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Tunable sideband laser from cascaded four-wave mixing in thin glass
for ultra-broadband femtosecond stimulated Raman spectroscopy
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We demonstrate the generation of broadband up-converted multicolor array (BUMA) in a thin BK7
glass slide using two noncollinear weak near-IR laser pulses with various crossing angles. The
BUMA signal arises from cubic nonlinear v(3):v(3) processes via cascaded four-wave mixing of the
two incident beams. Broad and continuous tunability of BUMA is simply achieved by varying the
time delay between the two pulses. We implement one of the BUMA sidebands as the probe pulse
for femtosecond stimulated Raman spectroscopy and collect a solvent mixture anti-Stokes Raman
C 2013 AIP Publishing LLC.
spectrum with an ultrabroad detection range of ca. 100–4000 cm1. V
[http://dx.doi.org/10.1063/1.4817915]

Ultrafast spectroscopy is a powerful technique to study
electronic and vibrational dynamics in the fields of photochemistry, photophysics, and photobiology.1–5 To investigate
molecular dynamics on their intrinsic timescales, i.e., femtoseconds (fs) to picoseconds (ps), the laser pulses utilized
must have shorter duration than the response time of the dynamics of interest. Therefore, ultrabroad wavelength-tunable
laser pulses with duration less than 20 fs (i.e., a typical
chemical bond vibrational period) are extremely useful. The
noncollinear optical parametric amplification (NOPA) with
v(2)-based second harmonic generation is one of the dominant ways to generate tunable fs lasers.6 In another approach
using two crossing fs laser pulses in various optically anisotropic and isotropic media, a multicolor angularly separated
array from UV to near IR was obtained from the v(3)-based
cascaded four-wave mixing (CFWM) processes.7–12 The
wavelength tunability was achieved via changing the crossing angle (a) between the two incoming beams. Recently, we
have demonstrated a convenient and versatile method to generate tunable multicolor lasers in a thin anisotropic medium
such as BBO by two weak near-IR beams.11,13 Broadband
frequency up-converted multicolor array (BUMA) signals
from 350 to 800 nm are readily tuned through varying the
time delay between an 800 nm fundamental pulse (FP) and a
positively chirped near-IR pulse or rotating the crystal to
achieve various phase-matching conditions (PMCs).13
In this letter, based on our previous work,11,13 we demonstrate a more flexible and cost-effective approach to generate BUMA sideband lasers in a thin (0.15 mm thickness)
BK7 glass slide. The main difference from literature on
amorphous materials is that (a) our BUMA signals arise
from two weak near-IR pulses from commercially available
fs laser amplifiers; (b) wavelength tunability is achieved by
simply varying the time delay between the two incident
pulses; (c) ultrabroad bandwidth (ca. 1000–1600 cm1) is
obtained. We implement the first-order sideband as the probe
pulse in femtosecond stimulated Raman spectroscopy
a)
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(FSRS) with a narrowband 800 nm Raman pump14–17 and
successfully collect the anti-Stokes Raman spectrum of an
organic solvent mixture spanning the ultrabroad frequency
range of 100–4000 cm1.
The experimental setup for BUMA generation13 is
depicted in Fig. 1(b). In brief, 50 mW of the 800 nm
fundamental output with 35 fs pulse duration and 1 kHz repetition rate from a mode-locked Ti:sapphire laser amplifier
(Coherent Legend Elite) is split into two parts by a beamsplitter. About 10 lJ of the FP is focused onto a 2-mm-thick
sapphire plate to generate a super-continuum white light
(SCWL); its near-IR part (>810 nm, 200 nJ/pulse) is
selected with a longpass filter. The other FP arm is attenuated by an iris and a variable neutral density filter to 8 lJ/
pulse. The two beams are loosely focused by an f ¼ 10 cm
concave mirror on a 150-lm-thick BK7 glass slide. The
diameters of both beams on the glass surface are 200 lm
(near normal incidence). The crossing angle is tuned 2 –10
using a reflective mirror on a translation stage. The wavelengths of different-order sidebands are measured by an
Ocean Optics spectrometer. For FSRS, we use a home-built
spectral filter consisting of a 1200 grooves/mm, 750 nm
blaze reflective diffraction grating, and a 90 lm width mechanical slit to generate the Raman pump (10 cm1 bandwidth and 3.5 ps pulse duration).15 The first-order BUMA
sideband is selected and made noncollinear with the Raman
pump before being focused on the 5-mm-thick quartz sample
cell by an f ¼ 10 cm fused silica lens. After the solvent sample, the probe beam carrying the stimulated Raman signal is
re-collimated and focused into the spectrograph with a 600
grooves/mm, 1000 nm blaze grating. The dispersed signal is
collected by a CCD camera (Princeton Instruments, PIXIS
100F), synchronized with the laser to achieve shot-to-shot
spectral acquisition.
When the FP and IR-SCWL pulse are temporally and spatially overlapped on the thin BK7 glass, cascaded multicolor
sidebands emerge on the FP side [Fig. 1(a)]: five frequency upconverted sidebands are identified with good spatial separation. Only one frequency down-converted sideband appears on
the SCWL side due to its weak energy (0.2 lJ/pulse), and the
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rapid increase of the wavevector mismatch with the beam
order, leading to the observed asymmetry.9,10 The inset of
Fig. 1(a) shows an enlarged photograph of the FP spot past the
glass, and two satellite laser spots manifest on both sides of
FP. Their center wavelength are measured to be 270 nm, possibly due to third-harmonic generation processes occurring on
the glass-air interface because bulk glass strongly absorbs UV
light.18 Characterization of these UV sidebands will be
reported soon.19
For CFWM processes, the multicolor sideband signals
generated by the FP and SCWL pulse are determined by the
energy conservation relation, xþm ¼ ðm þ 1Þx1  mx2 , and
the PMC, k~þm ¼ ðm þ 1Þk~1  mk~2 , where m ¼ 1, 2 … is the
beam order, and k~þm , k~1 , k~2 is the wavevector of the sideband, FP, SCWL, respectively. The crossing angle a-dependent wavevector magnitude of the up-converted sidebands
according to noncollinear geometrical PMCs is given by9,11

