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ABSTRACT Hyper-continuum that continuously covers from
the VUV to the IR spectral regions with a flat spectral shape
has been generated in nonlinear propagation in rare gases. The
spectral intensity was 1 GW/nm with a conversion efficiency of
> 50%. The spectral, spatial, and temporal characteristics have
been studied.

PACS 42.65.Jx; 42.65.Re

1 Introduction

Since spectral broadening by a pulsed laser was
observed in a Q-switched laser pulse in 1967 [1], frequency
extension based on nonlinear phase modulation has been in-
tensively studied [2]. In the early stage, because of limited
laser intensity, solid and liquid nonlinear materials that have
a large nonlinear refractive index due to their resonant ab-
sorption in the UV or blue region were used. Therefore,
the bandwidth of the super-continuum generated in the con-
densed media is essentially limited within the VIS or IR
region. After the invention of the chirped pulse amplifica-
tion [3] scheme, the peak intensity of ultra-short pulses has
drastically increased. Terawatt to sub-petawatt [4] laser power
can now be generated in a tabletop system with high repe-
tition rate. The high peak power effectively induces a non-
linear refractive index even in low-density and/or highly
transmitting media. Especially, rare gases [5, 6] are entirely
transparent in the light-wavelength regions with perfect pho-
tochemical stabilities. The nonlinear frequency broadening
in rare gases is efficient to generate very short wavelength,
high peak power, and high average power radiation. Intense
super-broadband radiation has been generated in the VUV-IR
(150–900 nm) region [7]. Following this, continuously tun-
able second-harmonic frequency conversion from the mid-IR
continuum to the VIS [8, 9] has demonstrated the existence
of intense continuum at longer wavelengths. Recently, spec-
troscopic measurements in the mid-IR [10] and sub-THz re-
gions [11] were reported. Backward scattering in the self-
trapped filament created in air was studied [12] for lidar appli-
cations. Alternatively, white light generated in rare gas [7] has
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been used to increase UV spectral intensities in these appli-
cations [13]. In the time domain, the intense radiation having
an ultra-short pulse width and a coherent time is efficient for
super-fast nonlinear optics [14].

In this paper, we introduce an ultra-broadband and effi-
cient frequency-conversion technique based on both spatial
and temporal self-phase modulations (SPMs) in rare gases.

2 Frequency broadening in transient self-trapping

2.1 Self-trapping condition

As well known as the self-focusing, the index of
refraction is a function of light intensity. The self-focusing
is spatial self-phase modulation. Assuming that n2 > 0,
a nonlinear medium placed at the center of a laser beam
where the light intensity is higher than at a peripheral re-
gion forms a convex lens. The phase delay due to the non-
linear refractive index n2 is given by the B-integral factor,
B = (2π/λ)

∫ L
0 n2 ILdz, where IL, λ, and L are laser intensity,

laser wavelength, and interaction length, respectively. On the
other hand, diffraction through the beam waist shows a posi-
tive phase shift (the Guoy phase shift). The axial phase shift
ϕ due to the diffraction is given by ϕ = tan−1(z/zR) ∼= z/zR,
where zR = πw2

0/λ is the Rayleigh range with beam waist w0.
At z = zR, the phase shift is ϕ = π/4. When B > ϕ through zR,
the beam will converge to a small spot. If a critical balancing
condition ϕ (z = zR) = B (z = zR) = π/4 is satisfied, the laser
pulse propagates in the nonlinear medium with a constant
beam-waist size w0,st = λ (8πn2 IL)1/2 because both B and ϕ

are the same function of beam radius, i.e. they are proportional
to w−2

0 when we assume that the laser power is kept constant.
The balancing condition is independent of the beam-waist
size of the self-trapping w0,st or IL, but it is satisfied only at
the critical power of self-trapping p0,st = πw2

0,st IL = λ2/8n2.
For example, in air (n2 = 8.2 ×10−2 W/cm2) at λ = 800 nm,
p0,st = 10 GW. This theoretical explanation without a plasma
contribution to the defocusing well agrees with the measure-
ments reported. The whole-beam self-focusing data shows
a critical power of 10 GW (2 mJ for a 200-fs pulse [15]).

