driving the UV generation process, while the remaining part of
the NIR beam is either used to temporally characterize the UV
radiation via cross-correlation or to generate XUV attosecond
pulses. The whole setup is kept under vacuum to avoid
dispersion of the UV pulses.

The NIR beam used to generate the UV radiation is focused
with an 800-mm focal-length silver mirror into a gas cell filled
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with argon where the THG process is induced. The beam waist
of the NIR pulse in the interaction point is estimated to be
50� 5 μm, with a peak intensity in the range of 1 to
5 · 1014 W∕cm2. The gas cell has been fabricated in a fused silica
slab using femtosecond laser irradiation followed by chemical
etching (FLICE) [20,21], and it has been interfaced to a
3-mm metallic tube supplying the gas. The gas cell, shown in
panels b and c of Fig. 1, is designed to have a 1-mm-diameter
channel in the central section, acting as a reservoir, which is then
progressively reduced at the extremities down to 400 μm.
The size of the holes has been chosen to fit that of the laser beam
and to minimize the outflowing gas. This approach allows the
UV generation to be confined within a few millimeters and the
phase matching to be optimized. Channel lengths ranging from
3 to 5mmhave been tested tomaximize theUV generation. The
use of a laser-machined fused silica cell presents several advan-
tages with respect to a conventional metallic one: (1) the channel
length and the hole size can be arbitrarily set with extremely
high precision (few μm); (2) contrary to metals, glass offers
a high transmittance for VIS–NIR radiation, preventing the
cell to be damaged by the impinging laser beam (with peak
intensities in the order of 1014 W∕cm2 ); and (3) the reservoir
can be realized with any arbitrary geometry including guiding
channels to further optimize the generation process. This design
allows for efficient pumping, which is further improved by
inserting the gas cell in a small chamber composed by three
differentially pumped sections. This system allows a residual
gas pressure of 10−3 mbar to be achieved in the main chamber
even when operating the setup with several bars of gas in
the generation cell. A gas recirculation system has also been
implemented to compensate for the high argon consumption.

Two sealed pumps are used to pump, respectively, the main
vacuum chamber and the three sections of the differential pump-
ing system. In this way, the recirculation of almost the entire gas
volume is ensured. The pump exhaust lines are connected to a
diaphragm pump, which compresses the gas in a tank up to 7
bars. The gas is then sent back to the UV generation cell through
a metallic gas line, where a valve allows for the fine tuning of the
pressure at the generation point.

The suppression of the copropagating fundamental NIR
component after the UV generation is performed by three
dichroic wedged beam separators (LAYERTEC GmbH). They
have been installed in the UV optical path in order to transmit
most of the NIR spectrum and reflect wavelengths below
350 nm. Attenuation of the NIR pulse energy by 4 orders
of magnitude (residual energy 28 nJ) is achieved while preserv-
ing more than 85% of the UV pulse energy. In contrast to sil-
icon wafers at Brewster’s angle used in previous setups [18], the
reflectivity of the separators in the deep UV spectral region is
higher than 85% for both s-polarized and p-polarized laser
beams, thus allowing for both linear and circular UV radiation
to be reflected. In this specific case, the generated UV radiation
was linearly polarized. The generated UV pulses can be ex-
tracted before reaching the experimental region through a
300-μm-thick UV-grade antireflection coated fused-silica
window to characterize both spectrum and energy in air. In
Fig. 2(a) we compare the UV spectra obtained for THG in
0.2 bar (yellow solid line) and 1.1 bar (red solid line) of argon
gas, respectively. The Fourier transforms of the two spectra are
reported in the inset of the figure as black dots. A Gaussian
fitting function is used to calculate the transform limited (TL)

Fig. 1. (a) Experimental setup used for generation and characteri-
zation of the sub-2-fs deep UV pulses. (b) Picture of the glass cell used
to generate the UV pulses (the red line represents the laser propagation
direction, while the light arrow represents the gas flow) and a magni-
fied image of the channel acquired with a microscope. (c) Schematic
representation of the gas cell showing the laser beam, the gas inlet, and
the channel shape.

