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The generation of multicolored sidebands with the spectrum from 377 to 970 nm in a 0.5-mm-thick N-WG280
Schott glass based on a cascaded four-wave mixing (CFWM) process is demonstrated. The experimental setup
is compact and economical. A pulse with a broadened spectrum from 670 to 900 nm is generated by utilizing
two 0.18-mm-thick fused silica glass plates and is used to provide two input beams for the CFWM process.
The new frequency components generated from the self-phase modulation effect in the two thin glass plates con-
tribute to the broadening of the total spectral range of the generated multicolored sidebands. © 2015 Chinese
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1. INTRODUCTION

The generation of multicolored femtosecond sidebands with
central wavelengths from the UV to near-IR in bulk solid-state
media by using cascaded four-wave mixing (CFWM) has been
well explored since the 2000s [1-16]. In comparison with
the well-developed noncollinear optical parametric amplifier
(NOPA), the CFWM process can generate multicolored femto-
second sidebands at different wavelengths simultaneously
[17]. In the CFWM process, when two input beams at different
central wavelengths are focused on a thin transparent bulk
medium with a small crossing angle, multicolored sidebands
will be appeared on both sides of the incident beams. The cen-
tral wavelengths of the generated multicolored sidebands can
be tuned by changing the crossing angle or delay time of the
two input beams. These wavelength-tunable multicolored ul-
trashort laser pulses have potential applications in femtosec-
ond spectroscopy and microscopy [18,19]. To achieve as many
multicolored sidebands and as broad spectra of the sidebands
as possible, it is necessary to have two broadband input pulses
with appropriate central wavelengths. The generation of
multicolored sidebands directly after a broadband Ti:sapphire
amplifier seems to be simple [1,2]. However, in most cases, the
spectrum of the output pulse from a laser system directly is
not broad enough. In this case, NOPA [3,4], a hollow fiber
compression system [5-8], supercontinuum generation in a
thick sapphire plate [9-11], self-phase modulation (SPM) in
a thick glass [12], or filamentation in air [13] is adopted to ex-
tend and broaden the spectrum of the incident pulse for the
CFWM process. Among them, SPM in a thick glass [12] seems
to be the simplest method. However, the spectrum is not well
broadened in that case due to the self-focusing effect in thick
glass. Recently, separated multiple thin plates were used to
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broaden the spectrum of intense femtosecond laser pulses,
and the output after the plates had a broadband spectrum
and a nice spatial mode [20]. This kind of spectral broadening
method would be attractive in the CFWM process with a
narrowband input pulse. On the other hand, many bulk media
have been used for multicolored sideband generation, such as
tellurite glass [1], sapphire plate [2,5,13], BK7 glass [3,11],
PbWO, [4], beta-barium borate (BBO) [6,9,10], fused silica
glass [7], and diamond plate [8,12]. A transparent bulk medium
with higher third-order nonlinearity can extend the CFWM
process to the condition with a limitation of input
intensity.

In this paper, two separated 0.18-mm-thick fused silica
plates are used to broaden the spectrum of a 35 fs incident
pulse at 806 nm (760-840 nm) from a Ti:sapphire amplifier.
A broadband spectrum from 670 to 900 nm is generated with
this compact and economical setup. Moreover, a 0.5-mm-thick
N-WG280 Schott glass, which has higher third-order nonlinear
susceptibility in comparison with normal glasses, is used as
the nonlinear medium for generation of multicolored side-
bands. As a result, the generated sidebands have a broad spec-
trum range that extends from 377 to 970 nm. The result proves
that the use of separated multiple thin plates to broaden the
spectrum of incident pulses is an effective way in the CFWM
process to generate multicolored sidebands for a narrow
bandwidth incident pulse.

2. EXPERIMENT

The experimental setup for multicolored sideband generation
is shown in the Fig. 1. A Ti:sapphire femtosecond laser
(Legend Elite, Coherent), which delivers 35 fs, 806 nm laser
pulses at a repetition rate of 1 kHz, is used in the experiment.

© 2015 Chinese Laser Press
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Fig. 1. Schematic of the experimental setup. CM1, CM2, chirped mir-

rors; VNDF, variable neutral density filter; DM, dichroic mirror; GP,
0.5-mm-thick N-WG280 Schott glass plate.

