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Abstract We report on broadband light generation in the
impulsive regime in an un-doped lithium niobate (LiNbO;)
crystal by two femtosecond laser pulses (36 fs) from a
Ti-sapphire laser amplifier. We systematically investigate
the role of incident intensity on spectral broadening. At
relatively low incident intensity (0.7 TW cm™2), spectral
broadening in the transmitted beam occurs due to the com-
bined effect of self-phase modulation and cross-phase mod-
ulation. At higher incident intensity (10.2 TW cm™2), we
observe generation of as many as 21 anti-Stokes orders due
to coherent anti-Stokes Raman scattering in self-diffraction
geometry. Moreover, we observe order-dependent spec-
tral broadening of anti-Stokes lines that may be attributed
to the competition with other nonlinear optical effects like
cross-phase modulation.

1 Introduction

Generating a broad phase-locked spectrum is a prerequi-
site for production of ultrashort pulses. Intense, few-cycle
optical pulses (of duration ~4 fs) are achieved by expand-
ing the spectrum of a near-infrared (~800 nm) mode-locked
laser externally by means of self-phase modulation (SPM)
in a rare gas-filled hollow fiber [1—4]. Phase-locking differ-
ent laser oscillators, as originally proposed by Hansch [5],
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was the earliest approach to be adopted for sub-femtosec-
ond pulse generation. In recent years, broadband collinear
Raman generation in molecular gases has been used to
produce equidistant frequency sidebands that span several
octaves of optical bandwidth [6-8], which are then used to
synthesize optical pulses whose duration lies in the attosec-
ond range [9]. In the near-visible spectral region, a Raman-
based technique has succeeded in producing pulses as short
as 1.6 fs [10]. The broadband (octave spanning) spectrum
that is a consequence of such ultrashort pulses opens up
possibilities of a gamut of applications in nonlinear opti-
cal microscopy and spectroscopy [11]. The mechanisms
governing Raman-based pulse compression techniques are
stimulated Raman scattering, coherent anti-Stokes Raman
scattering (CARS) and impulsive stimulated Raman scat-
tering (ISRS) [12-16].

In a Raman-active medium, a coherent vibrational mode
may be excited by incident laser radiation, giving rise to
stimulated Raman scattering (SRS). It is well known that
the SRS competes and may couple with SPM [17]. The
presence of both SRS and SPM may give rise to cross-
phase modulation (XPM), which causes broadening of
the spectrum. It is interesting to note that in the absence
of any competing processes like SPM and XPM, the spec-
tral width of SRS is generally relatively narrow due to gain
narrowing [17]. Moreover, in the case of SPM, the spectral
broadening involves only one incident wavelength, whereas
in the case of XPM, the incident laser wavelength gener-
ates a Stokes-shifted Raman line whose width is broad-
ened by the coupling of the incident laser radiation and the
generated Raman-shifted radiation. The first experimental
observation of XPM dates back to the early 1980s in an
optical fiber using an intense beam of picosecond duration
[18]. In later two-beam measurements, Alfano et al. [19]
reported the utility of intense picosecond pulses to enhance
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the spectral broadening of weaker pulses co-propagating in
bulk glass.

