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Abstract—Four-wave mixing (FWM) was used to generate and
optimize ultrashort pulses with wavelengths from ultraviolet (UV)
to near-infrared in bulk media and gases. Wavelength-tunable
multicolored pulses were simultaneously generated by cascaded
FWM in glass plates. By using incident chirped pulses, 15-fs self-
compressed multicolored pulses were obtained with excellent prop-
erties. Self-compression was also used to generate ultrashort deep-
UV (DUV) pulses. The positive frequency chirp in a self-phase-
modulated pulseissuitable for this objective. Sub-10-fs DUV pulses
were generated without using any additional pulse compressors.
Self-diffraction was used to clean the pulse, broaden the spectrum,
and enhance the spatial beam quality. These multicolored pulses
can be simultaneously amplified and compressed by a four-wave
optical parametric amplifier. The generated multicolored pulses
are useful for multicolored ultrafast spectroscopy, microscopy ex-
periments, and as seeds for petawatt lasers with high temporal
contrasts.

Index Terms—Nonlinear optics, optical pulse generation, spec-
troscopy, ultrafast optics, ultraviolet generation.
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I. INTRODUCTION

U LTRASHORT laser pulses are powerful tools for laser
spectroscopic techniques that are widely used in all fields

of science (including chemistry, physics, and biology) and that
provide microscopic insights into bulk materials, molecules,
and chemical and biochemical reactions [1]–[4]. Advances in
ultrashort-laser-pulse technology have made it possible to gen-
erate sub-10-fs pulses with a wavelength of 800 nm and nano-
joule pulse energies using Ti:sapphire lasers [5]. Such pulses
can be compressed to below 5 fs by using spectral broadening
in fibers in combination with dispersion compensation [6]. By
using gas-filled hollow fibers or filament compressors, sub-10-fs
pulses with high pulse energies can be produced at wavelengths
of 800 and 400 nm with kilohertz repetition rates [7]–[10].
These ultrashort pulses permit the detection of real-time elec-
tronic, phonon, and vibrational dynamics in various molecular
systems and bulk materials with an extremely high temporal
resolution. On the other hand, wavelength-tunable femtosecond
pulses are required in various studies of ultrafast phenomena.
Over the past decade, wavelength-tunable femtosecond lasers
with wavelengths ranging from ultraviolet (UV) to mid-IR have
been developed by using three-wave mixing in various nonlin-
ear crystals [11]–[19]. In particular, wavelength-tunable few-
cycle pulses have been generated at visible wavelengths us-
ing noncollinear optical parametric amplifier (NOPA) based on
beta barium borate crystals. These pulses have been widely
used in pump–probe experiments [20]–[24]. Femtosecond mid-
IR pulses can be generated by difference frequency genera-
tion in nonlinear crystals [17], [18], [25], and they have been
widely used in 2D-IR spectroscopy [26]–[28]. By achromatic
broadband frequency doubling these NOPA pulses, wavelength-
tunable sub-10-fs pulses can be generated in the spectral region
of 275–335 nm [29].

Four-wave mixing (FWM) has recently been investigated in
various optically transparent media as a new method for gener-
ating tunable ultrashort pulses over an ultrabroad spectral range.
Tunable visible ultrashort pulses have been generated by FWM
through filament generation in an argon-filled gas cell [30].
In addition, femtosecond pulses in the deep UV (DUV) and
mid-IR have been generated by FWM through filamentation in
a gas cell [31]–[34]. Pulses at various UV wavelengths have
been generated by cascaded FWM in hollow fibers filled with
noble gases [35], [36]. Sub-10-fs DUV pulses have also been
generated by FWM and third-harmonic generation in gaseous
media [37], [38].
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It was found that ultrabroad spectra and wavelength-tunable
ultrashort pulses could be generated in bulk media by FWM,
if the two pump beams have a finite crossing angle in the
medium [39]–[61]. Wavelength-tunable mid-IR pulses could be
obtained in the range 2.4–12 μm by FWM in CaF2 and BaF2
plates [39], [40]. A ∼30-fs idler pulse at 300 nm was obtained
by four-wave optical parametric chirped-pulse amplification in a
fused silica plate [41]. In the visible region, spatially separated
cascaded FWM multicolored sidebands have been generated
in BK7 glass [42]–[44], fused silica [45]–[48], and a sapphire
plate [49], [50]. Up to 15 sidebands can be obtained, and the
spectrum of the generated sidebands can extend over more than
1.5 octaves from UV to the near-infrared (NIR) [44], [45]. Mul-
ticolored sidebands have also been observed in many nonlin-
ear crystals [51]–[61]. This phenomenon has been explained in
terms of different-frequency resonant FWM, and it is known as
cascaded stimulated Raman scattering or coherent anti-Stokes
Raman scattering. By combining these sidebands into a single
beam, isolated 25- and 13-fs pulses were obtained in LiNbO3
and KTaO3 crystals, respectively [53], [54]. It is expected that
these multicolored sidebands with broadband spectrum can be
used to generate near-single-cycle pulses [43], [44]. These mul-
ticolored femtosecond pulses can be conveniently used in multi-
colored pump–probe experiments. The generated multicolored
sidebands contain very similar wavelengths as the emission
wavelengths of various fluorescent proteins, such as green fluo-
rescent protein (GFP), cyan fluorescent protein (CFP), and red
fluorescent protein (RFP) [62] and some semiconductor quan-
tum dots [63], [64]. They could, thus, be used for simultaneous
multicolored imaging of biological samples by nonlinear optical
microscopy [65]–[67]. In addition to these FWM processes, by
inducing another intense pump pulse, a weak seed pulse can be
amplified by noncollinear four-wave optical parametric ampli-
fication (FWOPA) in a transparent bulk Kerr medium in the UV
and NIR spectral regions [68]–[74].

