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Generation of multicolor vacuum ultraviolet pulses through four-wave
sum-frequency mixing in argon
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We demonstrate efficient generation of multicolor vacuum ultraviolet pulses with excellent mode quality
through χ (3)-based four-wave sum-frequency mixing and third-order harmonic generation of 400- and 267-nm
femtosecond laser pulses in argon gas. The χ (3)-based nonlinear optical processes were optimized with appropriate
control of gas pressure and group velocity delay between the driving pulses. Furthermore, the pulse breakup
effects were observed for tightly focused ultraviolet pulses.
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I. INTRODUCTION

For experimental investigations in the formation and
dissociation dynamics of molecular superexcited states [1],
laser-induced precision spectroscopy [2], as well as laser-
induced micro- and nanomachining [3], ultrashort energetic
vacuum ultraviolet (VUV) pulses are desired due to the
relatively high photon energies and small diffraction limit in
this spectral domain. Yet, the restricted transparent range and
high dispersion of solid media limit the use of birefringent
crystals to generate ultrashort VUV laser pulses. The shortest
wavelength achieved so far was 156 nm; this was done by using
KBe2BO3F2 crystals [4]. On the other hand, despite their low
nonlinearities, noble gaseous media have been demonstrated
as excellent alternatives to generate VUV wavelengths owing
to their low dispersion and transmission in a wide range
of wavelengths. Sufficient harmonic conversion could be
achieved by interacting high-intensity pump laser sources
in gaseous media with extended phase-matched lengths. For
instance, cascaded nonlinear wave mixing in hollow fiber filled
with noble gases was controlled to support broad-bandwidth
phase-matched frequency conversion into deep-ultraviolet
(DUV) and VUV regions [5]. Filamentary propagation of
intense ultrashort pulses in air allowed long-distance self-
phase-matched third-harmonic generation [6] in DUV, which
was further enhanced by external disturbance [7], such as
laser-induced plasma [8–11], droplet water [12], and gas
pressure gradient [13]. With self-generated plasma channels
to balance Kerr self-focusing, femtosecond filaments could
propagate much longer than the Rayleigh range with the typical
clamping intensity of 1013–1014 W/cm2 [14], bringing about
dramatic enhancement of nonlinear optical processes such as
four-wave mixing (FWM) or direct high harmonic [15] in the
filamentary zone. Self-channeled FWM during filamentation
of near-infrared and infrared laser pulses in air and argon
was demonstrated to support efficient generation of tunable
and stable ultrashort laser pulses in the visible spectrum with
high conversion efficiency, low fluctuation, and excellent beam
mode quality [16]. By mixing fundamental-wave (FW, ω)
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and its second-harmonic (SH, 2ω) filaments in neon gas, effi-
cient third-harmonic (TH, 3ω) and fourth-harmonic (FH 4ω)
pulses were achieved [17,18]. By four-wave difference-
frequency mixing between 800-nm Ti:sapphire FW and TH
pulses, the fifth harmonic (5ω) at 160 nm was produced in
argon gas [19,20]. On the other hand, using near-resonant
two-photon-excitation-based difference-frequency FWM in
xenon gas, Tünnermann et al. demonstrated the generation of
tunable picoseconds VUV pulses with the wavelength down
to 133 nm [21], which was the shortest wavelength for intense
femtosecond VUV pulses achieved so far. Further generation
of femtosecond VUV pulses with shorter wavelength is limited
by the absence of intense DUV pumping laser sources.

In this paper, we demonstrate a χ (3)-based four-wave sum-
frequency mixing and third-order harmonic generation scheme
between two energetic DUV (SH, 2ω; TH, 3ω) femtosecond
pulses in argon gas to achieve energetic multicolor VUV pulse
generation at 200, 133, 114, 100, and 89 nm, corresponding to
harmonics of 4ω, 6ω, 7ω, 8ω, and 9ω. The nonlinear coupling
between these fields is essential to investigate filamentary
propagation of multicolor VUV pulses in gaseous media.