Bulk media, like glasses and crystals, exhibit advantages
vis-a-vis production of extremely short pulses over gaseous
targets in the simplicity of experimental setup and the pos-
sibility of generating isolated attosecond pulses due to the
continuous spectrum. The disadvantage of bulk media lies
in the spectrum having large angle dispersion, an inevita-
ble consequence of the two incident beams being in a non-
collinear geometry. Synthesis of high-power single-cycle
pulses in the visible and ultraviolet ranges has been dem-
onstrated using non-degenerate cascaded four-wave mixing
of femtosecond pulses in fused silica [20]. Using CARS in
a KTaOj; crystal, broadband spectrum in the wavelength
range 500-750 nm was generated and compressed to 13 fs
[21]. Based on non-degenerate impulsive stimulated Raman
scattering (ISRS), a broadband spectral comb was gener-
ated around the third harmonic whose spectral width was
found to be more than 4000 cm™' [22]. In lead tungstate
(PbWO,), 20 anti-Stokes and 2 Stokes orders were gener-
ated by two-color ultrashort pulses (in the transient regime)
that cross at an angle of 4° [23]. More than 15 anti-Stokes
and 2 Stokes orders spanning 12,000 cm~'—extending
from the ultraviolet to the infrared—were generated in a
BBO crystal by two crossing femtosecond laser pulses
[24]. There are other reports on the generation of multiple
CARS in crystals by two-color femtosecond laser pulses
[25, 26]. A pair of time-delayed linearly chirped pulses of
sub-picosecond duration of the same color in a self-diffrac-
tion geometry succeeded in generating 40 anti-Stokes and 5
Stokes sidebands in a PbWO, crystal, with high conversion
efficiency of sidebands compared to a two-color excitation
scheme [27]. The advantage of using self-diffraction geom-
etry is that it improves the temporal contrast by as much as
four orders of magnitude, thereby improving the temporal
quality of the pulse quite dramatically [28].

Even though generation of multiple CARS in Raman-
active crystals by two-color femtosecond laser pulses has
been [23-26] studied, there is only one report [29] that has
demonstrated up to the 20th anti-Stokes orders in a LiNbO;
crystal using two same-color pulses, with isolated pulses of
25-fs duration being obtained by angle dispersion compen-
sation [29]. A systematic study involving the dependence
of incident intensity on broadband generation is, however,
still lacking. This is important, since there might be a pos-
sibility of competition with other nonlinear optical effects
like SPM and XPM.

Here, we report on a systematic study carried out on
broadband light generation in an un-doped LiNbOj; crys-
tal by two identical femtosecond laser pulses in a self-dif-
fraction geometry (the ISRS regime). We investigate the
role played by self- and cross-phase modulation at rela-
tively low input intensities. At higher intensities, we report
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generation of 21 anti-Stokes orders in which lower orders
are more broadened compared to higher orders.

2 Experimental setup

A schematic depiction of the setup used to carry out our
two-beam experiments is shown in Fig. 1 (see [30] for more
detailed description). The output pulses from a Ti-sapphire
laser (wavelength 800 nm, 36-fs pulse duration and 1-kHz
repetition rate) are split using a 50:50 beam splitter. The
two beams are then steered through two pairs of mirrors,
with one pair fixed on a manual translation stage (with
1 wm least count) and the other pair fixed on a motorized
translation stage (with 0.1 pm least count) to generate a
temporal delay.

The two beams are focused using a 1-m focal length
lens (placed before the beam splitter) onto the sample.
The angle between the two beams is nonzero and is varied
over the range 4°-9°. A typical temporal profile of the laser
pulse, measured using spectral phase interferometry for
direct electric-field reconstruction (SPIDER), is also shown
in Fig. 1. The SPIDER trace shows the temporal profile
of the pulse as well as its phase. We adjusted the distance
between the two compressor gratings so as to have a flat
phase with zero value over the pulse duration. In order to
maintain the flat phase, we pre-compensated for the chirp
introduced by the optics (lens and beam splitter). Both the
beams were ensured to be vertically polarized. The tempo-
ral delay was initially matched using second-harmonic gen-
eration [31]. Figure 1 shows two transmitted fundamental
beams along with various higher-order anti-Stokes-shifted
lines. The spectral measurements were taken using a fiber-
coupled spectrometer (Ocean Optics USB 2000).

3 Results and discussion

We have performed two sets of experiments to observe
spectral broadening in a I-mm-thick LiNbO; sample. In
the first set of measurements, we investigate the self-phase
modulation (SPM)-induced broadening by increasing the
incident intensity using a single beam; in the second set of
experiments, we investigate the broadening in the presence
of a second beam. We first discuss the results of our single-
beam experiments.