This paper presents the recent research that we have done
in which we used FWM to generate and optimize femtosecond
laser pulses. It is organized as follows. First, the mechanism of
cascaded FWM is presented. Second, we discuss the generation
of wavelength-tunable multicolored 15-fs pulses by nondegen-
erate cascaded FWM in a bulk medium. Self-diffraction (SD)
(also known as degenerate cascaded FWM) is described as a
powerful method for cleaning femtosecond laser pulses. Then,
we describe using FWM in a gas cell or a hollow fiber to gen-
erate ultrashort pulses in the UV region. Finally, FWOPA is de-
scribed and used to simultaneously amplify and compress gen-
erated FWM signals. Finally, conclusions and future prospects
are given.

II. CASCADED FWM IN BULK MEDIA

UV pulses were generated by cascaded FWM in a gas-filled
hollow fiber with a collinear configuration in 2001 [36]. Bulk
media have large dispersions compared with gaseous media.
To generate cascaded FWM signals, there should be a small
crossing angle between the two incident beams in the medium
so as to satisfy the phase-matching condition.

Fig. 1. (a) Phase-matching geometry for cascaded FWM. Phase-matching
geometries for generating (b) AS1, (c) AS2, (d) AS3, and (e) S1. k1 and k2 are
the two input beams. The angle α is the crossing angle between the two input
beams in the medium [48].

A. Principle of Cascaded FWM

Cascaded FWM processes are schematically depicted in
Fig. 1(a). The two input beams have wave vectors k1 and k2
that have frequencies ω1 and ω2 (ω1 > ω2), respectively. Cas-
caded FWM is deconstructed step by step in Fig. 1(b)–(e). In
the first step, two k
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Stokes photon kAS2 . Thus, all the processes are third-order
nonlinear FWM processes. Higher order signals are obtained
from the generated lower order signals; hence, the process is
called cascaded FWM. The mth-order anti-Stokes sideband
has the following phase-matching condition for the different
mth-order components: kASm = kAS(m−1) + k
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Using the phase-matching condition, the dependences of

the output central wavelength and the exit angles of the cas-
caded FWM signals on the incident crossing angle were cal-
culated. The results showed that the central wavelength of the
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generated cascaded FWM signals shift to shorter wavelengths
as the incident crossing angle increases [48]. In addition to
the phase-matching condition, it also necessary to take into
account the group velocity delay between the incident pulses
and the generated sidebands. The calculation results reveal that
using a material with a smaller dispersion and thickness will
give a broader output spectrum [48]. However, a thin nonlinear
medium has a low energy-conversion efficiency. Thus, selec-
tion of the medium thickness is a tradeoff between the spectral
bandwidth and the efficiency. It is determined based on the pulse
requirements for the experiment to be performed.

A numerical simulation of this process revealed the main
characteristics of highly nondegenerate cascaded FWM of non-
collinear femtosecond pulses in the spatial, spectral, and tem-
poral domains [44].

B. Generation of Wavelength-Tunable Self-Compressed
Multicolored Pulses by Nondegenerate Cascaded FWM

According to the phase-matching condition, to generate
wavelength-tunable multicolored pulses in a bulk medium by
cascaded FWM, the two incident pulses should have different
central wavelengths. In our case, in addition to the Ti:sapphire
laser pulse at 800 nm (beam 1), a pulse with a wavelength
around 700 nm was generated by filtering the broadband spec-
trum after a hollow-fiber compressor (beam 2). The experi-
mental setup is described in detail in [45]–[48]. Negatively
chirped or nearly transform-limited output pulses can be pro-
duced by FWM when one pump beam is negatively chirped,
and the other is positively chirped [47], [48]. This princi-
ple can be easily explained. Both chirped input pulses can
be written as Ej (t) ∝ exp{i[ωj0t + φj (t)]}, j = 1, 2, where
beam 1 is negatively chirped (∂2φ1(t)/∂t2 < 0), and beam 2
(∂2φ2(t)/∂t2 > 0) is positively chirped.

The mth-order anti-Stokes signal can be expressed as

EASm (t) ∝ exp{i[((m + 1)ω10 − mω20)t + ({m + 1)φ1(t)

− mφ2(t))]}.
Given ∂2φ1(t)/∂t2 < 0 and ∂2φ2(t)/∂t2 > 0, we obtain

∂2φASm (t)/∂t2 =(m + 1)∂2φ1(t)/∂t2− m∂2φ2(t)/∂t2 < 0.

This implies that the mth-order anti-Stokes signal is also nega-
tively chirped. Nearly transform-limited pulses will be produced
when the negative chirp of the anti-Stokes sidebands just com-
pensates the dispersion of the transparent bulk medium and the
phase change in the medium. This phase transfer method has
also been used for three-wave mixing [75], [76].

The photograph in Fig. 2(a) shows the generated multicolored
sidebands viewed on a white sheet of paper placed about 30 cm
after the glass plate. These sidebands are well separated in space.
The incident pulse of beam 1 was positively chirped from 35
to 75 fs by passing it through a bulk medium. The pulse of
beam 2 was negatively chirped to 45 fs by chirped mirrors. The
diameter of beam 1 (beam 2) on the surface of the 1-mm-thick
fused silica plate was 250 μm (300 μm) in the vertical direction
and 300 μm (600 μm) in the horizontal direction. Beams 1 and
2 had input pulse energies of 24 and 15 μJ.