kþm ¼

 12
a
½ðm þ 1Þk1 þ mk2   4mðm þ 1Þk1 k2 cos
:
2
(1)
2

2

The normalized spectra of the BUMA signals generated at
a ¼ 7 and 4 are shown in Fig. 2(a). In contrast to previous
reports,9,20,21 these sidebands all have ultrabroad bandwidth
(>1000 cm1), corresponding to the Fourier transform-limited
pulse duration of <15 fs if assumed Gaussian pulse shape. We
attribute the BUMA observation to (1) the broadband incident

FIG. 1. (a) Photograph of the CFWM signals generated in a 0.15-mm-thick
BK7 glass slide. Up to 5 BUMA laser sidebands can be observed on
the stronger FP side. (b) Schematic of the experimental setup. CM1–3 are
Ag-coated concave mirrors, M1–3 are plane mirrors, VNDF is variable neutral density filter (OD ¼ 0–2), SP is 2-mm-thick Z-cut sapphire crystal plate,
and LPF is longpass filter. The photograph of the UV sidebands on both
sides of FP is shown as an inset.

pulses, particularly the SCWL, that support PMC at each cascaded step using the appropriate wavelength component; (2)
the thinness of medium that guarantees small enough material
dispersion; and (3) an optimized crossing angle wherein the
PMCs are satisfied over a broad bandwidth for BUMA generation.22 Fig. 2(b) shows the calculated BUMA wavelengths at
a ¼ 7 from Eq. (1), with the SCWL center wavelength set at
880 nm that experimentally achieves the brightest BUMA
signals. This is calibrated by replacing the glass slide with a
0.1-mm-thick BBO crystal (type I, h ¼ 27.8 ), and measuring
the wavelength of the sum frequency generation (SFG) signal
in situ (see below). The figure shows good consistency
between theory and experimental data.
A notable feature in augmenting BUMA application
potentials is the broadband tunability, denoted by doublearrowed lines in Fig. 2(b) for Sþi (i ¼ 1–3). It is readily
achieved by varying the time delay between the two incident
pulses. Fig. 3(a) shows time-dependent BUMA photographs
with a ¼ 4 , accompanied by continuous and transverse
change of the sideband angular dispersion. This represents a
convenient way to separate out the desired sideband laser for
spectroscopic implementation. Fig. 3(b) shows the normalized spectra of the first (Sþ1) and second-order (Sþ2) sidebands with a ¼ 7 and 4 within 150 fs delay time between
FP and SCWL. The Sþ1 integrated intensity shows a temporal profile with 80 fs fwhm (results not shown), consistent
with the cross correlation between FP and SCWL in a
0.1-mm-thick BBO crystal.13 The Sþ1 sideband at 7 is tunable from 580 to 780 nm, while the higher-order Sþ2

