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pulses using cascaded four-wave mixing
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Abstract: Multicolor femtosecond pulses were simultaneously obtained by
a cascaded FWM process in fused silica glass. The sideband spectra were
tunable by changing the crossing angle of the two input beams. Frequency
up-shift and down-shift pulses with energies as high as 1 pJ, durations of 45
fs, nearly diffraction limited Gaussian spatial profiles, and power stability
smaller than 2% RMS of the generated sidebands were obtained. These
multicolor sidebands can be used in various experiments, such as multicolor
pump-probe experiment.
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1. Introduction

Over the past decade, tunable femtosecond laser systems with microjoule pulse energies in the
visible spectral range have been developed based on three-wave mixing in nonlinear crystal
[1-3]. Using noncollinear optical parametric amplifier (NOPA), these tunable femtosecond
laser pulses have been widely used in pump-probe experiments [1-3]. Recently, interest in
four-wave mixing (FWM) has been growing as an alternative [4-15]. Ultra-broadband spectra
and ultrashort pulses have been generated in various optically transparent media using FWM
[4-15]. Tunable, visible ultrashort pulses can be created using FWM by filamentation in a gas
cell [6]. Few-cycle pulses in the deep UV and mid-IR have also been generated by this
method [7, 8]. The energy conversion efficiency is low in a gas cell due to the small nonlinear
coefficient. It was reported that high energy conversion efficiency FWM could be obtained in
a gas filled hollow fiber owing to the long interaction distance [5]. In the case of solid-state
media, phase matching can only be obtained when the pump beams cross at an angle due to
the high material dispersion. By using ps pump pulses, high efficiency and high-energy
noncollinear four-wave optical parametric amplification has been observed in a transparent
bulk Kerr medium [9, 12]. Multicolor sidebands were generated in BK7 glass [4], in lead
tungstate (PbWO,) [10], in a BBO crystal [11], and in sapphire plate [14] using two crossed
femtosecond laser beams.

In a recent work [15], tunable multicolor femtosecond laser pulses were generated
simultaneously in a fused silica glass plate. These pulses can be used in many experiments,
such as femtosecond CARS spectroscopy [16], two-dimensional spectroscopy [17], and some
high intensity laser experiments [18] where two or more femtosecond pulses at different
wavelengths are needed. However, the pulse energy of the sidebands was less than 200 nJ,
limiting the applications in many fields.

In this letter, microjoule femtosecond pulses at different wavelengths are obtained by
optimizing the spectrum and input power of one input beam and improving the spatial and
temporal profile of the two input beams. Furthermore, the properties of output power,
spectrum, exit angle, pulse duration, spatial profile and stability of the sidebands were studied.
By changing the crossing angle on the glass plate, the wavelengths of the generated pulses can
be tuned. The resulting sidebands can be used for multicolor pump-probe experiments as well
as for spectrally and spatially mode entangled photon generation.

2. Experiment setup

A 1kHz Ti:sapphire regenerative amplifier femtosecond laser system (Micra+Legend-USP
from Coherent) with 40-fs pulse duration and 2.5-W average power was used as the pump
source. Following regenerative amplifier, the laser pulse was split into several beams. One of
the beams (call it beam1) was spectrally broadened in a 60-cm hollow fiber with a 250-pm
inner diameter filled with krypton gas. The broadband spectrum after the hollow fiber was
dispersion compensated using a pair of chirped mirrors and a pair of glass wedges. The pulse
duration after the hollow-fiber compressor was about 10 fs. After passing through a bandpass
filter at 700 nm center wavelength with 40 nm bandwidth, beam1 was focused into a 1-mm-
thick fused silica glass plate by a concave mirror. Another beam (called beam2) passed
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through a delay stage having less than 3 fs resolution. Beam2 was first attenuated by a
reflective variable neutral density (VND) filter and it was then focused into the fused silica
glass plate by a lens. A third beam (beam3) was used to measure the pulse duration by the
XFROG technique by mixing it with the two input beams or the generated sidebands in a 10-
pm-thick BBO crystal.

The pulse durations of beam1 and beam2 were measured by XFROG with beam3 to be 40
+ 3 fs and 55 * 3 fs, respectively, as shown in Fig. 1. The nearly equal pulse durations of the
two input pulses demonstrates that they are temporally well overlapped. The retrieved
wavelength dependent phase shows that beam?2 has small positive chirp due to the dispersion
of the beam splitters and lens. The spatial mode of the two input beams on the surface of the
fused silica glass was measured using a CCD camera (BeamStar FX33 from Ophir Optronics),
as shown in the inset of Fig. 1. The beam widths of beam2 were 500 pm and 300 pm in the
horizontal and vertical directions, respectively. For beam1, the beam widths were 440 um and
285 um in the horizontal and vertical directions, respectively. These elliptical cross sections
were obtained by adjusting the beams to the edges of the lens and concave mirror. Then the
two beams were aligned to well overlap monitored by the CCD. Owing to their elliptic shapes,
the two input beams can be made to overlap strongly in the medium even if there is a crossing
angle between them. The glass was not damaged during the whole experiment because the
intensity on the surface of the glass is one order lower than the optical breakdown threshold
intensity of fused silica glass for femtosecond pulse.
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Fig. 1. The input pulse duration and phase of beam1 (dashed lines) and of beam?2 (solid lines).
The inset patterns are the two-dimensional beam profiles of beam! (lower) and beam?2 (upper)
on the surface of the fused silica glass.