Fig. 2. (a) Photograph of sidebands on a sheet of white paper placed 30 cm
after the glass plate when the crossing angle between the two input beams is
1.78◦. The first, second, and third spots from the right-hand side are beam 2,
beam 1, and AS1, respectively. (b) Spectra of the sidebands AS1 to AS5 when
the crossing angle between the two input beams is 1.78◦. (c) Spectra of AS2
and AS3 for crossing angles of 1.78◦, 2.23◦, and 2.78◦ [47].

The spectra of the sidebands from the first-order anti-Stokes
(AS1) through to the fifth-order anti-Stokes (AS5) signals ex-
tend from 450 to 700 nm when the incident crossing angle was
1.78◦ [see Fig. 2(b)]. The spectra of AS2 and AS3 can be si-
multaneously tuned by varying the incident crossing angle in
the range 1.78◦–2.78◦ [see Fig. 2(c)]. The spectrum of AS3 at
1.78◦ is located between the spectra of AS2 when the crossing
angle is between 2.23◦ and 2.78◦, demonstrating that the side-
band spectra are continuously tunable with no gap in between.
The central wavelength of the generated sideband is different
in different bulk media, even at the same incident crossing an-
gle [48].

We can generate 15-fs AS1 and 16-fs AS2 pulses by simply
adding a glass plate to compensate the negative chirp. The pulses
were measured using a cross-correlation frequency-resolved op-
tical gating(XFROG) and were retrieved using commercial soft-
ware (Femtosoft Technologies). A 1-mm-thick CaF2 plate is
used to compensate the dispersion of AS1. The retrieved spectral
phase of AS1 still exhibits a clear negative chirp. Fig. 3(a)–(d)
shows the recovered intensity profiles, spectra, and phases of
AS1 and AS2. The spectral phase indicates that both pulses have
a small negative chirp. A shorter pulse is expected to be obtained
when the negative chirp is completely compensated. AS1 and
AS2 have output pulse energies of 0.65 and 0.15 μJ, respec-
tively. Due to self-focusing and FWM, the spatial modes of the
sidebands have perfect Gaussian profiles and good beam quali-
ties, as reported earlier [45]–[48]. Angular dispersion occurs in
the generated cascaded FWM beams due to phase matching in
the noncollinear parametric process [48].

C. Pulse Cleaning by Degenerate Cascaded FWM

When the two incident pulses have the same central wave-
length, the generated cascaded FWM signals will have the same
central wavelength as the incident pulses. This process, which
is also known as SD, has been extensively used to measure
pulse duration using SD-FROG [77]. It has recently been used
to smooth laser spectra and clean laser pulses after passing
through a hollow-fiber compressor [10], [78].
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Fig. 3. (a) Recovered spectrum (solid black curve), spectral phase (solid blue
curve), and measured spectrum (dotted red curve) of AS1. (b) Recovered in-
tensity profile and phase of AS1. The dotted red curve is the transform-limited
(9 fs) pulse profile of AS1. (c) Recovered spectrum (solid black curve), spectral
phase (solid blue curve), and measured spectrum (dotted red curve) of AS2.
(d) Recovered pulse profile and phase of AS2. The dotted red curve is the
transform-limited (12 fs) pulse profile of AS1 [47].

Pulses with high temporal contrast are important for gen-
erating plasmas, since they suppress the generation of unde-
sirable preplasma [79], [80]. Recently, a third-order nonlinear
process, cross-polarized wave generation, has been studied ex-
tensively, and it has been used to enhance the temporal contrast
of femtosecond laser pulses [81]. Like the cross-polarized wave-
generation process, SD is a third-order nonlinear process that
can also be used to improve the temporal contrast of femtosec-
ond pulses. SD has the advantage that the generated SD signals
are spatially separated from the incident beams so that polariza-
tion discrimination is not necessary. In a nonresonant electronic
Kerr medium, SD occurs over a femtosecond time scale because
of inertia-free interaction [82]. Consequently, it can be used to
clean even picosecond pulses. The intensity of the first-order
SD signal (SD1) can be described by the following equations in
both frequency and time domains [77]:

Isd1 (ωsd1) ∝

∣
∣
∣
∣
∣
∣
∣

∫∫

dω1dω−1χ
(3)Ẽ∗

1(z, ω1)Ẽ−1(z, ω−1)

Ẽ1 (z, ωsd1 − ω−1 + ω1)

sin c
(

Δkz (ωsd1 , ω1 , ω−1) L
2

)

∣
∣
∣
∣
∣
∣
∣

2

Isd1 ∝ I2
1 (t) I−1 (t − τ)

where ωsd1 is the angular frequency of the SD1 signal and ω1
and ω−1 are those of the two incident beams, Δkz is the phase
mismatch, and L is the path length in the medium. As can be
seen, the spectral intensity of the SD1 signal is an integral of
the spectral intensity of the two incident pulses. This implies
that the SD1 signal intensity for each wavelength component
is an average contribution over the whole spectral range of the
incident pulses. Therefore, the SD1 signal spectrum is automat-
ically smoothed. The pulse duration of the SD1 signal will be at
most

√
3 shorter than that of the incident pulse [83].

Fig. 4. SAC intensity of the incident pulses (dotted blue curve) and SAC
intensity of the SD1 signal when the incident beams were incident at the Brewster
angle (solid black curve) and perpendicular (dash-dotted red curve) to the glass
plate for delay times from −6 to 6 ps and with a 5-fs/step resolution [78].

