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Broadband coherent light generation in a Raman-
active crystal driven by two-color femtosecond

laser pulses
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We demonstrate broadband light generation by focusing two-color ultrashort laser pulses into a Raman-
active crystal, lead tungstate �PbWO4�. As many as 20 anti-Stokes and 2 Stokes fields are generated due to
strong near-resonant excitation of a Raman transition. The generated spectrum extends from the infrared,
through the visible region, to the ultraviolet, and it consists of discrete spatially separated sidebands. Our
measurements confirm good mutual spatial and temporal coherence among the generated fields and open
possibilities for synthesis of subfemtosecond light waveforms. © 2007 Optical Society of America
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Recently, broadband collinear Raman generation in
molecular gases has been used to produce mutually
coherent equidistant frequency sidebands spanning
several octaves of optical bandwidths [1]. It has been
argued that these sidebands can be used to synthe-
size optical pulses as short as a fraction of a femto-
second (fs) [2]. The technique relied on adiabatic
preparation of near-maximal molecular coherence.
While at present isolated attosecond x-ray pulses are
obtained by high-harmonic generation [3], the Ra-
man technique shows promise for highly efficient pro-
duction of such ultrashort pulses in the near-visible
spectral region, where such pulses inevitably express
a single-cycle nature and may allow nonsinusoidal
field synthesis [2].

We report a comparably broadband sideband gen-
eration in a Raman-active crystal (of a type that can
also be used in a Raman laser [4]). We apply two 50 fs
laser pulses tuned close to the Raman resonance and
obtain generation of sidebands covering the infrared,
visible, and ultraviolet spectral regions. The experi-
ments with molecular gases often used nanosecond
(ns) driving laser pulses, with pulse duration some-
what shorter than the Raman coherence lifetime
(even though successful experiments were also per-
formed by using fs pulses [5,6]). Since coherence life-
time in a solid is typically shorter than in a gas, the
use of fs (or possibly picosecond (ps)) pulses is inevi-
table when working with room-temperature crystals.
For example, coherent high-order anti-Stokes (AS)
scattering has been observed in YFeO3 and KTaO3
crystals when two-color fs pulses were used [7–9],
and impulsive Raman scattering was observed in
KGd�WO4�2 [10].

In our experiments we use two computer-controlled
optical parametric amplifiers (OPerA, Coherent),
pumped by an amplified fs laser (Mira � Legend, Co-
herent). We obtain up to 30 �J per 50 fs pulse at
1 kHz repetition rate (with 4% energy fluctuations)
at tunable visible wavelengths. The pulses are near

transform-limited, with a smooth single-peaked spec-
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trum. They are attenuated to 1 to 2 �J per pulse and
focused to about 100 �m spot size at the sample. This
laser intensity is right below the onset of strong self-
phase modulation.

We use lead tungstate �PbWO4�, which exhibits
good optical transparency and a high damage thresh-
old and is nonhygroscopic. PbWO4 has a strong nar-
row Raman line at 901 cm−1 with linewidth ��R
=4.3 cm−1, which corresponds to a phonon relaxation
time T2�2.5 ps [11]. Our sample is 1 mm thick, and
the laser beams are typically sent perpendicular to
its surface and parallel to the crystalline a-axis.

In the past, when much longer single-color 100 ps
pulses were applied to PbWO4 (steady state regime,
pulse duration �p�T2), several high-order Stokes (S)
and AS sidebands were generated [12]. By using two-
color ultrashort pulses (transient regime, �p�T2)
that cross at the crystal at an angle of 4°, we obtain
efficient generation of multiple sidebands (Fig. 1).
For simplicity we call them S and AS sidebands of
multiple orders, even though they are not always

Fig. 1. (Color online) Broadband generation in a PbWO4
crystal with two pulses (�1=620 nm and �2=588 nm) ap-
plied at an angle of 4° to each other. Top, generated beams
projected onto a white screen. The two pump pulses (bright
spots at the left), two S and two AS are attenuated by a
neutral-density filter. Bottom, normalized spectra of
the generated sidebands (left, AS 1 to AS6; right, AS 12

to AS 16).