We have taken measurements in which, using a sin-
gle beam, we increase the incident pump intensity and
monitor the spectral broadening caused by SPM. Typi-
cal results are shown in Fig. 2 along with a plot of the
central wavelength as a function of incident intensity.
Figure 2 also shows the corresponding spectrum. The
spectral broadening due to SPM is symmetric with respect
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Fig. 1 Experimental setup
depicting two-beam self-diftrac-
tion geometry. The laser pulses
of 36 fs centered at 800 nm are
obtained from a Ti-sapphire
laser amplifier. Also shown

are the pulse duration of the
laser measured using SPIDER
and the beam profile of the
pulse. Image of higher-order
anti-Stokes lines generated in
the impulsive stimulated Raman
scattering regime at zero delay
position showing symmetric
orders
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Fig. 3 Incident laser beam (black); spectrum A shows broadening in

Fig. 2 Left panel shows the variation of spectral width (FWTM full the first beam of 6 pJ energy (blue) with co-propagating second beam

width at one-tenth maximum) and center wavelength of the transmit- of 11 wJ, and spectrum B shows broadening in the second beam of
ted pump beam for different input intensities; Right panel shows the 11 wJ (red) with co-propagating first beam of 6 nJ in LiNbO; at 4°
spectrum for corresponding intensities (in units of TW cm™2) angle between the two beams
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to central wavelength of the incident beam because of the
fact that time-dependent refractive index change is the
same for both leading and trailing parts of the incident
femtosecond pulse [17]. In Fig. 2, we do not observe any
significant spectral broadening. The low spectral broad-
ening (FWHM) due to SPM in this case may due to the
fact that the bandgap of LiNbOj is less than the threshold
bandgap of 4.5 eV for supercontinuum generation in bulk
material [32]. Note here that the variation in FWHM is
small; hence, we considered full width at one-tenth maxi-
mum (FWTM) for these measurements. It is observed
that the peak wavelength does not shift even at very high
intensities, up to ~138 TW cm~2, whereas the spectrum
itself becomes broader with increasing intensity, up to an
intensity value of ~103 TW cm~2 Beyond this value the
spectrum narrows, because of damage caused to the sam-
ple at such high intensity values.

We now discuss results of our two-beam experiment.
The two beams of same color are made incident on the
sample at an angle of 4°. The interference of these two
beams results in intensity modulation which, in turn,
gives rise to spatial intensity variation. This changes
the local refractive index, giving rise to a phase grating
that diffracts the incident light beams [30]. For incident
energy of 6 wJ (intensity of ~0.4 TW cm~2) for the first
beam and 11 pJ (intensity of ~0.7 TW cm™2) for the
second beam, we plot in Fig. 3 the incident laser spec-
trum and the transmitted spectrum of both the beams
in the presence of a co-propagating beam through the
LiNbO; sample. As can be seen, the incident spectrum
width (FWHM) is 34 nm, but in the presence of the sec-
ond beam (11 pJ), the spectral width of first beam (6 pJ)
broadens quite dramatically to 86 nm (FWHM). At these
energy values, only the self-diffraction orders (centered
at 800 nm) are visible and there are no signatures of
anti-Stoke lines in the spectrum. On the other hand, the
spectral broadening of the second beam (11 pJ) in the
presence of a co-propagating first beam of 6 wJ is 56 nm.
When the angle between the two beams is 9°, we observe
spectral broadening in the beam of 10 pJ energy with co-
propagating second beam of 13 pJ energy to be 59 nm,
as shown in Fig. 4. Thus, with the increase in the cross-
ing angle, the spectral broadening is reduced due to the
decrease in the overlap region of two beams. In a single-
beam measurement, a spectral width of 86 nm (FWTM) is
achieved at an intensity value as high as ~ 103 TW cm ™2,
whereas addition of a second beam results in broadening
of 86 nm (FWHM) at a very significantly lower intensity
value (0.7 TW cm™2).