Fig. 2. (a) Spectral intensity profile of the UV pulses acquired for
0.2 bar (yellow solid line) and 1.1 bar (red solid line) of argon. The
inset shows the corresponding Fourier transforms (black dots) and the
Gaussian fitting functions (solid lines, same color code as the main
panel). (b) UV pulse energy measured as a function of the gas pressure.
The red dot and the yellow dot correspond to the gas pressure values
used for generating the red spectra and yellow spectra reported in (a),
respectively.
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pulse durations, represented in yellow and red, respectively.
The narrowest spectrum corresponds to a TL duration of
3 fs (FWHM), as expected by considering a pure THG process
driven by 5-fs NIR pulses, as measured in Ref. [18]. Increasing
the gas pressure above 1 bar leads instead to a remarkable spec-
tral broadening of the UV pulse, corresponding to a TL dura-
tion of 1.45 fs (FWHM) and indicating the presence of other
nonlinear effects. This spectral broadening can only be ex-
plained if we take into account pulse reshaping due to nonlinear
effects for both the NIR driving pulses and the UV pulses. In
particular, Kerr-effect-induced self-phase modulation as well as
plasma phase modulation are expected to be the dominant ef-
fects. Ionization-induced spectral reshaping in THG has been
previously investigated in neon at high gas pressures (>7 bar)
[22]. Owing to the lower ionization potential and the remark-
ably larger χ3, an even more pronounced effect is expected to
occur in argon at much lower gas pressures. As demonstrated in
Ref. [22], the ionization-induced self-defocusing occurring on
the trailing edge of the driving pulse allows for a tight confine-
ment of the nonlinear processes (including THG) to the lead-
ing edge of the pulse itself. This confinement can be interpreted
as a gating effect on the THG process, thus resulting in the
generation of a UV supercontinuum with a TL close to 1 fs.
As shown in Ref. [22], the generated UV continuum is ex-
pected to experience a broadening on both sides of the spec-
trum while propagating in the gas target. It is worth noting
that in our experimental conditions, the spectral broadening
on the blue side, which also contains a strong contribution
from fifth harmonic generation and a cascading of four-wave-
mixing processes, cannot be detected due to the limited reflec-
tivity of the optical setup in this spectral region.

Figure 2(b) shows theUVpulse energy as a function of the gas
pressure at the generation cell. The maximum efficiency is
achievedwith 1.1 bar of argon. In this condition the pulse energy
on target is around 150 nJ, which, considering the reflectivity of
all the optics in the beam path, corresponds to more than 215 nJ
at the source (pulse energy stability over several hours within
10%). Higher pressures lead to a reduction of the UV intensity
due to strong ionization resulting from plasma-induced defocus-
ing of the NIR beam accompanied by a deterioration of the spa-
tial quality of the UV beam. In the interaction region, the UV
pulses are noncollinearly recombined with XUV or NIR pulses.
The estimated angle between the two beams is around 7 mrad.
Given the photon energy and the spectral extension of our UV
radiation, we could not rely on fully optical techniques to tem-
porally characterize the pulses. For this reason, the temporal
characterization of the UV pulses has been performed via
UV-NIR cross-correlation in xenon [18,23]. The generation
yield of the cation Xe� has been measured with a time-of-flight
mass spectrometer as a function of the relative delay between the
NIR and the UV pulses. The tight-angle noncollinear geometry
has a small impact on the measured cross-correlation signal, i.e.,
the retrieved time duration of the UV pulses is 2% longer than
for collinear geometry. Figure 3(a) shows the acquired cross-
correlation signal: here, for negative delays the UV pulse pre-
cedes the NIR pulse. In our measurements, the relative delay
was varied with 0.4-fs steps by a piezoelectric delay line.

While performing the cross-correlation measurement, the
peak intensity of both the UV and the NIR pulses was checked
to be low enough in order to prevent direct multiphoton ion-
ization from each individual pulse. Therefore, ionization of

xenon (Ip � 12.13 eV) could result only from the combination
of the two pulses. This constraint, together with the absorption
cross-sections of xenon [24,25], allowed us to narrow down the
set of possible nonlinear processes leading to ionization, i.e. ei-
ther 1 or 2 UV photons combined with 5 or 2 NIR photons,
respectively. The cross-correlation signal has been measured for
different NIR intensities to disclose the number of NIR pho-
tons involved in the ionization process. The resulting intensity
scaling is shown in Fig. 3(c) in bilogarithmic scale. The linear
fitting function y � mx � q used to fit the data has a slope
coefficient m � 2.176� 0.354. This result is thus indicating
a second-order nonlinear process, demonstrating that the pro-
posed cross-correlation scheme is involving 2 UV and 2 NIR
photons. The experimental cross-correlation signal [black dots
in Fig. 3(a)] exhibits an overall steplike dynamics that has to be
analyzed taking into account the electron energy structure of
xenon. In fact, the acquired dynamics can be attributed to a
sum of two different ionization channels. A simultaneous tran-
sition is occurring when the two pulses are temporally over-
lapped and 2 UV + 2 NIR photons are absorbed at the same
time, leading to direct xenon ionization and thus giving rise to a
Gaussian contribution in the dynamics [red dashed line in
Fig. 3(a)]. A resonance-enhanced sequential transition inducing
xenon ionization is also occurring, and it involves a xenon long-
lived electronically excited state accessible only after the absorp-
tion of 2 UV photons. Considering the UV second-order