A proof-of-principle experiment was performed with a
Ti:sapphire laser. Two incident beams were focused into a 0.5-
mm-thick fused silica plate with a crossing angle of about 1.5◦.
The silica plate was located about 20 mm behind the focal
point. Both beams had 1/e2 diameters of about 360 μm on the
glass plate. The transmission pulse energies of the two inci-
dent beams after the glass plate, beam_1 and beam_−1, were
40 and 51 μJ, respectively. The SD1 signals generated in ad-
dition to beam_1 and beam_−1 had pulse energies of about 5
and 6 μJ. The energy-conversion efficiency from the input laser
beams to the two SD1 signals was about 12%. Due to the low
pulse energy and low power of the generated SD signals, we
performed a second-order autocorrelation (SAC) measurement
to measure the temporal contrast. This measurement requires
a much lower incident pulse energy and is more sensitive to
low-energy noise than other measurement techniques that use
third-order nonlinear processes because it involves only one
second-order nonlinear process [77], [84]. The pulse durations
of the input pulse and the SD signal were measured using a
second harmonic generation FROG (SHG-FROG).

Fig. 4 shows that the pulse is cleaned, even in 1 ps, and that
extraneous components are removed, while the main pulse re-
mains. For the incident pulse, the SAC peak intensity around
±0.7 ps is about 1.2 × 10−2 of the main pulse. The SAC of the
SD1 signal has a small peak at the same delay that is less than
1.2 × 10−6 of the main pulse, which is four orders of magni-
tude smaller and is less than the cube of 1.2 × 10−2 (i.e., 1.7
× 10−6). The pulse is self-compressed in this process; in addi-
tion, self-focusing also improves the temporal contrast. In non-
resonant electronic Kerr media, self-focusing is instantaneous
and it has a power threshold due to competition with diffrac-
tion. The intensity-dependent self-focusing effect increases the
main pulse intensity, whereas amplified spontaneous emission
and noise peaks are not enhanced. Consequently, the intensity-
enhanced main pulse has a much improved temporal contrast.
When the glass plate is located after the focal point, the gener-
ated SD1 signal has a smaller divergence angle than the scattered
light due to self-focusing; this reduces the noise of the scattered
light.

Due to the convolution effect, the spectrum of the SD1 sig-
nal is smoother and broader than the input laser spectrum [see



58 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 18, NO. 1, JANUARY/FEBRUARY 2012

Fig. 5. (a) Measured spectrum (thick curve) and retrieved spectral phase (thin
curve) of the incident pulse (solid black curve) and the SD1 signal (dotted red
curve). The thin dash-dotted blue and magenta curves show the retrieved spectra
of the SD1 and the incident pulse, respectively. (b) Retrieved temporal profile
(thick curve) and temporal phase (thin curve) of the incident pulse (solid black
curve), and the SD1 signals at delay times of 0 fs (dash-dotted red curve) and
+33 fs (dotted blue curve). (c) Measured spectra (thick curve) and retrieved
spectral phase (thin curve) of the SD1 signals for delay times of 0 fs (solid red
curve), −33 fs (dash-dotted magenta curve), and +33 fs (dotted blue curve). (d)
M2 and 2-D beam profiles of the incident beam (black squares; upper pattern)
and the SD1 signal (red circles; lower pattern) [78].

Fig. 5(a)]. The pulse duration of the SD1 signal for a zero delay
time was shortened from 75 to 54 fs relative to the input pulse
[see Fig. 5(b)]. The retrieved temporal and spectral phases of
the SD1 signal were found to be smoothed with some positive
chirp. In the medium, self-phase modulation (SPM) and cross-
phase modulation (XPM) accompany SD. The peak wavelength
of the SD1 signal was shifted about ±10 nm at a delay time
of ±33 fs (the positive sign indicates that beam_1 is ahead of
beam_−1) due to XPM and the small-frequency chirps of the
incident pulses [see Fig. 5(c)] [74]. The retrieved spectral phase
also shows that the reduction or enhancement of the chirp rates
depends on the sign of the delay time for the same SD1 sig-
nal [see Fig. 5(c)]. Using suitable delay times and chirps of
the incident pulse will induce self-compression of the SD1 sig-
nal to a nearly transform-limited pulse. As shown in Fig. 5(b),
the pulse duration was shortened to 39 fs, which is close to its
transform-limited pulse duration of 33 fs.

As in cascaded FWM experiments [45]–[48] and pulse com-
pression experiments in bulk media [85], the spatial profile and
beam quality of the SD1 signal were improved in this SD process
compared with the input laser beam due to spatial filtering in-
duced by self-focusing in the medium. The 2-D beam profile of
the SD1 signal is improved from an asymmetric incident beam
to a nearly symmetric Gaussian beam [see inset of Fig. 5(d)].
M2 of the SD1 beam was also improved from 1.6 of the input
laser beam to 1.3.

III. UV PULSE GENERATION BY FWM IN HOLLOW FIBER

This section discusses using degenerate FWM in a gas to gen-
erate ultrashort DUV pulses. Unlike bulk media, gases cannot
be optically damaged making them suitable media for frequency
conversion of intense pulses. Since a gas medium has a much
lower density than a bulk medium, a long interaction length or
input pulses with high peak intensities are necessary to achieve
a high frequency-conversion efficiency. There are two ways to
realize a long interaction length: filamentation or using a hollow
waveguide. The former method forms a filament by spatially and
temporally overlapping two input laser pulses, (i.e., the pump
and idler pulses) [30], [31], [34]. The laser beams propagate
with a constant beam size in the filament so that a long inter-
action length is realized. An energy-conversion efficiency from
the pump to the signal of 4% and generation of a DUV pulse
with an energy of 20 μJ have been demonstrated [31]. In this
approach, input pulses with high peak intensities are necessary
to form a filament. The signal-generation stability depends on
the stability of the filament. The latter method uses a hollow
waveguide to achieve a long interaction length, which is de-
termined by the waveguide length [37] and is independent of
the input pulse parameters. Unlike free-space propagation, the
waveguide has a negative group-velocity dispersion (GVD) that
is used to cancel the positive GVD induced by the gas medium.
This allows the phase-matching condition to be satisfied for a
high energy-conversion efficiency [36], [37]. FWM in a hol-
low waveguide is thus applicable for energy conversion of laser
pulses with low peak intensities as well as laser pulses with high
peak intensities. Another advantage of this method is the high
beam quality of the signal pulse generated in the waveguide.