II. EXPERIMENTAL RESULTS AND DISCUSSION

The experiments were performed with a Ti:sapphire mul-
tipass amplified laser system producing 800-nm pulses with
energies per pulse up to 50 mJ. The FW was split into two equal
beams, as shown in Fig. 1. One passed through a beta-barium
borate (BBO) crystal (type I) for the SH generation (2ω). The
energy of the 2ω pulse was ∼5 mJ. The other FW beam passed
through three BBO crystals to generate its TH pulse (3ω), with
the pulse energy up to ∼1.5 mJ [22,23]. The pulse duration of
the generated 2ω and 3ω harmonics was estimated to be about
100 fs. The polarizations of the 2ω and 3ω pulses were rotated
parallel to each other. These dual-color ultraviolet pulses were
then recombined by a dichroic mirror to form a collinear
beam. Their time delay (�τ ) could be adjusted with an optical
delay line. Two concave mirrors, with equal focal lengths
f = 250 mm, were introduced to independently focus the
two-color pulses into a stainless steel gas cell through a
0.2-mm-thick fused silica Brewster window. Argon gas flowed
into the gas cell with controllable pressures. In this way, a
two-color plasma channel with the typical length of ∼2 cm
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FIG. 1. (Color online) Schematic illustration of experimental
setup for multicolor VUV pulses generation from four-wave sum-
frequency mixing of 266-nm and 400-nm femtosecond pulses in
argon. Argon gases flowed into the gas cell flowed at various pressures
and the subsequent VUV CCD was separated by a 0.1-mm-thick
copper sheet. The inset photograph shows the generated spectral
signals of multicolor VUV pulses.

was produced. A 0.1-mm-thick copper sheet with a ∼100-μm
laser-drilled pinhole was utilized to seal up the end of the
gas cell, which transmitted the generated VUV pulses to the
vacuum chamber. The background pressure was maintained
at less than 0.1 mbar. The VUV generation from FWM
between 2ω and 3ω pulses was collected with a spherical
mirror located about 50 cm away from the pinhole and further
monitored by a combination of McPherson monochromator
and VUV-optimized Andor charge-coupled device (CCD)
camera.

The inset of Fig. 1 gives the spectra of harmonics generated
via FWM processes of synchronized 2ω and 3ω pulses during
their copropagation. Each of the spectral signals was inde-
pendently normalized, and was close to Gaussian distribution.
The outputs of 6ω (∼133 nm, curve IV) and 9ω (∼89 nm,
curve I) pulses were assigned to the TH generation during the
filamentation of 2ω and 3ω pulses. Note that the 3p→3d tran-
sition of neutral argon atom is near resonant with three-photon
excitation of the 3ω pulse. Consequently, remarkably efficient
generation of 89 nm, i.e., the third harmonic of 3ω, may partly
benefit from the resonantly enhanced nonlinear susceptibility.
The outputs of the 7ω (curve III) and 8ω (curve II)
components centered at ∼114 and ∼100 nm originated from
the sum-frequency FWM processes 3ω + 2ω + 2ω→7ω,
3ω + 3ω + 2ω→8ω, respectively, and the 4ω (∼200 nm,
curve V) harmonic stemmed from difference-frequency
FWM 3ω + 3ω–2ω→4ω. These multicolor ultraviolet fields
were strongly coupled with each other during the FWM
processes, with efficient energy exchange within the entire
interaction region, resulting in intense VUV pulse generation
and multicolor filamentation in argon gas that facilitated
cross-interaction among these VUV fields, which significantly
increased the length and brightness of the filament column.