Fig. 3. (a) UV-NIR cross-correlation signal acquired in xenon (black
dots). The dashed lines represent the delay-dependent response of the
two open ionization channels: (i) simultaneous absorption of 2 UV + 2
NIR photons (red dashed line) and (ii) resonance-enhanced transition
(black dashed line). The red solid line corresponds to the sum of the two
contributions. (b) Auto-correlation signal of the NIR pulses acquired in
xenon (black line and dots) and auto-correlation fitting function (red
solid line). (c) Scaling (black dots) of the peak cross-correlation signal
as a function of the NIR intensity in bilogarithmic scale. The red solid
line represents the linear function used to fit the data.
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contribution and the dipole selection rules for the optical tran-
sition, the only possible metastable state responsible for the
sequential ionization transition is the 5p56p state. The energy
of this state (fine structure between 9.5 and 10 eV) is indeed
compatible with the absorption of 2 UV photons, which can
lead to ionization when followed by absorption of 2 NIR pho-
tons [26]. The sequential resonance-enhanced transition is
described by an error function contribution to the overall
dynamics, which is represented by the black dashed line in
Fig. 3(a). For this reason, the cross-correlation dynamics has
been fitted with the function f �t� defined as a sum of a
Gaussian function and an error function taking into account
the direct and the sequential ionization transitions, respectively:

f �t� � A1 exp�−�t − t0�2∕2σ2� � A2 erf
�
�t − t0�∕

ffiffiffi
2

p
σ
�
:

(1)

The time offset t0 and the width σ have been kept the same for
the two contributions, while the relative amplitudes A1 and A2

have been left as free parameters. The time offset corresponds to
the temporal overlap between the UV and NIR pulses,
while the parameter σ has been used to retrieve the UV pulse
duration as shown in Eq. (2) (FWHMUV � 2.355σUV):

σ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2UV∕nUV � σ2NIR∕nNIR

q
: (2)

Here nUV and nNIR represent the number of UV and NIR pho-
tons involved in the cross-correlation process, respectively. The
cross-correlation fitting function [f �t� in Eq. (1)] is repre-
sented by the red solid line in Fig. 3(a). Furthermore, oscilla-
tions at twice the frequency of the laser fundamental are visible
on top of the cross-correlation dynamics, mainly for negative
time delays. These can be attributed to interference between
the residual NIR photons reflected by the separators in the
UV arm and the NIR beam. To extract the time duration
of the UV pulses from the cross-correlation measurement,
an independent temporal characterization of the NIR pulse
duration is required. This was done by means of an autocor-
relation measurement in xenon, performed by replacing the
spectral separators with silver mirrors and removing the gas
from the UV generation cell. This allowed the combining of
two replicas of the NIR pulses in the interaction region, each
contributing to xenon ionization with 4 photons. Figure 3(b)
reports both the experimental data (black line and dots) and the
fitting function (red line). From the fit we retrieved a NIR pulse
duration of 5.2� 0.2 fs (FWHM).

By inserting the retrieved NIR pulse duration in Eq. (2), we
extracted a UV pulse duration of 1.9� 0.4 fs (FWHM). The
measured UV pulse duration is very close to the transform
limit, thus indicating that our generation scheme is almost
dispersion free.

In conclusion, we have demonstrated the generation of sub-
2-fs deep UV pulses with a 150 nJ energy per pulse. A key
aspect of our scheme is the use of a laser microfabricated
gas cell allowing for the optimization of gas pressure and gen-
eration geometry. Further optimization of the UV generation
process could be achieved by replacing the reservoir geometry
with an integrated guiding channel [27]. These ultrashort UV
pulses can be combined with few-fs NIR pulses or XUV atto-
second pulses for time-resolved experiments. Our scheme
opens new and important perspectives for investigating ultrafast

processes at the electron time scale in UV-excited biochemically
relevant molecules.
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