The input beam is focused and then collimated by two spheri-
cal lenses (SLs) with focal lengths of 700 and 300 mm. Two
0.18-mm-thick fused silica plates are placed around the waist
of the focused beam to generate intense spectrum-broadened
pulses. The central zone of the generated ring-structured
beam after the two thin fused silica plates is isolated by an
iris aperture. Two chirped mirrors are used to compensate
for the dispersion of the pulse. There are three bounces on
each chirped mirror and each bounce would provide a disper-
sive compensation of —40 fs2. After being focused by a third
SL with focal length of 1000 mm, the beam is split by a dichroic
mirror with cutoff wavelength of 800 nm. The reflected part
(hereafter referred to as beaml) with wavelength above
800 nm is sent to a delay line and finally overlapped with the
transmitted part (hereafter referred to as beam2) with wave-
length shorter than 800 nm on a 0.5-mm-thick N-WG280 Schott
glass plate placed around the focus of the third SL. The energy
per pulse of beaml and beam2 after passing through the
N-WG280 Schott glass plate are 7.1 and 22.6 uJ, respectively,
monitored by using a silicon sensor powermeter (PM100D,
Thorlabs), and the beam diameters on the N-WG280 Schott
glass are 200 and 250 pm, respectively, measured by a CCD
camera (BC106-VIS, Thorlabs).

3. RESULTS AND DISCUSSION

The energy of the pulse incident on the first 0.18-mm-thick
fused silica plate is 121 pJ and decreases to 43 pJ after the
iris aperture. By carefully controlling the position of the
two thin plates around the beam waist, the beam exiting from
the second thin fused silica plate acquires a bright round cen-
tral zone surrounded by multiple red rings, as shown in the
inset of Fig. 2. The fused silica plates are so thin that the pulse
can exit the plates before the occurrence of adverse effects
such as multiple filamentation and optical damage [20]. The
generated broadband laser spectrum extends from 670 to
900 nm, as measured by a spectrometer (USB4000, Ocean
Optics) with integration time of 100 ms after the iris aperture.
From the comparison of the spectra before and after the thin
fused silica plates in Fig. 2, it is obvious that the broadening
of the spectrum is effective and the central wavelength is a
little blueshifted. In addition, Fig. 3(a) exhibits the measured
spectral stability of the broadened spectrum in half an hour.
The stabilities of the spectral intensity at the 750, 800, and
850 nm are shown in Fig. 3(b) and their standard deviations
are 5.9% RMS, 1.5% RMS, and 5.5% RMS, respectively. It needs
to be noted that the output laser power stability from our
Ti:sapphire system is about 0.75% RMS right now. A more
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Fig. 2. Spectra of the pulse before and after the two thin fused silica

glass plates. The inset is a photograph showing the ring-structured

beam projected on a white paper behind the second thin fused silica
glass plate.

stable broadened spectrum is expected to be obtained with
better incident laser parameters [20]. The intense pulses with
broadband spectra are good sources for multicolored side-
band generation based on CFWM.

Colorful sidebands emerge when the input pulses are over-
lapped spatially and temporally by adjusting two reflective
mirrors before the N-WG280 Schott glass and varying the de-
lay line. Since the spectra of beaml and beam2 are broad
enough, frequency components originating from SPM in two
thin fused silica plates can be chosen to participate in the
CFWM process by carefully adjusting the crossing angle.
When beaml and beam2 have a crossing angle of 3° in air,
the multicolored CFWM sidebands are generated and pro-
jected on a white sheet of paper and a near-IR card that
are placed 300 mm after the N-WG280 Schott glass plate,
as Fig. 4(a) shows. More than nine frequency upconversion
(FUC) sidebands on a white paper and one frequency down-
conversion (FDC) sideband on a NIR card can be observed.
The colors of the sidebands change gradually from red to deep
blue. The higher order FUC sidebands are spatially well sep-
arated, but relatively smaller and weaker. When we remove
the two 0.18-mm-thick fused silica plates for spectral broad-
ening, only a few weak sidebands are generated. Even though
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Fig. 3. (a) Spectral stability of the broadened spectrum in half an
hour. (b) The spectral intensity stabilities at 750, 800, and 850 nm
in half an hour.
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Input beams

Fig. 4. (a) Photo of the multicolored sidebands when two thin fused
silica plates are used to broaden the spectrum and an N-WG280 Schott
glass is used as the nonlinear medium. (b) Photo of the sidebands
when the two 0.18-mm-thin fused silica plates for spectral broadening
are removed and the input power is increased. A NIR card is placed on
the left of the input beams.