FIG. 2. (a) Normalized spectra of the generated BUMA sidebands in BK7
glass with crossing angles of 7 and 4 between the two incident beams.
They are labeled as Sþi (i ¼ 1, 2, 3…), i is the beam order. (b) Center wavelengths of different orders of CFWM sidebands: red filled circles, experimental data; open circles, calculation results based on the interacting 800 nm
FP and the 880 nm component of the IR-SCWL pulse with a crossing angle
of 7 . The experimental broadband tunability of the first three sidebands is
represented by double-arrowed vertical lines.

061110-3

Zhu, Liu, and Fang

manifests a blueshifted tunable range of ca. 500–720 nm. At
a ¼ 4 and 10 (data not shown), fewer sidebands and
narrower tunability are observed. The 7 crossing angle is
larger than the optimized interaction angle of 2.9 found in a
similar BK7 glass.9 In difference from the 618 and 561 nm
visible pulses used therein, we employ two near-IR pulses
that likely contribute to the different optimized crossing
angle observed here.23
The bandwidths of time-dependent Sþ1 and Sþ2 signals
at a ¼ 7 and 4 within 150 fs time delay are plotted in Fig.
4(a). These sideband lasers can be continuously tuned from
500 to 780 nm, wider than the typical NOPA tunable range
in the visible (490–720 nm).6 Furthermore, the Sþ1 and Sþ2
bandwidth at a ¼ 7 supports temporal compressibility
<15 fs. The typical Sþ1 pulse duration was measured via
cross correlation with another time-delayed weak FP beam
and is 75 fs, which resembles the SCWL pulse duration
(80 fs).13 The chirp structure of the sideband is thus
derived from the inherent chirp of the SCWL and can be
compensated by prism compression. As the sideband is tuned
toward the blue, the bandwidth further increases. To understand this trend, we evaluate the wavevector mismatch
between the exactly phase-matched beam calculated in the
noncollinear geometry [Eq. (1)] and the cascaded beam due
to energy conservation. From the latter relation, the sideband
wavevector in vacuum k ¼ x=c, and c is the velocity of
light. The wavevector magnitude in Eq. (1) is given by
k ¼ 2p  nðkÞ=k, wherein nðkÞ is the wavelength-dependent
refractive index in glass. The observed trend is qualitatively
consistent with a BUMA phase-mismatch calculation that at
a shorter center wavelength the material dispersion is better
compensated by the noncollinear geometry, so broader bandwidth is achieved.9
In order to determine the exact spectral component of
the positively chirped SCWL interacting with FP to generate
the observed BUMA, we measure the center wavelengths
of the first two sidebands through the entire tunable range.

FIG. 3. (a) Photographs of the BUMA signals at different delay time
between the fundamental and IR-SCWL pulses with the crossing angle of
4 . Beams are labeled at the bottom. (b) Normalized Sþ1 and Sþ2 spectra at
different delay time with the crossing angles of 7 and 4 , respectively. The
sideband tunability is crossing-angle-dependent while maintaining the broad
bandwidth.
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At each time delay, the experiment condition is kept while
the thin BBO is switched into the setup instead of the BK7
glass. The SFG signal wavelength is measured. Given that
FP is centered at 800 nm, the SCWL component that coincides with FP can thus be derived. As shown in Fig. 4(b),
calculations based on Eq. (1) reproduce the wavelength variation of both Sþ1 and Sþ2 at a ¼ 7 due to the interaction
between FP and the specific spectral component of SCWL
via tuning the time delay. In other words, the time separation
between various spectral components in the chirped SCWL
gives rise to the temporal tunability of BUMA. When the
redder component of SCWL is used, the observed sideband
center wavelength is bluer than the calculated value. The
reason is that FP is a fs pulse with 31 nm bandwidth, so
wavelength components other than 800 nm (i.e., the monochromatic value used for FP in the PMC equation) may contribute. Moreover, when taken into account the ultrafast
pulsed nature of the two input beams, a more precise description involving integral of the FWM nonlinear polarization
density results in a blueshift of the computed signals.10
The BUMA sidebands generated via nonresonant CFWM
processes are ultrabroad and stable,13 showing a power stability
of 1.5% RMS over a typical time period of 1 h. The intensity
of the sidebands is in the vicinity of 50 lW, so they can be
used as the probing light covering a wide spectral range (visible
to near IR) in ultrafast spectroscopy. In contrast, the conventional SCWL in sapphire covers ca. 500–950 nm24–26 but
cannot produce stable and ample photons in the visible to near
IR to generate FSRS signals across a broad spectral window