2007 Optical Society of America



2252 OPTICS LETTERS / Vol. 32, No. 15 / August 1, 2007
equally spaced in frequency. We use two beams (at
wavelengths �1=620 nm, �2=588 nm, and frequency
separation ��=�2−�1=930 cm−1) with parallel polar-
izations. The generated sidebands emerge spatially
well separated and have the same polarization as the
two input beams. Up to 20 AS and 2 S sidebands are
observed on a white screen (Fig. 1, top). The pulse
length for each individual sideband is expected to be
of the order of the input pulse duration �50 fs�. The
spectra of the first 6 AS and the higher-order side-
bands (AS 12 to AS 16) are measured with an Ocean
Optics fiber-coupled spectrometer as shown in Fig. 1
(bottom). The spectra of the lower-order sidebands
show a rich structure due to simultaneous excitation
of several Raman lines by the large spectral width of
the fs laser pulses. Takahashi et al. have observed a
similar effect in their study of YFeO3 [7]. We find that
the spectral shapes of these lower-order sidebands
are in addition affected by the (Raman nonresonant)
instantaneous four-wave mixing (FWM) process. The
slight bending of the plane in which the generated
beams lie (noticeable in Fig. 1, top) is possibly due to
the role of phase matching in selecting the directions
and frequencies of the generated fields. The fre-
quency spacing between the sidebands decreases
gradually and reaches about 450 cm−1 at the highest
orders measured.

When we vary the angle between the two applied
laser beams (while keeping the two wavelengths
fixed), we observe substantial changes in both the AS
frequency shifts and the conversion efficiency. AS
conversion is negligible for collinear input beams.
The optimum conversion in PbWO4 (for ��
=930 cm−1) is achieved when the angle between the
applied beams is 4°. When the angle is further in-
creased, AS conversion decreases, while the fre-
quency separation of the AS sidebands goes up. Ap-
parently, phase matching plays a critical role in the
generation of multiple spectral sidebands in Raman-
active crystals (as compared with the collinear Ra-
man generation in gasses [1,2]). Even though at
larger beam crossing angles the conversion efficiency
is expected to decrease because of the reduced beam
overlap, for angles below 7° it is the phase matching,
along with the spectrum of exited Raman transitions,
that determines the conversion efficiency and the fre-
quencies generated in thin crystals.

To prove the Raman-resonant nature of sideband
generation, and to separate the effect of instanta-
neous FWM, we tune the difference between the two
applied laser frequencies ���� and measure the gen-
erated AS frequencies. Figure 2 shows these gener-
ated frequencies as a function of the angle at which
sidebands emerge from the PbWO4 crystal. We per-
form this measurement at a relatively large input
beam crossing angle of 6°. At this angle, and at suf-
ficiently large �� (1804 or 2002 cm−1), the generated
AS 1 beam splits into two slightly separated distinc-
tively colored beams: one corresponding to (nonreso-
nant) FWM and the other (which is much brighter)
corresponding to Raman-resonant AS generation. By
moving the fiber tip of the spectrometer to the loca-

tion shown in Fig. 2 (inset) by an arrow, we measure
the FWM frequency (as opposed to the Raman-
shifted frequency measured at the center of the main
AS 1 beam). We observe that as we vary �� from 844
to 2002 cm−1 the Raman sidebands are generated at
approximately the same angle and with roughly the
same frequency shift from the previous order, while
the FWM frequency varies as �FWM=2�2−�1.