Some theoretical analysis [16, 17] reported that high-
density plasma generated in the propagating channel is the
main contributor for the negative refractive index, instead
of the diffraction discussed above. The calculations as-
sume an electron density of 1–5 ×1016 cm−3 in the channel.
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Filling a channel in air having a diameter of 100 µm and
a length of 10 m with electrons having the number density
of 5 ×1016 cm−3, a laser energy of 10 mJ must be absorbed
during propagation. The energy loss of 10 mJ per channel is,
however, five times higher than the initial laser energy of the
self-trapping experiments. Our measurements show that the
trapped laser pulse after 10-m propagation in air still has more
than 90% of the initial energy. Thus the plasma density should
be, at least, one order lower than the theoretically estimated
value based on plasma defocusing [18].

When the initial laser power exceeds the critical power,
the self-focusing increases the laser intensity and then non-
linear absorption appears. The nonlinear absorption possibly
plays a role of an intensity limiter at an early stage of the self-
trapping. The maximum intensity limited by the nonlinear
absorption is typically in the order of 1013−14 W/cm2 [7].
Owing to the moderate energy loss due to the nonlinear ab-
sorption, the total laser power approaches the critical power
and so finally the self-focusing balances the diffraction. Once
this condition is established the laser intensity is kept constant
at slightly below the ionization threshold. Thus, the absorp-
tion loss in the following propagation is negligible.

2.2 Pulse shaping due to the self-trapping

The self-focusing is electronic; its response time
is shorter than a femtosecond laser pulse width. The self-
trapping occur only in a limited duration when the instanta-
neous laser power exceeds the critical power p (t) ≥ p0,st. The
peak intensity of a trapped laser pulse continuously increases
up to the ionization threshold of the medium. In contrast, the
former and tail parts of the pulse lose intensity down to a neg-
ligibly small value because diffraction is effective below the
threshold. This physical picture is called a ‘moving focus’ or
a ‘laser bullet’. The pulse duration of the trapped laser pulse
is effectively shortened by the spatial modulation, i.e. a ‘Kerr-
lens filter effect’.

2.3 Self-phase modulation and optical parametric effect
in/between self-trapping channels

The self-trapping discussed is a part of the phase
modulation in the space domain. On the other hand, in the time
domain, the phase modulation extends the spectrum of the
laser radiation. Both the spatial and the temporal self-phase
modulations are due to the same nonlinear refractive index.
The self-trapped laser pulse has a high intensity and a short
duration. These conditions effectively induce SPM (in time)
in gas media because frequency extension due to the SPM
is proportional to −dIL (t) /dt. Further frequency extension
can be expected with multi-photon pumped optical parametric
processes.

For example, the optical parametric amplification with
χ(3) susceptibility divides a pair of pump photons into a pair
of signal and idler photons. If the nonlinear medium has a high
transmittance for both the signal and idler wavelengths (i.e.
rare gases), the frequency conversion is very efficient. In add-
ition, group-delay dispersion (GDD) mismatch between the
signal and idler is insignificant in the low-dispersive me-
dia. The phase-matching condition of four-wave mixing can
be satisfied for an ultra-broad spectral bandwidth when two
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FIGURE 1 condition in a two photon pumped optical parametric ampli-
fier using non- collinear pumping. The vectors, kp, ks, and ki, are the pump,
signal, and idler wave vectors, respectively

pump photons are located in the off-axis geometry [19, 20] as
shown in Fig. 1. The optimum angle between the two pump
beams depends on the dispersion of the medium. The angle is
quite small in atmospheric pressure gas media (a few mrad) so
that the off-axis phase matching is easily satisfied with a sin-
gle pump beam if the pump beam has a small divergent or
convergent angle.

