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Abstract We investigated the generation of cascaded four-
wave mixing (CFWM) sidebands by using two crossing
chirped femtosecond pulses with the same central wave-
length in tellurite glass (Te glass). Sidebands of broad-
band spectra, which contained non-degenerate and degen-
erate CFWM signals, were obtained at different delay time
between two input pulses. The CFWM sidebands observed
on different sides of input beams were flexibly controlled by
adjusting the delay time.

1 Introduction

In this decade, the laser pulse generation of ultra-broadband
spectrum and ultrashort duration became a hot research spot
[1, 2]. Since the first observation of the non-degenerate cas-
caded four-wave mixing (CFWM) in femtosecond timescale
in BK7 glass [3], the technique of generating wavelength-
tunable multicolor ultrashort laser pulses has been well de-
veloped. The CFWM signals were generated by using two
femtosecond laser pulses with different frequencies inter-
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acting in a x® medium. A small crossing angle between
two incident beams was employed to compensate for the
phase mismatch which was introduced by the high ma-
terial dispersion in the solid-state media. These tunable
multicolor ultrashort pulses can be used in many fields,
such as multicolor pump—probe experiments [4, 5], fem-
tosecond coherent anti-Stokes Raman spectroscopy (CARS)
[6, 7].

Recently, broadband CFWM signals have been exper-
imentally generated in sapphire plate [8] and fused silica
[9-12]. The frequency up-shifted (down-shifted) CFWM
signals appeared on the side of the incident beam with
higher (lower) frequency. The sideband spectra could be
tuned by changing the crossing angle of the two input
beams. However, the incident femtosecond laser pulses
used in the previous experiments were pulse-compressed
and of different central wavelengths, as less research was
done on the state of employing chirped femtosecond laser
pulses with the same central wavelength. On the condition
of two chirped femtosecond laser pulses with equal cen-
tral wavelength, the wavelength components interacted in
CFWM may be controlled by varying the delay time be-
tween two incident pulses. The spectra of CFWM sidebands,
which may contain non-degenerate and degenerate compo-
nents, could be flexibly controlled by adjusting the time de-
lay.

In this paper, we investigate the generation of the laser
pulses with broad spectral bandwidth by using two chirped
femtosecond laser pulses with the same central wavelength
in tellurite glass (Te glass). The generation of CFWM side-
bands was flexibly controlled by adjusting the delay time
between two input pulses. The sidebands containing non-
degenerate and degenerate CFWM signals at different delay
times help us to conveniently select the laser pulses with dif-
ferent wavelengths.
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2 Experiments

The non-resonant type homogeneous Te glass sample with
composition 80TeO;—-10ZnO-10Na;O was prepared by
conventional melt-quenching method. Reagent chemical
powders with purity >99.9 % were precisely weighed up,
homogeneously mixed in a glass bottle, melted in a golden
crucible at about 800 °C for 1 h, poured onto a brass
mold at 220 °C, annealed at 259 °C for 8 h, and then
slowly cooled down to room temperature. The Te glass
sample was polished to a 1-mm thickness. The nonlinear
refractive index n, of the Te glass was measured to be
~10~1 c¢m?/W [13]. The linear transmission spectrum of
the Te glass showed that the absorption edge was located at
about 380 nm and provided excellent transparency from 0.4
up to 6.1 um [14].

In the experiments, a femtosecond pump—probe arrange-
ment was employed, as described elsewhere [15]. The multi-
pass amplified Ti:sapphire laser system produced pulses
with the pulse duration of 30 fs, a central wavelength of
800 nm, and a repetition rate of 1 kHz. The output beam was
split into two relatively delayed parts, beam 1 and beam 2.
The two beams were focused onto the Te glass by a lens
with the focal length of 300 mm at a small angle of 2.8°.
A time-delay device, which was controlled by a computer,
was used to adjust the timing of pulse collisions. The de-
lay time Ar between the two pulses was calibrated using
the autocorrelation signal from second-harmonic generation
(SHG) in a 1-mm-thick BBO crystal. The full width at half
maximum (FWHM) of the incident pulse was about 260 fs
at the position of the sample. The beam diameters of beam 1
and beam 2 on the sample were both about 300 um, which
were measured using knife-edge method. The input power
of beam 1 and beam 2 was 8 and 6.5 mW, respectively. In
the experiments, no supercontinuum was detected, and the
effect of supercontinuum generation on our experimental
results could be excluded. The intensity and spectral pro-
file of the signals were detected by a photomultiplier tube
(PMT) and an optical multi-channel analyzer (OMA), re-
spectively.