In order to rationalize our observation of spectral
broadening in the presence of a second beam, let us first
consider the broadening mechanisms. When an intense
laser pulse propagates through a transparent material,
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Fig. 5 Anti-Stokes orders observed in lithium niobate. Note that as
many as 21 orders are generated

transient changes in the refractive index occur, result-
ing in changes in the phase, amplitude and frequency of
the laser pulse. A time-dependent phase change causes
SPM, leading to a spectral broadening [17]. When two
laser pulses of different wavelengths propagate simul-
taneously in a medium, it results in phase modulation,
amplitude modulation and spectral broadening in each
pulse due to the presence of the other pulse [17]. Gersten
et al. [18] have predicted that Raman spectra of ultrashort
pulses would be broadened by XPM. The broadening that
we observe in our measurements may be attributed to a
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phenomenon similar to XPM [19]. It is interesting to note
that by introduction of a second beam, the spectral width
broadens by more than a factor of two compared to the
incident laser spectral width.

We now discuss measurements taken at higher incident
intensity in LiNbOj; in the ISRS regime. In case of ferroelec-
tric materials like lithium niobate, phonon-polariton disper-
sion is characterized by femtosecond time-resolved ISRS
[33-36]. The experimental arrangement of ISRS in ferroelec-
tric materials mainly consists of two ultrashort laser pulses
that are temporally and spatially overlapped within the sam-
ple. This exerts a spatially periodic and temporally impulsive
driving force on Raman-active modes. The frequencies of
phonon-polariton modes lie within the laser pulse bandwidth
(the oscillation period exceeds the laser pulse duration). In
case of lithium niobate, the Raman oscillation period (300 fs)
is almost ten-fold longer than the 36-fs-long incident pulse,
implying that our measurements are in the ISRS regime.

On increasing the energy of the two beams to 160 wJ,
we observe multicolored lines, as depicted in Fig. 5. We
restricted the input energy to 160 J (10.2 TW cm™2) in
both the beams so that the peak power was kept below the
critical power for self-focusing in air [37]. Figure 5 shows a
spectrum of the individual 21 orders of anti-Stokes Raman
lines at 4° crossing angle. When this angle is changed to 9°,
we observe only 3 orders of anti-Stokes Raman lines.

It is interesting to note here that in our measurements, the
peak frequency shift for the first AS1 signal is 1811 cm™!
which is much larger than the Raman shift (872 em™Y) in
the case of LiNbOs. This may be because the crossing of
two beams is at larger angle than required to achieve phase
matching [26]. Takahashi et al. [22] have observed multiple
peaks in the lower orders due to excitation of several Raman
lines simultaneously by femtosecond laser pulses in their
study of YFeO;. The spectral profile of lower-order side-
bands are, in addition, affected by the instantaneous four-
wave mixing (FWM) process [22, 26]. The lower anti-Stokes
orders shown in Fig. 5 have complex spectral shape that can
be attributed to a FWM process superimposed on Raman
sidebands. Also there is a small bending in the plane of gen-
erated beams due to the phase-matching condition [26].

We have performed calculations to lend credence to
our qualitative understanding of the role of phase match-
ing using a pair of Gaussian pulses, which are very close to
those we measure in our experiments using a spectrometer.
The phase-matching angle, 6, can be calculated using the
following relation [38]:

(ki +k2)? + k3 — k3

6 = arccos s (1)
2(k1 +ko)ks

when the following phase-matching condition for Ak is
satisfied:
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Fig. 6 Width of anti-Stokes lines for different orders (red). Also
shown (black) is the plot showing the dependence of the peak wave-
length on different orders

Ak =k; + ks —k; —ky =0, 2

where k is the wave vector given by

k — 2mn; 3
L /li s ( )

where n; is the refractive index at wavelength A, The
refractive index of lithium niobate, n, is calculated by using