In order to better understand the difference-frequency
FWM processes, we first investigated 200-nm pulse generation
in ambient air. We employed five 200-nm highly reflective
mirrors to extract it from the pump lights and record its

FIG. 2. (Color online) (a) Experimentally observed far-field
image and its intensity distribution along the X and Y profiles. The
red (upper) and black (right) curves are Gaussian fitting results. (b)
Three-dimensional intensity distribution of the generated 200-nm
pulse through the difference-frequency FWM. (c) The dependence of
the 200-nm pulse energy on argon gas pressure.

energy as well as its beam profile. The maximal energy of
the generated 200-nm pulse was measured to be 2.8 μJ by a
powermeter, with its far-field image and intensity distribution
of beam profile depicted in Figs. 2(a) and 2(b), respectively.
The beam profile was smooth and close to typically sym-
metric Gaussian distribution. Interestingly, even these two
initially incident pump beams were tailored to asymmetric
distribution, such as square or even triangular; we found that
the excellent beam profile of the output 200-nm pulse was
robust. This verified the spatial self-cleaning effect during the
formation of a self-generated plasma channel [24]. Since the
FWM processes occurred inside the high-intensity nonlinearly
focusing core region of circular symmetry, the beam profile of
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generated harmonics was independent of the initial energy
reservoir distribution of the pump beam. However, the beam
profiles of the VUV pulses were undiscovered because we
have no reflective mirrors for the extraction of those that had
propagated in the vacuum chamber.

We were then concerned with the conversion efficiency
of the 200-nm pulse in argon gas at various pressures, as
shown in Fig. 2(c). The generated 200-nm pulse energy
was linearly rather than quadratically increased with the gas
pressure. This occurred because the filament volume, which
was inversely proportional to the gas pressure, linearly reduced
the high-intensity core for the harmonic generation. The
maximum output energy of the 200-nm pulse was 7.6 μJ. The
conversion efficiency was approximately 0.5% of the 3ω beam.
Note that the highest gas pressure we could acquire inside the
gas cell was 1.6 atm. A higher FWM conversion efficiency
was obtained in argon gas than that in air, in spite of their
similar third-order susceptibility. This could be understood as
being due to the higher filamentation clamping intensity in
argon gas [25–27]. However, regardless of the even higher
clamping intensities in neon and helium gases, the harmonic
conversion efficiency was measured to be lower than that
in argon gas. This should be ascribed to the relatively low
third-order susceptibilities of neon and helium gases.

We further examined the dependence of 7ω (black squares)
and 8ω (blue circles) harmonic generation on argon gas
pressure, as shown in Fig. 3(a). In this case, the driving 2ω

and 3ω pump pulses were adjusted to be synchronized. We
obtained the highest output pulse energy of up to 1.8 μJ at a
pressure of 0.1 atm for 7ω, with a rapid attenuation at lower
pressures, while decreasing gradually towards higher pres-
sures. Similarly, the 8ω pulse generation peaked at 0.08 atm,
with the highest pulse energy of 1.6 μJ. It should be pointed out
that a direct measurement of the VUV pulse energy was limited
by using a standard powermeter. We, instead, approximately
measured the 7ω and 8ω pulse energies according to their
integrated spectral intensity ratio with respect to the 200-nm
pulse, i.e., EA = E4ωIA

sp/I 4ω
sp (A stands for 7ω or 8ω). The

estimated accuracy of the VUV pulse energies was ∼0.1 μJ.
The spectra of 7ω and 8ω pulses had a full width at half
maximum (FWHM) of 0.25 and 0.21 nm, respectively, which
would permit Fourier-transform-limited pulse duration of 70
and 76 fs, respectively.

The observed pressure-dependent harmonic conversion ef-
ficiency could be understood by phase-matching in self-guided

FIG. 3. (Color online) Experimentally measured dependence of
7ω (olive curve or curve I) and 8ω (blue curve or curve II) harmonics
on argon gas pressure (a), and on the time delay between 2ω and 3ω

driving pulses (b). The sum energy of 7ω and 8ω pulses as a function
of the time delay (c).

plasma filament. Due to the free-electron-induced refractive
index variation, the k-vector of the generated harmonic is [28]

kqω = 2qπ [nqω(1 − η) − Ne/2q2Nc]