3 Continuum generation with multi-channel
propagation of self-trapped terawatt laser pulses
in gas media

3.1 Experimental setup for multi-channel propagation

A 2-terawatt (TW) Ti:Al2O3 laser system produc-
ing 250 mJ with 120-fs pulse duration was used. The 2-TW
laser output in a beam diameter of 4 cm corresponds to an in-
tensity of 160 GW/cm2. The laser intensity far exceeds the
critical power of the self-trapping [21]. The self-trapping ap-
peared 10 m from the compressor and propagated the remain-
ing 20 m of the corridor. We introduce multi-channel propa-
gation of the self-trapped laser pulse to satisfy the off-axis
ultra-broad phase-matching condition of the multi-photon
pumped optical parametric amplifier (OPA). To form the off-
axis multi-channel propagation, a focusing lens of f = 5 m
was used. The laser beam forms multi-channel self-trapped
beams behind its focal point. Beam profiles of the multi-
channel propagation 5 m behind the focus are shown in Fig. 2
with various laser powers. At the threshold power of the
self-trapping, a single beam is observed at the center of the
beam cone. The number of the channels rapidly increases with
laser power. Over 1 TW, the beam cone is closely filled with
a large number of the self-trapped filaments. Adjacent fila-
ments having a small angle to each other satisfy the off-axis
ultra-broadband phase-matching condition. Strong white ra-
diation, the hyper-continuum (HC), has been observed above
the threshold of self-trapping. As shown as peripherals in
Fig. 2, super-continuum generated in solid-state media shows
a white beam core (the SPM) surrounded by colored rings.
The latter have a large cone angle far exceeding that of the
pump beam. The large cone angle is due to large dispersion in
the condensed media under the phase-matching condition of
the two-photon pumped OPA.
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FIGURE 2 The beam profiles of the self-trapped lasers pulse in air, at the
laser power of 0.17 TW (center-upper), 0.52 TW (center-mid.) and 1.6 TW
(center-lower). These pictures are taken 5 m from the focus of f = 5 m lens.
The surrounding colorful pictures are conventional supercontinuum gener-
ated in solid-state materials. (These were taken approximately 0.3 m from the
focus)

3.2 Spectral properties of the hyper-continuum

The spectral intensity of the HC obtained in atmo-
spheric pressure rare gases was 1 GW/nm in the UV to VIS
region as shown in Fig. 3. In these measurements, the pump
beam was focused into a 9-m-length gas cell with a f = 5 m
lens. The focal point was placed 3 m from the input window.
The two spectral peaks in Ar in the VUV region correspond
to the 5th and 7th harmonics of the 790-nm laser pulse, re-
spectively. The cut-off wavelength of 150 nm is very close
to the 5th harmonic. The bandwidth of the upper side band
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FIGURE 3 Spectral intensities of the hypercontinuum generated in atmo-
spheric pressure rare gases. The pump laser wavelength and power are
790 nm and 1.6 TW, respectively. The two small peaks appeared in the VUV
region corresponding to the 5th and 7th harmonics, respectively. The spec-
trum obtained in neon is showing typical spectrum shape due to non- trapped
self-phase-modulation

FIGURE 4 Spectral intensities under the multi-channel propagation in at-
mospheric pressure xenon as a function of laser power. The pump laser pulse
width is 120 fs

(from the laser frequency to the VUV cut-off) was 1.6 PHz,
corresponding to four times the laser carrier frequency. The
energy-conversion efficiency from the pump laser to the side
band has been measured to be 50% in Ar by eliminating the
pump laser spectrum (> 740 nm) with a dichroic mirror. Spec-
tral intensities obtained in xenon as a function of the laser
power are shown in Fig. 4. The ultra-broadband and flat spec-
trum shape was observed above the threshold of self-trapping.
As the pump power increases, the spectral intensity grows
super-linearly. Because xenon has the highest nonlinear re-
fractive index and the lowest ionization energy in rare gases,
the multi-photon absorption limits the growth rate of the UV
spectral intensity. Thus, xenon shows the highest spectral in-
tensity in the VIS-IR and mid-IR regions (as shown in Fig. 5)
but the cut-off wavelength in the VUV is the longest.