Next we investigate the mutual coherence among
the generated sidebands. We first generate multiple
AS sidebands by focusing red ��R=718 nm� and IR
��IR=812 nm� beams into the PbWO4 crystal. Then a
third (yellow) beam is sent along the direction of the
generated AS 3 sideband with a matching wave-
length ��Y=574 nm�. Once overlap in frequency,
space, and time is achieved, the sidebands (AS 2 to
AS 7) start to visibly flicker, due to interference be-
tween signals generated through different channels.
We measure the pulse energy of AS 5 on a shot-by-
shot basis by using a fast photodiode.

The statistics of the AS 5 pulse energy is shown in
Fig. 3. The solid black bars give the histogram (num-
ber of pulses versus AS 5 energy) with only red and
IR pulses applied at the input. This histogram shows
a typical normal distribution, with about 10% aver-
age variations. However, with the addition of the yel-
low beam at the input, the histogram of the AS 5
pulse energy (913 pulses total) transforms into a very
different distribution (Fig. 3, white bars). We perform
a simple calculation, that supports our qualitative
understanding of this result. We consider interfer-
ence of two fields (of the same frequency), whose in-
tensities (I1 and I2) fluctuate within 10% of their
mean values. We further assume that the relative
phase of these two fields varies randomly between 0
and 2� (every value of �	 being equally probable).
The resultant intensity, I=I1+I2+2�I1I2�cos��	��, is
expected to produce a histogram that is inversely
proportional to the derivative of I with respect to �	
and therefore has two peaks (at I1+I2+2�I1I2 and
I1+I2−2�I1I2, where �	 equals 0 and �, respec-

Fig. 2. (Color online) Peak frequency of the generated
sidebands plotted as a function of the output angle. One in-
put frequency (pump 2) is fixed, while the ��=�2−�1 is
tuned to 844 (triangles), 1804 (circles), and 2002 cm−1

(squares), respectively. The FWM frequency (measured at
the point shown in the inset by the arrow) varies as �FWM
=2�2−�1, while the Raman sideband frequencies stay ap-
proximately fixed. The inset shows the output beams pro-
jected onto a screen for these same values of �� (varying

−1
from 2002 to 844 cm top to bottom).
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tively). This is exactly what our simulation shows
(Fig. 3, dotted curve). In this simulation, we take the
average value of �I1�=0.41 (arbitrary units) from the
measurement and find (from the best fit in Fig. 3)
�I2�=0.09. We repeat the calculation 91,300 times
(using random number generators) and divide the
calculated number of counts (per intensity) by a fac-
tor of 100 when we compare the simulation with the
experiment. The two peaks in the simulated histo-
gram appear to be broadened by the fluctuations of I1
and I2, which are taken to be 10% each (matching the
experimental observations). The peak on the right (at
higher pulse energy) is calculated to be lower and
broader than the peak on the left, in excellent quali-
tative agreement with the experimental data. This
measurement, and its comparison with theory, con-
firms our expectation that the (highly coherent) Ra-
man process results in generation of mutually coher-
ent sidebands. We expect that if the phases of the
input fields are stabilized the spectral phases at the
output will also be stable.

In conclusion, we have observed efficient genera-

Fig. 3. Histograms of AS 5 pulse energy. Solid black bars:
the number of pulses (out of 150) versus AS 5 pulse energy
generated with red and IR input beams only. White bars:
the histogram of AS 5 pulse energy (913 pulses total) with
the addition of the third input beam. The dotted curve is a
theoretical prediction obtained assuming perfect single-
shot coherence of the two interfering fields and random
shot-to-shot variation of their relative phase.
tion of what is to our knowledge a record-large num-
ber of spectral sidebands in a Raman-active crystal
driven by two-color fs pulses. The measured overall
energy conversion efficiency in PbWO4 is as high as
31%. We find that phase matching plays a major role
in the generation process and that the instantaneous
FWM signal coexist with Raman generation in the
lower-order sidebands. The good mutual coherence
among the spectral sidebands opens a possibility for
this broadband light source to be used to synthesize
subfemtosecond light waveforms.
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