3. Experimental results and discussion

Multicolor cascaded FWM signals appeared individually in space beside the two input beams
as beaml and beam2 were synchronously on the fused silica glass in both time and space. The
two input beams and the generated sidebands are horizontal polarization. The photograph at
the top of Fig. 2(a) shows FWM sideband signals on a white sheet of paper placed about 30
cm after the glass plate. The input powers of beaml and beam2 were 9 mW and 20 mW,
respectively. An optical fiber was used to pick up different order signals to measure their
spectra using a multichannel spectrometer (USB4000 from Ocean Optics). Figure 2(a) shows
the spectra of the sideband wavelengths for the first-order Stokes (S1) through the fourth-
order anti-Stokes (AS4) cascaded FWM signals along with the spectra of two input beams
when the crossing angle between them was 1.87°. The spectrum extends from 450 to 1000
nm. The sidebands have a Gaussian profile and each anti-Stokes spectrum can support
transform-limited pulse duration of about 25 fs. Moreover, the wavelengths of the sidebands
can be tuned by changing the crossing angle between the two input beams. In this experiment,
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beam?2 was fixed and the crossing angle was changed by varying the position of beaml on the
surface of the concave mirror prior to the silica glass plate. Then there is about £ 0.02° error in
every crossing angle. According to Fig. 2(b), the peak wavelength of AS3 can be tuned from
490 to 545 nm by changing the crossing angles from 1.40° to 2.57°. Compared with previous
work [15], this tuning range is narrower, due to the narrower spectral bandwidth of beam2. A
white screen was positioned 30 cm after the fused silica glass in order to mark the position of
the sidebands for different crossing angles. In this way, the crossing angles between the
generated sidebands and beam2 were recorded, as plotted in Fig. 3. The crossing angles
between adjacent sidebands decreased as the order number increased for a given crossing
angle between the input beams. Furthermore, the angle between each of the sidebands and
beam?2 increased with increasing of the crossing angle between the two input beams.
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Fig. 2. (a) The spectra of the sidebands from S1 through ASS5 and of the two input beams when
the crossing angle between the two input beams was 1.87°. (b) Spectra of AS3 at crossing
angles of 1.40° 1.64° 1.87° 2.10° 2.34° and 2.57°. The photograph at the top of Fig. 2(a)
shows the sidebands on a sheet of white paper placed 30 cm after the glass plate when the
crossing angle between the two input beams was 1.87°. The first, second, and third spots from
the right edge are S1, beam2, and beam1, respectively.
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Fig. 3. Dependence of the angles between the generated sidebands and beam?2 ( with O order
number) on the order number of the sidebands when the crossing angle between the two input
beams was 1.40° 1.64°, 1.87°, 2.10°, 2.34°, and 2.57°. Order number -1 refers to S1, 1 refers to
AS1, and so on.

Regarding the cascaded FWM, the m-order sideband should obey the energy conservation
and momentum conservation laws [4]: (m+]1)o-m@y=wasm and Kasm—(ki—k2)=kasm-1),
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respectively. Here, 2 and 1 refer to the two input laser beams with @;>@,. ASm refers to the
generated m-order anti-Stokes sideband. As for m-order Stokes sideband, the energy
conservation and momentum conservation laws are (m+1) @-mo=wsy, and kgyn—(k,—k,)=ksm.
1, respectively. Based on this phase matching condition, the best phase matching was
achieved when the crossing angle was 1.9° in the experiment. This result accords with the
output power shown in Fig. 4(a). In the simulation, this phase mismatching on the Stokes side
is larger with the order number increasing. That is why there are less frequency down-shift
sidebands than frequency up-shift signals. These results are the same as that of Ref. [4].
Simulation shows the tunable spectral range and the order number are limited by the phase
matching condition [4]. In the experiment, both input pulses owe broader than 20nm spectrum.
Therefore, the best phase matching condition can be achieved at different crossing angle when
different frequency of the input pulses was taken part in the process. In this way, the spectrum
of the sideband is tunable by changing the crossing angle [11]. The tunable spectral range is
increased with the increasing of the order number.
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Fig. 4. (a) Dependence of the output power on the order number when the crossing angles
between the two input beams were 1.40° 1.87°, 2.10° and 2.57°. Order number -1 refers to S1,
1 refers to AS1, and so on. (b) The stand deviations of AS1 and beam1, as monitored over four
minutes, were 1.82% RMS and 0.97% RMS, respectively.