λ
, (1)

where q and nqω denote the harmonic order and corresponding
refraction index at qω, η is ionization rate, Ne is the electron
density, which was measured to be ∼2 × 1017 cm−3

based on an in-line holographic imaging technique [29], and
Nc = 1.7 × 1021 cm−3 represents the critical plasma density
for wavelength λ ∼ 800 nm. Phase-matching condition �k ∼ 0
could be achieved through gas pressure control. The optimal
gas pressure P for phase-matched harmonic conversion takes
the form [19]

P ∼ λ/
∣
∣πw2

0n2ω�k0

∣
∣, (2)

where the gas pressure P is measured in atmospheres, w0

denotes the laser beam waist, �k0 represents the pressure-
dependent total phase mismatch between generated harmonic
and pumping sources at 1 atm pressure. Here, we have �k0 =
k4ω + k2ω – 2k3ω = 3.12 cm−1 for 4ω, �k0= k7ω – 2k2ω – k3ω =
63.9 cm−1 for 7ω, and �k0 = k8ω – k2ω−2k3ω = 92.4 cm−1

for 8ω. The refractive index for each harmonic was taken from
Ref. [30]. The optimal gas pressure for harmonic generation
was estimated to be P ∼ 2 atm for 4ω, P ∼ 0.1 atm for 7ω, and
P ∼ 0.07 atm for 8ω, respectively. The theoretically calculated
values are in excellent agreement with the aforementioned
experimental results.

Figure 3(b) shows the intensity of generated 7ω and 8ω

harmonics as a function of time delay between 2ω and 3ω

pulses, while the gas pressure was maintained at 0.9 atm.
Here, positive delays �τ > 0 are stipulated for 2ω pulses
launched ahead of 3ω pulses. By monitoring the generated
VUV harmonic intensities at various time delays, we found
that the 3ω pulse should be retarded by about 40 fs rather
than synchronized with respect to the 2ω pulse for the highest
conversion efficiency of 8ω harmonic pulse. At zero delay,
the dramatic competition between the 7ω and 8ω generation
halved the conversion efficiency of each FWM process, while
the total harmonic energy was still maximized, as shown in
Fig. 3(c). The optimal generation of the 8ω harmonics at
the delay of 40 fs might be originated from the driving-pulse
splitting effect during the filamentation process. Inside the self-
guiding plasma channel, due to all sorts of highly nonlinear
effects, the intense laser pulse underwent considerable spatial-
temporal deformation, resulting in spatiotemporal reshaping of
the copropagating pulses [14]. The initial driving pulse broke
up into a dominant pulse following by a long subpulse [31].
The phase of the 8ω harmonic was mainly locked with the
3ω pulse because it was a higher-order process with respect
to the 3ω pulse. In the case of positive delay, the intense
dominant pulse of 3ω caught up with the trailing edge of
the 2ω pulse envelope, leading to the primary generation of
the 8ω harmonic (3ω + 3ω + 2ω→8ω). Interestingly, at large
time delays ranging from 200 to 600 fs, there still existed
obvious 8ω harmonic components. This could be attributed to
the four-wave mixing between the leading pulse of 3ω and dis-
rupted weak subpulses of 2ω. However, no 8ω harmonic was
observed at corresponding negative delays, which confirmed
the aforementioned phase-locking mechanism. Likewise, the
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7ω harmonic represented an inverse tendency, i.e., its intensity
peaked at �τ ∼ – 40 fs and gradually declined towards
negative delays.

III. CONCLUSION

In conclusion, we have demonstrated efficient generation
of multicolor VUV laser pulses via FWM processes between
two tightly focusing UV femtosecond laser pulses in ar-
gon. The experiments showed that the generated ultraviolet
pulses exhibited excellent mode qualities as a result of
self-filtering inside the filaments. This method could be
extended for the generation of few-cycle wavelength-tunable
laser sources in the VUV spectral range by employing
an optical parametric amplifier, allowing further investiga-

tions in ultraviolet nonlinear optics, time-resolved spectro-
scopic studies, and other interdisciplinary applications in
ultrafast science.
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