3 Experimental results and discussion

Two femtosecond laser pulses with different wave vectors
e o
(ky, ky, and k| > k) interacted in x * medium at a small
angle, the frequency up-shifted CFWM signals appeared on
%
k| side, and the frequency down-shifted CFWM signals ap-
%

peared on k5 side. The phase matching condition of the first-
order frequency up-shifted CFWM signal (with wave vector

i 10 - =
K1) was described by kT =2&! — k). The higher
mth-order frequency up-shifted CFWM signals obeyed the
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following off-axis phase match condition [3, 16]: k{+’"t ) —

m-Dth |, 777 - -
k| + ky — ky & (m + 1) k; — mk,. The first-order
frequency down-shifted CFWM signal (with wave vector

— —_ - =
K19y was described by k7 =2k, — K|. By using
the chirped femtosecond laser pulses with the same central
wavelength, abundant pairs of (?, ;;) could be obtained
at different delay times between two input pulses. Thus,
the CFWM sideband generation can be controlled by ad-
justing the delay time. In our notation, positive (negative)
delay time At corresponds to beam 2 (beam 1) preceding
beam 1 (beam 2), and At = 0 fs denotes the complete in-
cident pulses overlap. The frequency up-shifted CFWM sig-
nals appeared on beam 1 side when the delay time was nega-
tive, while on beam 2 side when the delay time was positive.
The background-free time-integrated signal (the total en-
ergy) in the direction of the first-order CFWM signal on
beam 1 side as a function of the delay time At was mea-
sured, as shown in Fig. 1(a). The result showed a three-
peak structure profile, in which the peaks appeared at the
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Fig.1 (a) Dependence of time-integrated signal in the direction of the
first-order CFWM signal on the delay time At between pulse 1 and
pulse 2. (b) The synchronized spectra obtained by varying the delay
time
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delay time of about —310, 0, and +310 fs, respectively. The
peaks appearing at —310 and +310 fs were attributed to the
first-order frequency up-shifted and down-shifted CFWM
signals on beam 1 side, respectively. The peak around O fs
was attributed to the generation of the first-order degenerate
CFWM signal on beam 1 side. The dominant mechanism
and characterization of the sideband generation at the three
delay times will be described below.

Figure 1(b) shows the synchronized spectra by varying
the delay time. The central wavelength moves from about
730 to 880 nm as the delay time is varying from —500
to 4400 fs. When the delay time of two incident pulses
was larger than 200 fs, the obtained signals were the non-
degenerate CFWM signals, whose spectra were out of the
range of incident pulses. When the delay time was smaller
than 200 fs, the degenerate processes became the dominant
mechanism to generate the sideband signals. The spectra of
degenerate CFWM signals were around 800 nm, which was
the central wavelength of the incident pulses. By employing
the non-degenerate and degenerate CFWM, the spectral tun-
ing range extended from 710 to 890 nm in this direction. It
would be expected that the non-degenerate and degenerate
CFWM signals would also be obtained in the direction of
the first-order signal on beam 2 side.

Figure 2(a) shows the photograph of the sideband sig-
nals, in which the delay time between two incident pulses
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Fig. 2 (a) Photograph of CFWM signals at the delay time
At = =310 fs. (b) Normalized spectra of the sideband signals of
L1-L7 on beam 1 side, L-1 on beam 2 side, and transmitted differ-
ential spectra of beam I and beam 2

was Ar = —310 fs. Seven spots were simultaneously ob-
served on beam 1 side (denoted as L.1-L.7) and one spot was
observed on beam 2 side (denoted as L-1). L1-L7 were fre-
quency up-shifted CFWM signals and L-1 was a frequency
down-shifted CFWM signal. The wavelengths of the CFWM
signals are shown in Fig. 2(b), in which we can see that
the higher order signal on beam 1 side has a shorter central
wavelength. The transmitted differential spectra of beam 1
and beam 2 are also shown in Fig. 2(b), which are the differ-
ences between the transmitted spectra of one incident beam
(beam 1 or beam 2) with and without the other incident beam
(beam 2 or beam 1). A valley at 776 nm for beam 1 and an-
other valley at 818 nm for beam 2 are observed, manifest-

— —
ing that the corresponding central wavelengths of k| and k)
were located at 776 and 809 nm, respectively. The central

—_
wavelength of L-1 (k{™"") was 852 nm.