FIG. 4. (a) Bandwidths of the delay-time-dependent Sþ1 and Sþ2 spectra
shown in Fig. 3(b) versus their center wavelength at each time delay. The
corresponding Fourier transform-limited time duration is plotted on the right
axis. (b) Center wavelengths of Sþ1 and Sþ2 sidebands versus various spectral components of the positively chirped IR-SCWL pulse interacting with
the 35 fs FP in the thin glass. Red circles (Sþ1) and blue squares (Sþ2):
experimental data; solid lines: calculation results.
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In summary, we report the convenient and economical
generation of spatially dispersed BUMA signals via CFWM
processes in a 0.15-mm-thick BK7 glass slide, using two
weak near-IR fs laser pulses with various crossing angles
(optimal a ¼ 7 ). The spectral tunability from visible to near
IR (500–780 nm) is readily achieved by tuning the time delay
between the two incident pulses. The ultrabroad sideband
laser generation using our setup is applicable to nearly all
transparent media due to their non-zero v(3).9,10 The proofof-principle FSRS experiment is conducted using one of the
BUMA sidebands, yielding high-quality Raman spectrum
spanning the broad detection window of 100–4000 cm1 and
free of interference in the low-frequency region. This
advance enriches the existing FSRS methodology to be a
powerful toolset for molecular structural dynamics studies
on the ultrafast timescale.
FIG. 5. The ground state FSRS spectrum of 1:1 carbon tetrachloride:ethanol
mixed solution spanning a broad spectral range over 4000 cm1. The probe
is the Sþ1 BUMA sideband generated in glass, specifically tuned to expose
both the low- and high-frequency vibrational modes of the sample. The
probe intensity profile has been used to normalize the Raman spectrum
across the wide spectral window. The probe spectra with Raman pump on
(dashed) and off (solid line) are shown in the inset with the tiny dips representing the detected Raman loss signal (shown as positive peaks herein),
manifesting the remarkable SNR of the FSRS methodology.

(with an 800 nm Raman pump), due to interference with the residual incident FP. We implement the newly generated Sþ1 signal as the Raman probe pulse in our FSRS setup. FSRS is an
emerging ultrafast spectroscopic technique that provides structural dynamics information with high temporal and spectral resolution, although the detectable window is typically within
500–1800 cm1.14,17,27–29 Above 1800 cm1, SCWL photons
are scarce. Below 500 cm1, the interference between the
probe fundamental and the generated SCWL hinders stimulated Raman with high signal-to-noise ratio (SNR). However,
low-frequency modes are crucial for studying molecular conformational dynamics because underdamped coherent nuclear
motions occur in that spectral regime,5,15,16,30–32 whereas
H-bonding dynamics can be tracked via O–H stretch above
2500 cm1.4,33 Fig. 5 shows the ground state FSRS spectrum of
carbon tetrachloride:ethanol 1:1 (v/v) mixture solution. A
phase-locked optical chopper is synchronized with the laser
and chopping the Raman pump at 500 Hz, so we obtain
one spectrum in 2 ms according to the formula: Stimulated
Raman
gain/loss ¼ Raman-probe-spectrumpumpon/Ramanprobe-spectrumpump-off 1. Here we collect 60 sets of spectra,
each set consisting of 3000 laser shots, so 90 000 spectra collected within 3 min are efficiently averaged to generate one
ground state anti-stokes FSRS spectrum34–36 with sharp vibrational features from 100–4000 cm1. The result is in excellent
agreement with spontaneous Raman data for the solvents. The
remarkable SNR of FSRS incorporating the background-free,
filter-free Sþ1 BUMA signal can be appreciated from the inset
of Fig. 5. The probe spectrum shows tiny yet noticeable dips
corresponding to vibrational transitions upon Raman pump
interaction, generating high-SNR stimulated Raman loss
spectrum via efficient averaging and division performed
by LabVIEW within minutes. Moreover, the ps-fs pulsed nature of Raman pump-probe pair ensures the feasibility for
time-resolved excited-state FSRS with a photoexcitation
pulse.5,14–17,28
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