FWM in a gas has been utilized to generate ultrashort DUV
pulses. FWM in a filament has been used to generate 12-fs DUV
pulses [31] and FWM in a hollow waveguide can produce 8-fs
DUV pulses [37] after passing through a dispersion compen-
sator that has a grating compressor. Wavelength-tunable UV
laser pulses can also be generated by combining FWM with
NOPA [86]. Since chirped mirrors are not available in the DUV
region, dispersion compensation in this wavelength region must
be performed using a grating compressor or a prism compressor.
Since both compressors produce large third-order dispersion, it
may be necessary to use two of the following three elements, a
grating compressor, a prism compressor, and a deformable mir-
ror, to compensate third or higher order dispersion to generate a
pulse shorter than 8 fs. However, this requires a complex setup,
which leads to a large energy loss.

Wojtkiewicz et al. proposed a method for achieving chirped
pulse FWM [87], [88]. In this scheme, chirped input pulses
are used to generate a negatively chirped signal pulse. The
chirped signal pulse can be compressed by propagation through
a transparent medium so that no external pulse compressor is
required. Precise dispersion compensation is possible by se-
lecting an appropriate transparent medium, such as magnesium
fluoride that has no appreciable high-order GVD in the DUV
region [87]–[90]. Since the input pulses are chirped and they
have lower peak intensities than the corresponding transform-
limited pulses, a hollow fiber is suitable for chirped-pulse FWM.
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Fig. 6. Energy diagram for chirped-pulse FWM.

Because chirped input pulses are used, SPM and XPM, which
broaden the signal spectrum [37], hardly occur so that the signal
pulse bandwidth is mainly determined by the input pulse band-
widths. To generate a sub-10-fs DUV pulse by chirped-pulse
FWM, it is necessary to use a broadband idler or a pump pulse
that supports a sub-10-fs transform-limited pulse duration [90].

Our group has recently generated a sub-10-fs DUV pulse
by using a self-phase-modulated pulse as the input idler for
chirped-pulse FWM [91]. Using a broadband idler supporting
a sub-10-fs transform-limited pulse duration leads to the gen-
eration of a DUV pulse with a pulse duration shorter than 10
fs. The following section describes the principle of broadband
chirped-pulse FWM using a self-phase-modulated idler pulse.
After presenting a scheme for this process, the properties of the
experimentally generated sub-10-fs DUV pulses are discussed.

A. Chirped-Pulse FWM in a Gas-Filled Hollow Waveguide

In degenerate FWM with energy conservation ωsig =
2ωpump − ωidler , using a negatively chirped pump pulse and
a positively chirped idler pulse produces a negatively chirped
signal pulse [87], [88]. Fig. 6 shows a schematic diagram of
this process (it is similar to that shown in [89]. In addition,
the figure shows that the negative frequency chirp in the sig-
nal is due to the positive frequency chirp in the idler. The idler
frequency increases with time, whereas the signal frequency de-
creases with time. A negative frequency chirp in the pump pulse
leads to a negative frequency chirp in the signal pulse, which
can be explained in a similar manner as the relation between the
frequency chirps of the idler and the signal.

Signal pulse generation by FWM in a gas-filled hollow fiber
generated by input pulses propagating along the z-axis is ex-
pressed by [92]
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where βs is the propagation constant of the signal pulse inside
the hollow fiber [93], the asterisks indicate complex conjugates,
ωs is the angular frequency of the electric field, and n2 is the
nonlinear refractive index of the core medium. The phase mis-

match is given by Δβ = βi + βs − 2βp and the higher order

dispersion is β
(n)
s = ∂nβ/∂ωn |ω=ωk

· αs is the loss constant
of the gas-filled hollow waveguide at the signal frequency [93].
Ts = {1 + (i/ωs)(∂/∂t)} contains the effect of self-steeping,
Aeff is the effective core area, and c is the speed of light in
vacuum [94], [95]. The complex amplitudes of the signal, idler,
and pump pulses are, respectively, εs , εi and εp in (1), which
is expressed in a frame of reference propagating with the signal
group velocity.

For chirped-pulse FWM with input pulses having low peak
intensities and a low-density gas medium, the terms related
to SPM and XPM in (1) may be dropped. By assuming an
input pump energy that is sufficiently low to neglect the pump
depletion, a negligibly small GVD due to the low gas density to
satisfy phase matching [37], and a negligibly low propagation
loss, the propagation of the signal pulse generated by FWM is
expressed as

εs (t, z) =
(
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)
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π

2

)]

.

(3)
In deriving (3), εp,i(t) = Ap,i(t) exp[iφp,i(t)] was substituted
into the coupled equation (1), where Ap,i (t) and φp,i(t) are,
respectively, the real amplitudes and phases of the pump and
idler. Differentiating the phase term in (3) gives the time evolu-
tion of the instantaneous signal frequency, which is expressed as
2dφp(t)/dt − dφi(t)/dt. This explains the relation between the
frequency chirp in the input pulses and the chirp in the signal,
as discussed earlier.