A? Cci? EA?
2B 2DV F
where Sellmeier coefficients A = 2.6734, B = 0.01764,
C =1.2290, D = 0.05914, E = 12.614 and F = 474.6 for
LiNbOj; are taken from [39]. The phase-matching angle is
calculated to be 2.3° in the case of LiNbO; when the Stokes
shift is 872 cm™!. This angle is smaller than the angle used
in our experiment, 4° and 9°. Note here that since the angle
used in our experiments is greater than the phase-matching
angle, the peak frequency shift observed in our experiment
(1811 cm™! for 4° and 2904 cm ™! for 9°) is greater than the
Raman shift (872 cm™). In case of LiNbO;, the dominant
Raman line is at 872 cm™'; the other Raman lines which
are present are 632, 580, 432 and 250 cm~ !, In our meas-
urements, we observe the presence of the 432 cm~! Raman
line for higher orders. Another possibility, of SPM-induced
broadening of the incident pulse spectrum, contributing to
the peak shift cannot be ruled out.

In Fig. 6, we plot the spectral width of the AS lines for
different orders. Note here that in the initial few orders, the
spectra are broadened due to competition with other non-
linear optical effects such as XPM at this high intensity
used in our experiments. The side bands which are gener-
ated through the CARS process have a narrow width and

“
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Fig. 7 Variation in the peak of the first anti-Stokes line as a function
of delay

are discrete; XPM, on the other hand, gives a nearly con-
tinuous broadband spectrum. Beyond the tenth AS order,
the width is reduced and thereafter remains constant. This
may be because of the fact that when the pulse propagates
through the crystal, it broadens, thereby reducing the inten-
sity inside the medium.

Moreover, the pulse may also be broadened due to SPM.
In Fig. 6, we also plot the peak wavelength for different
anti-Stokes orders.

We have also varied the temporal delay between the
two pulses of same intensity (2.5 TW cm™>) so as to cause
change in the modulation of the phase grating for a given
crossing angle. We observe that on changing the delay by
60 fs (our incident laser pulse intensity drops to zero within
60 fs, as shown in Fig. 1), the peak wavelength of the first
anti-Stokes order shifts by 10 nm (Fig. 7). This observation
may be rationalized as follows [14, 40]. Through impul-
sive stimulated scattering, phonon-polaritons are generated
by the ultrashort laser pulse. The coherent scattering (due
to vibrational motion) of a second pulse occurs which is
delayed relative to the first. The second pulse may, in turn,
exert an impulsive force that, depending on its delay, is
either in phase or out of phase with the vibrational motion
induced by the first pulse. If it is in phase, the second
pulse gives an additional energy to the wave and emerges
redshifted. If it is out of phase, the vibrational wave loses
energy to the second pulse which emerges blueshifted.
Thus, the second pulse emerges out either Stokes-shifted
or anti-Stokes-shifted depending on its delay. In an earlier
work on amplification of anti-Stokes seed in the presence
of a strong beam by XPM in fused silica [41], both posi-
tive and negative shifts of 20 nm in the peak wavelength
of the anti-Stokes seed as function of delay were reported
in a small window of 30 fs around zero delay [41]. The
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amplitude of the transient grating can also be modulated
by varying the incident energy. However, we observed that
variation in the incident energy does not seem to have a sig-
nificant effect on the peak wavelength of the AS1 line.

The broadband spectrum that is generated in our meas-
urement spans nearly one octave. This spectrum might be
of utility after spatially overlapping all the orders and com-
pensating the temporal chirp to obtain pulses of ~2.6-fs
duration with improved temporal contrast that is intrinsic to
the self-diffraction technique.

4 Summary

We have performed experiments on broadband light gen-
eration in un-doped LiNbO; when pumped by two identi-
cal femtosecond laser pulses in a self-diffraction geometry
using 36-fs pulses from a Ti-sapphire laser amplifier. We
observe generation of as many as 21 anti-Stokes orders in
an un-doped LiNbO; sample in an impulsive SRS regime.
We have systematically investigated the role of incident
input intensities. At lower input energies (0.7 TW cm™2),
we observe broadening in the transmitted beam due to
XPM; we do not observe higher-order anti-Stokes lines.
At higher input intensities (10.2 TW cm™2), we observed
higher-order anti-Stokes lines that are broadened, with the
broadening being dependent on order (up to 10th order),
due to other competing nonlinear optical effects such as
XPM.
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