When the delay time between two incident pulses was
positive, the frequency up-shifted CFWM signals were ob-
served on beam 2 side, while the frequency down-shifted
CFWM signal appeared on beam 1 side. Figure 3(a) shows
the photograph of CFWM signals, which was taken at the
delay time of +310 fs. The spectra of the sideband and
the transmitted differential spectra of beam 1 and beam 2
are shown in Fig. 3(b). The central wavelengths of pri-

N
mary interacting pairs (k}, k3) for this time scale were 829
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Fig. 3 (a) Photograph of CFWM signals at the delay time
At = 4310 fs. (b) Normalized spectra of the sideband signals of
R1-R6 on beam 2 side, R-1 on beam I side, and transmitted differ-
ential spectra of beam I and beam 2
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Fig. 4 Spectrum of the first-order degenerate CFWM signal (kflsg))

on beam 1 side. The inset shows the photograph of degenerate CFWM
signals. The delay time At between two incident pulses was O fs

and 783 nm, which were different from that at a nega-
tive delay time of —310 fs. Therefore, the spectra of fre-
quency up-shifted signals obtained at +310 fs (R-series)
were different from those obtained at —310 fs (L-series).
On beam 1 side, the first-order frequency down-shifted
CFWM signal was observed and its central wavelength was
859 nm.

There were much more frequency up-shifted CFWM sig-
nals than the frequency down-shifted signals at the two mea-
sured delay times. The asymmetric pattern on two sides was
limited by the asymmetric phase mismatch condition [3].
The overall energy conversion efficiency from the incident
beams to the sidebands reached more than 5 %.

When the two incident laser pulses with the same wave-
lengths overlapped temporally and spatially in the Te glass,
the degenerate CFWM processes became the dominated
mechanism to generate the sideband signals, which can be
called self-diffraction signals [17-22]. Figure 4 shov@)e

spectrum of the first-order degenerate CFWM signal (k}lSt))

1
on beam 1 side. The central wavelength of k§ ' was lo-

cated at 795 nm with FWHM of 35 nm. When the degen-
erate CFWM process was generated by off-axis pumps, the
wave Vecto_r) of the first-order degenerate CFWM _s)ignal was
given by | k| x o/[1 +4 x (1 —cos)], where | k | was the
amplitude of both pumps (with the same wavelengths) and 6
was the angle between the two crossing pumps. The central
wavelength blue-shift of the first-order degenerate CFWM
signal was observed. The inset of Fig. 4 shows the photo-
graph of degenerate CFWM signals taken at the delay time
of 0 fs. We can see that two spots appeared on both sides of
incident beams. The distribution of degenerate CFWM sig-
nals presented symmetric pattern, which was different from
that of non-degenerate CFWM condition.
Wavelength-tunable laser pulses with broad-bandwidth
were generated by using two chirped femtosecond laser
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pulses with same central wavelength in Te glass. Wide
spectral tuning range was obtained in the direction of the
first-order degenerate CFWM signal by controlling the de-
lay time between two incident pulses. The generation of
CFWM sideband was flexibly controlled by adjusting the
delay time. The frequency up-shifted laser pulses appeared
on beam 1 (beam 2) side when the delay time was neg-
ative (positive). The multicolor sidebands may be used
in many fields, such as multicolor pump—probe experi-
ments.

4 Conclusion

We investigated the generation of wavelength-tunable laser
pulses with broad-bandwidth by using two chirped fem-
tosecond laser pulses with same central wavelength in
Te glass. Non-degenerate and degenerate CFWM signals
were obtained in the same direction at different delay
times. The CFWM sideband generation was flexibly con-
trolled by adjusting the delay time between two incident
pulses.
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