B. Broadband Chirped-Pulse FWM

To generate a broadband signal pulse by chirped-pulse FWM,
a broadband pump pulse or a broadband idler pulse is necessary.
For this purpose, a self-phase-modulated pulse is used as an in-
put pulse for chirped-pulse FWM. By using SPM in a hollow
waveguide filled with a noble gas [96], it is possible to expand
the spectral width of a 30-fs pulse generated by a commer-
cial Ti:sapphire chirped-pulse amplifier to a spectral width that
supports 5-fs transform-limited pulses. However, a self-phase-
modulated pulse contains nonlinear phase distortion in its tem-
poral profile, which is related to the spectral intensity and phase
distribution of the pulse. Specifically, SPM induces phase modu-
lation within the temporal profile of a laser pulse that varies pro-
portionally with the temporal intensity distribution of the laser
pulse [94]. The pulse contains a positively chirped central re-
gion that is suitable for chirped-pulse FWM, but it also contains
negatively chirped leading and trailing edges. Such nonlinear
frequency modulation produces dips in the spectrum. When a
self-phase-modulated pulse is used as the input for chirped-pulse
FWM, the nonlinear phase distortion in the SPM idler may be
transferred to the signal pulse, resulting in a nonlinear temporal
phase and a nonuniform signal spectrum. However, this does not
matter, if the pump pulse is much shorter (i.e., less than about
50%) than the idler pulse. Since a signal pulse is generated only
in the temporal region in which the two input pulses overlap, by
employing a short pump pulse, it is possible to generate a signal
pulse that results from only the interaction between the central
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Fig. 7. Frequency sweep of a SPM idler with respect to time for a pump pulse
that is shorter than the idler. The shorter pump produces a linearly chirped signal
and a smooth spectral profile.

Fig. 8. Scheme for broadband chirped-pulse FWM. SHG: second harmonic
generation; CPA: chirped-pulse amplifier.

region of the self-phase-modulated idler and the pump pulse. In
this case, the idler pulse behaves as if it is a linearly chirped
broadband pulse. When the amplitudes of the input idler and
pump pulses are Gaussian functions and the pump pulse is at
least two times shorter than the idler pulse, the signal becomes
a linearly (negatively) chirped Gaussian pulse (see Fig. 7) and
a smooth spectral shape is obtained. A nearly transform-limited
pulse duration is available for the signal after compensating the
negative frequency chirp, provided that a positive group-delay
dispersion (GDD) is added to the signal without adding substan-
tial high-order GVD. Such dispersion compensation is realized
using a transparent medium (e.g., magnesium fluoride) whose
absorption wavelength is far from the signal wavelength.

C. Practical Issues in Broadband Chirped-Pulse FWM

Fig. 8 shows an example of an experimental setup for demon-
strating the aforedescribed broadband chirped-pulse FWM. A
femtosecond NIR pulse from a Ti:sapphire chirped-pulse ampli-
fier is split into two pulses. One is used for generating a broad-
band idler and the other is used for generating a pump pulse
by frequency doubling the NIR pulse. Before the idler is used
as the input for FWM, its spectral width is expanded by SPM
in a gas-filled hollow waveguide. The near-UV (NUV) pulse
generated through frequency doubling is stretched by a prism
pair (prism compressor) that induces a negative frequency chirp.

The NUV pump pulse duration is lengthened in this process,
but it remains shorter than the broadband idler pulse duration.
Finally, the SPM idler and the negatively chirped pump pulses
are spatially and temporally synthesized in a gas-filled hollow
waveguide to generate a signal pulse by FWM. Filamentation
in a gas cell [30], [31] could also be used when the input pulse
energies are above about 1 mJ.

As discussed earlier, the pump pulse should be shorter than the
idler to generate a signal pulse with a smooth spectral shape. Two
procedures are considered for achieving this: pulse broadening
in a transparent medium before or after spectral broadening by
SPM. The self-phase modulated idler has a broad spectral width,
and consequently the temporal profile of the self-phase modu-
lated idler is substantially distorted by high-order dispersion in
a transparent medium. Moreover, the phase of the self-phase
modulated pulse is nonlinear in terms of its temporal evolu-
tion. The positive chirp in the central region is enhanced by the
positive GVD in the transparent medium, while the negative
chirps in the leading and trailing edges are compensated and
produce intense spikes due to the GVD. This affects the tem-
poral profile and, thus, the spectrum and spectral phase of the
signal generated by FWM. Furthermore, the temporal width of
the positively chirped region of the self-phase modulated idler
is not effectively expanded in this case.

On the other hand, pulse broadening of the idler before spec-
tral broadening is useful. In this case, the positive frequency
chirp induced by the transparent medium and the positive fre-
quency chirp induced by SPM both contribute to generate a
positive chirp. This leads to a wide positively chirped region
within the idler pulse duration because of the extended pulse
duration of the idler prior to SPM. The positive chirp due to the
transparent medium, which is produced before SPM, partially
cancels the negative chirp at the leading and trailing edges of
the idler pulse induced by SPM. Since the pulse duration of the
idler is already broadened by GVD in the transparent medium,
it is not necessary to significantly increase the pulse duration
after spectral broadening. Distortion in the temporal profile of
the broadband idler can be minimized in this case, making it
possible to generate a signal with smooth temporal and spectral
profiles. It also minimizes the high-order spectral phase in the
signal, resulting in the generation of a single ultrashort pulse
after dispersion compensation.