the input power is increased to generate more sidebands, as
shown in the Fig. 4(b), the color change of the sidebands is
barely recognized, which indicates a narrow total spectral
range of the sidebands. As a result, the spectrum broadening
in two thin fused silica glass plates is important in multicol-
ored sideband generation for a narrow bandwidth incident
pulse. We also use a 0.5-mm-thick CaF; plate, which has a rel-
atively lower third-order nonlinear susceptibility, to substitute
the N-WG280 Schott glass and maintain the same input power.
The color of the sidebands is weakened, and no more than
three sidebands are generated. This result indicates the use
of an N-WG280 Schott glass with a higher third-order nonlin-
ear susceptibility makes it possible to generate multicolored
femtosecond pulses with low input intensity, which would be
useful when the incident pulse energy is limited.

The spectra of the input beams and the separated CFWM
sidebands generated in the N-WG280 Schott glass plate with
crossing angle of 3° in air and shown in Fig. 4(a) are picked up
by using a spectrometer (USB4000, Ocean Optics), as shown
in Fig. 5. The spectrum range of the sidebands extends from
377 to 970 nm, which is comparable with the multicolored
sideband generation when a hollow fiber compression system
is used [6-8]. Each spectrum of the shown sidebands has a
nice Gaussian-like spectral profile, even though the spectra
of the input beams are modulated because of the SPM
process. The full width at half-maximum (FWHM) spectral
bandwidths of the sidebands decrease from 47 to 8 nm with
the increase of the order number of the sidebands. The
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Fig. 5. Spectra of input beams and the generated sidebands. The nine
spectra on the left side belong to the FUC sidebands and the spectrum
on the right side belongs to the FDC sideband. The spectra of the input
beams are represented by the dotted lines.

400 500 600 700 800 900 1000
Wavelength(nm)

Wang et al.

o 03
630 045
e o
E o00p =
g
1=
5 %0 e 5
2
5 so0 °
s : 9
£ asof = o
LEs o
© 400 2
o
=}
55 ; ‘ ‘ ; :
ucl ucz  ucs uca  ucs ucs uct

Sidebands

Fig. 6. Central wavelengths of the sidebands change with the cross-
ing angle.

carrier-envelope phase (CEP) of each sideband is stable
if only the original driving pulse from the amplifier is CEP
stabilized.

The output powers of the generated sidebands are moni-
tored by using a silicon sensor powermeter (PM100D,
Thorlabs). The energy of the first-order FUC signal reaches
0.121 pJ and its standard deviation is 2.6% RMS in 7 min.
By controlling the fluctuation of temperature and air flowing
in our laboratory carefully, the stabilities of the sidebands
should be improved. By measuring the powers of beaml
and beam?2 before and after multicolored sideband generation
after the N-WG280 Schott glass plate, the energy conversion to
the sidebands is calculated to be about 1%. The limited energy
of the new frequency components originating from the SPM
process lead to the relatively lower energy conversion in
the present proof-of-principle experiment.

In the CFWM process, the phase-match condition should be
satisfied: (m + 1) wy — mw, = wpyy, and kpy,, — (ks — k) =
krtm-1)- Inthe equations, k; and k, are wave vectors of beaml
and beam?2 with respective angular frequencies of w; and ws,
while kg, and kpg,-1) are wave vectors of the generated
mth-order and (m - 1)th-order FUC sidebands. The central
wavelengths of the FUC sidebands from the first order to the
ninth order are calculated to be 647, 591, 544, 504, 469, 439,
413, 389, and 368 nm, which are in good accordance with the
experimental results.

Since the input beams have broadband spectra, the fre-
quency components involved in the CFWM process can be
chosen by changing the crossing angle. When we increase
the crossing angle to 4.5° in air, fewer sidebands are gener-
ated. However, the central wavelengths of the sidebands are
obviously changed, as shown in the Fig. 6.

4. CONCLUSION

In summary, we have demonstrated the generation of multi-
colored sidebands with spectra from 377 to 970 nm in a
0.5-mm-thick N-WG280 Schott glass based on the CFWM proc-
ess. The SPM process in two 0.18-mm-thick glass plates is
used to broaden the spectrum of an intense laser pulse and
make the experimental setup compact and economical. This
method can be extended to other wavelengths with narrow
bandwidths. The generated sidebands have potential applica-
tions in many fields, such as femtosecond spectroscopy and
microscopy [11].
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