The SPM followed by the OPA quickly broaden the spec-
tral width to the UV region. The comparison of the spectral
intensity between 6-m and 9-m gas cells is shown in Fig. 6. In
both cells, the focus of the f = 5 m lens was located 3 m from
the input window, so the effective interaction lengths in these
cells were 3 m and 6 m, respectively. The spectral shapes are
almost the same but the conversion efficiency growths with
the interaction length.
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FIGURE 5 Spectral intensities in the mid-IR region in rare gases
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FIGURE 6 Comparison of the spectral intensity between the 6 m and 9 m
length gas cells. The interaction lengths behind focus for these cells are 3 m
and 6 m, respectively

3.3 Far-field beam profile and group-delay dispersion
of the self-trapped laser pulse

The far-field beam profile of the HC measured
with the knife-edge scanning method is shown in Fig. 7.
The beam profiles were measured by eliminating spectrum
components near the pump laser wavelength (longer than
740 nm) using a dichroic mirror. In Kr, significant spatial
modulation due to the self-trapping was observed. The beam
divergence in Ar was measured to be 0.9 mrad, which is
smaller than that of the pump beam. The improvement in
spatial beam quality is due to whole-beam self-focusing that
plays a role as an active spatial filter. The whole-beam self-
focusing decreases its waist size without reduction of the laser
power.

The pulse width and group-delay dispersion have been
measured with a cross-correlation technique [22]. A spec-
tral component of the HC was mixed with the 790-nm pump
laser pulse having the pulse duration of 120 fs. The second-
order cross-correlation function is shown in Fig. 8. The pulse
duration of the spectral components with a limited spec-
tra width of 30 nm has been measured to be 150–250 fs
assuming a sech2 pulse shape. Between the spectral com-
ponents of 615 nm and 1110 nm, a group delay of 500 fs
was observed as shown in Fig. 9. The group-delay dis-
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FIGURE 7 Far-field beam profile of the hyper-continua generated in atmo-
spheric pressure gasses
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FIGURE 8 Cross-correlation trace of the HC generated in Kr. The origin of
the delay time is taken at an arrival time of the 790 nm pump laser pulse
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FIGURE 9 Group delay dispersion in atmospheric pressure rare gases

persion of ∆t
∆λ

= 1 fs/nm is significantly smaller than the
super-continuum generated in a solid-state or liquid medium.
The small GDD has an advantage in the pulse compres-
sion using a low negative dispersion but precisely con-
trolling devices such as chirped mirrors or spatial phase
modulators [23].

4 Application for super-broadband and super-fast
measurements

The HC, coherent broadband and intense radia-
tion, has feasibilities for high-speed pumping and monitoring
experiments. The HC can excite multiple absorption bands
simultaneously and then material coherences [24] will be ex-
cited. For example, we have demonstrated coherence control
in a multi-level system having an ultra-fast dephasing time
(T2 ≈ 15 fs). By changing an interaction phase between the
excited coherences and the broadband light field, amplitude
and phase of the coherence have been controlled. A symmet-
ric and coaxial two-pulse pumping system having a monocy-
cle temporal resolution of 1.4 fs was used to control coher-
ences in a λ-type three-level system in a dye solution [14].
The interference between two excited coherences has been
observed in the absorption as shown in Fig. 10. The two sat-
uration peaks appeared at 5.1 fs under the strongly coupled
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FIGURE 10 Phase-resolved absorption saturation in Rh6G dye solution as a
function of optical delay between two-pump pulses. Two peaks (absorption
saturation at 5.1 fs) were observed when Rabi frequency exceeds absorption
bandwidth: ωR > ωa = 30 THz

condition, i.e. the Rabi frequency ωR exceeds the absorption
and emission line width ωa. The separation of the two peaks
was 5–6 optical cycles. This fast response shorter than the
natural dephasing time of 15 fs clearly shows the coupling
of the excited coherences. The trace shown in Fig. 10 was
measured with a repetition rate of 10 Hz. The stability of the
HC was sufficient for high-speed and nonlinear pump–probe
measurements.

5 Summary

It has been demonstrated that efficient frequency
extending to the VUV region from a femtosecond IR laser
pulse is possible in atmospheric pressure rare gases with
the noncollinear multi-channel self-trapping geometry. The
bandwidth of 1.6 PHz corresponding to a coherence time of
0.2 fs was used to demonstrate the ultra-fast multi-frequency
nonlinear optics with monocycle pumping and probing tem-
poral resolutions.
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