A prism compressor can be used for negatively chirping a
NUV pump pulse with a narrow spectral width whose transform-
limited pulse duration is longer than about 30 fs. A prism com-
pressor generally induces a large negative third-order dispersion
as well as a negative group-delay dispersion. This distorts the
temporal profile and the phase of a pulse when the pulse has a
wide bandwidth that can support a pulse duration shorter than
10 fs. However, this does not matter for narrowband pulses,
since the nonlinear spectral phase distortion due to the third-
order spectral phase distortion lies outside the narrow band-
width. Chirped mirrors can also be used to negatively chirp a
NUV pulse. Although chirped mirrors for NUV pulses have
oscillations in their dispersion curves, their effect may not be
significant for a narrowband pulse that has a transform-limited
pulse duration longer than 30 fs.
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Fig. 9. Spectra of the input (a) NIR and (b) NUV, and output DUV [solid line
in (c)] pulses measured with spectrometers. The spectrum (solid line with filled
circles) and spectral phase (broken line) measured by the SD-FROG are shown
in (c), while the corresponding temporal profile (solid line with filled circles)
and phase (broken line) are shown in (d). The inverse Fourier transform of the
solid line in (c) is indicated by the solid line in (d) [91].

By spectrally broadening the idler rather than the NUV pump
and by prechirping the idler pulse prior to spectral broadening,
it is possible to generate a nearly linearly chirped signal pulse.
This results in minimal distortion of the phases and temporal
profiles of the input pulses, and, thus, gives signal pulses with
a smooth temporal profile and phase. The experimental scheme
discussed above is used in [91].

D. Sub-10-fs DUV Pulses Generated by Broadband
Chirped-Pulse FWM

The energy-conversion efficiency from the pump to the signal
is determined by the input pump and idler intensities. Since
the response is nonlinear with respect to the pump intensity,
the conversion efficiency of the signal is much more sensitive
to the pump intensity than that of the idler. Because chirped
input pulses are used, chirped-pulse FWM has a lower energy-
conversion efficiency than FWM that uses transform-limited
input pulses [31], [37]. Therefore, chirped-pulse FWM is not
useful for generating high-energy DUV pulses when only a low-
energy pump pulse is available. In the case of a chirped pump
pulse with a pulse energy of about 100 μJ, the pulse energy
of a signal pulse generated by broadband FWM is limited to
300 nJ [91]. Increasing the pulse energy (and thus the intensity)
of the pump pulse will significantly increase the signal pulse
energy. Using a 1-mJ pump pulse, it is expected to be possible
to generate a signal pulse with an energy of several tens of
microjoules [88], [90], [92].

It is possible to generate a broadband signal pulse with a spec-
trum extending from 260 to 290 nm using broadband chirped-
pulse FWM [91]. The signal spectrum differs from the idler and
pump pulse spectra. For example, in an experiment, the idler
spectrum contained two deep dips, whereas the signal spec-
trum had only one deep dip (see Fig. 9) [91]. This difference
in spectral shapes is related to the different pump and idler
pulse durations, as discussed above. Contrary to the discussion,

the spectral shape of the signal is not single peaked (Gaussian
shape). This is due to the pump pulse not being sufficiently
shorter than the idler pulse. A signal pulse with a Gaussian-
shaped spectrum can be generated, if a larger chirp than that in
the experiment is added to the idler prior to spectral broadening
by SPM [92].

A broadband negatively chirped DUV pulse is generated in
broadband chirped-pulse FWM. The pulse can be easily com-
pressed by a normal GVD induced by a transparent medium.
Unlike when using prism and grating compressors, third-order
dispersion is not induced in this case, and the pulse energy loss
is small. For example, in an experiment, a DUV pulse gener-
ated by broadband chirped-pulse FWM had a negative GDD
of 265 fs2 [91]. Some of the GDD was compensated by the
positive GDD induced by the magnesium fluoride output win-
dow of the hollow-fiber chamber, which generated FWM. The
residual negative GDD in the DUV pulse was compensated by
propagation in air [91]. SD-FROG measurements are useful for
optimizing the path length in air. In a FROG, the edge of an
aluminum mirror is used for beam splitting, which results in
negligible pulse broadening [37]. The spectral change of the SD
signal with respect to the time delay of a replica is sensitive
to the GDD of a pulse to be measured [97]. In the experiment,
only three SD-FROG measurements were used to optimize the
path length and, thus, the positive GDD induced by the air [91].
The DUV pulse duration was compressed to less than 10 fs. The
same pulse compression can also be realized by varying the path
length of the pulse in a pair of wedges made of MgF2 or CaF2
thin plates.

The DUV pulse duration can be precisely compressed in
broadband chirped-pulse FWM. The pulse compression proce-
dure is relatively simple, as discussed above. The transform-
limited pulse duration estimated from an experimentally mea-
sured spectrum is 8 fs, while the corresponding measured pulse
duration after dispersion compensation is 9.7 fs [91]. These
pulse durations differ by only 24%.

The compressed signal pulse has a smooth temporal profile
[see Fig. 9(c)]. It contains almost no satellite pulses; the energy
of the satellite pulses is less than 5% of the total energy. In
broadband chirped-pulse FWM, a linearly chirped DUV pulse
is obtained by using a pump pulse that is shorter than the idler
pulse. The linearly chirped DUV pulse has a smooth temporal
profile and, thus, has almost no high-order spectral phase distor-
tion. An ultrashort DUV pulse with a single pulse structure can
be generated by compensating the negative GDD in the DUV
pulse without inducing a substantial high-order dispersion using
a transparent medium.