The output power of AS1 and S1 were 1.03 pJ and 1.05 pJ, respectively, when the crossing
angle between the two input beams was 1.87° and the input powers of beam] and beam2 were
9 mW and 20 mW, respectively. The output power of sidebands depends on the crossing angle
between the two input beams and the order number of the sidebands. Figure 4(a) graphs the
dependence of the output power on order number when the crossing angle between the two
input beams was 1.40°, 1.87°, 2.10° and 2.57°. The output power of S1 and AS1 decreased
rapidly as the crossing angle between the two input beams increased from 1.40° to 2.57°. For a
smaller crossing angle between the two input beams, say 1.40° the output power of the
sidebands decreased quickly with increasing order number. However, for a larger crossing
angle between the two input beams, for example 2.57°, the output power of the sidebands
slowly decreased as the order number increased. The energy conversion efficiency from the
two input beams to sidebands was about 10% when the crossing angle between the two input
beams was 1.87°. When the input power of beam2 was decreased to 15 mW, the output power
of AS1 decreased to about 0.95 pJ. As the input power of beam?2 increased to 30 mW, AS1
pulse energy as high as 1.15 pJ was obtained. Approximately the same power was obtained
for 20-mW input power of beam2 when a 2-mm-thick fused silica glass plate was used.
However, diffraction rings appeared around the output sidebands, reducing the beam quality
seriously. When a 0.5-mm-thick fused silica glass was used as a medium, the output power of
ASI1 decreased to about 0.5 pJ. The output power of beam2 did not change at all during the
cascade FWM process. The phenomenon indicates that the output power of the sidebands is
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not sensitive to the input power of beam2, in agreement with the result of a previous work
[15]. The power stability, as measured by the standard deviation of AS1 and beaml, was
monitored over the course of four minutes, giving 1.82% RMS and 0.97% RMS, respectively,
as shown in Fig. 4(b).

The pulse durations of S1, AS1, and AS2 were measured by generating cross-correlation
signals with beam3. The XFROG trace was then retrieved using commercial software from
Femtosoft Technologies. Figures 5(a) and 5(b) show the measured and retrieved traces of
S1when the crossing angle was 1.87°. The corresponding traces of AS2 are shown in Figs. 5(c)
and 5(d). The recovered intensity profiles and phases of AS1 and AS2 are depicted in Fig. 5(e)
with retrieval errors of 0.011888 and 0.0097389, respectively. The pulse durations of AS1 and
AS2 were thereby found to be 45 + 3 fs and 44+ 3 fs, respectively. Figure 5(f) shows the
recovered pulse profile and phase of S1 with a retrieval error of 0.0049263. The pulse
duration was 46t 3 fs. All of the generated sidebands have similar pulse duration. The
retrieved phase shows that there was some chirp in the pulses due to the small positive chirp
of the input pulses and the dispersion of the glass. Transform-limited sidebands may be
obtained when the input pulses have a small negative chirp to compensate the dispersion of
the glass.
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Fig. 5. (a) Measured and (b) retrieved XFROG traces of S1; (c) measured and (d) retrieved
XFROG traces of AS2 when the crossing angle was 1.87°. (e) Recovered intensity profiles and
phase of AS1 (solid line) and AS2 (dashed line) (f) Recovered pulse profile and phase of S1.

The spatial modes of the sidebands were measured using the CCD camera. All of the
sidebands have Gaussian spatial profiles even though the input beams have elliptical cross
sections. Figures 6(a) and 6(b) plot the two-dimensional spatial mode structure of S1 and
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AS3, respectively. Figure 6(c) shows the one-dimension spatial profiles of S1 and AS3. A
Gaussian fit curve to S1 is also shown in Fig. 6(c) and matches it well. The spot size of AS1
with a lens having a 700-mm focal length was measured to be less than 1.1 times the
diffraction limit. Weak diffraction-like rings around AS1 and AS2 were observed on a white
screen. Interestingly, beam?2 was focused and its spatial mode changed from elliptic to circular
in cross section during the process, accompanied by diffraction-like rings. Figures 6(d) and
6(e) show the two-dimensional spatial mode of beam2 when beaml was blocked and when
the input power of beaml was 20 mW, respectively. The resulting spatial mode improvement
may be due to the generation of multicolor solitons [19-20].
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Fig. 6. The two-dimensional spatial modes of (a) S1 and (b) AS3. (c) The one-dimensional
spatial profiles of S1 and AS3, together with a Gaussian fit to S1. The two-dimensional spatial
mode of beam2 (d) when beaml was blocked and (e) when the input power of beaml was 20
mW.

4. Conclusion

In conclusion, frequency up-shift and down-shift microjoule multicolor femtosecond pulses
were obtained at the same time by a cascaded FWM process in a fused silica glass plate.
Approximately 45-fs laser pulse resulted at around 950nm. The energy conversion efficiency
from the input beams to the sidebands was about 10%. The output powers, spectra, exit angles,
pulse durations, spatial profiles and stabilities of the sidebands were studied. The properties of
the generated sidebands will help people to choose the best parameters for various
experiments, for example multicolor pump-probe experiment. In principle, there is no
limitation to the output power as long as the input power is high enough owing to the size of
the glass can be large enough.
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