IV. FWOPA IN BULK MEDIA

We have demonstrated using FWM to generate and clean
femtosecond laser pulses in both gases and bulk media. Another
FWM process, FWOPA, has recently been used to amplify ultra-
short pulses in a glass plate at different wavelengths [69]–[74].
This method is particularly useful in the UV region, due to
the lack of suitable nonlinear crystals in this region. Here, we
demonstrate that a weak laser pulse can be simultaneously am-
plified and compressed by another intense laser pulse [74].
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Fig. 10. (a) Schematic showing experimental setup. α is the crossing angle.
(b) Phase-matching curves for the crossing angle α as a function of the seed
wavelength for fused silica (CaF2 , inset) when the pump pulse was fixed at
wavelengths of 780, 800, and 820 nm (400 nm, inset) [74].

The principle of this method is schematically illustrated in
Fig. 10(a). An intense pump beam and a weak seed beam are
focused onto a glass plate with a crossing angle α. When the
pump and seed pulses are synchronous in time and overlap in
space in a transparent bulk medium, the seed pulse spectrum
will be broadened due to XPM in the medium induced by the
intense pump pulse. Furthermore, the weak seed pulse will be
simultaneously amplified when the crossing angle α satisfies
the phase-matching condition for FWM [68]–[74].

According to the phase-matching condition, the crossing
angle αin in the medium is given by cos αin [(2kp)2 + k2

s −
k2

i ]/4kpks terms of the wavenumber k, where the subscripts
p, s, and i indicate the pump, seed, and idler beams, respec-
tively. Fig. 10(b) and its inset show phase-matching curves for
the crossing angle in air α as a function of the seed wavelength
for fused silica and CaF2 , respectively. The pump pulse has typ-
ical wavelengths of 800 and 400 nm for fused silica and CaF2 ,
respectively. There is a broad phase-matching bandwidth around
500 nm (250 nm) when the crossing angle α is about 3.1◦ (6.4◦),
as shown in Fig. 10(b).

The intense pump pulse at 800 nm simultaneously spectrally
broadens and amplifies the incident seed pulse AS1 at 620 nm
when the crossing angle α is around 2.80◦ ± 0.05◦. Fig. 11(a)
shows the spectral profile and intensity of the amplified pulse
as a function of the delay time tps . The 400-nJ incident pulse
was amplified to 1.1 μJ with a 140 μJ pump pulse. Cascaded
FWM signals were simultaneously generated around 500 nm
with 250 nJ, as shown in the photograph in the inset of Fig. 11(a).
Fig. 11(b) shows the output energy of the seed pulse as a function
of the pump intensity at a delay time of 0 fs. Much higher output
energies are expected to be obtained when a cylindrical lens is
used for focusing [69]– [71]. The thin glass plate ensured that the

Fig. 11. (a) Spectral profile and intensity of the output seed beam (AS3) as
a function of the delay time tps when the crossing angle α was 2.80 ± 0.05◦.
(b) Dependence of the output energy of the output seed pulse on the pump
intensity. The curve in the inset is the temporal profile of the pump pulse. (c)
Retrieved temporal profiles of the incident seed pulse (solid red line) and the
compressed output seed pulse (solid black line), and the transform-limited pulse
of the broadened spectrum (dotted blue line). (d) Retrieved spectrum (solid blue
line) and spectral phase (dotted blue line) of the output seed pulse. Measured
spectra of the incident seed pulse (solid black line) and output seed pulse (solid
red line) [74].

phase-matching spectral bandwidth was broad. Consequently,
broadband amplification still occurred around 620 nm.

A quasi-linear chirp can be induced across the weak seed
pulse when the pump pulse is much wider than it [98]. The
phase induced by XPM can also be compensated by using a pair
of chirped mirrors. Furthermore, XPM-based compressors are
more flexible than SPM ones because the phase can be tuned by
the pump pulse. After passing through the chirped mirrors for
four bounces (−40 fs2 /bounce), the pulse was compressed from
22.6 to 12.6 fs [see Fig. 11(c)], which is close to the calculated
transform-limited pulse duration of 10.5 fs. Fig. 11(d) shows the
incident laser spectrum, the broadened and retrieved spectrum,
and the spectral phase of the compressed pulse. Several pulses
with different wavelengths can be simultaneously guided into
this system; the system will then simultaneously amplify them
and broaden their spectra [74].

V. CONCLUSION AND PROSPECTS

FWM has been used to generate and optimize ultrashort laser
pulses. Self-compressed 15-fs multicolored pulses are simulta-
neously generated from UV to NIR by cascaded FWM in a bulk
medium. The wavelengths of the generated multicolored pulses
can be tuned by varying the incident-crossing angle. Studies on
degenerate and nondegenerate cascaded FWM reveal that the
generated cascaded signals have broader and smoother spectra,
shorter and cleaner pulses, and improved beam profiles and spa-
tial quality. These outstanding characteristics make cascaded.
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FWM signals useful for multicolor time-resolved spectroscopy
and multicolor nonlinear optical microscopy. The high temporal
contrast of cascaded FWM signals makes them suitable for seed
pulses in background-free petawatt lasers.

Broadband DUV pulses are generated using self-phase mod-
ulated pulses as the idler in chirped-pulse FWM. The DUV
pulse is negatively chirped and can be easily compressed by
a transparent medium to below 10 fs. The temporal profile of
the compressed pulse is smooth and useful for ultrafast spectro-
scopic applications in the DUV region.

The FWOPA method can be used to simultaneously amplify
and compress laser pulses in a bulk medium. This method is
expected to amplify DUV pulses pumped by 400-nm pulses and
compress DUV pulses to below 5 fs in the near future.
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