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Unlike spontaneous Raman effect, nonlinear Raman scattering generates fields with a well-defined phase,
allowing Raman signals from individual scatterers to add up into a highly directional, high-brightness
coherent beam. Here, we show that the phase of coherent Raman scattering can be accurately controlled and
finely tuned by using spectrally and temporally tailored optical driver fields. In our experiments, performed
with spectrally optimized phase-tunable laser pulses, such a phase control is visualized through the
interference of the coherent Raman signal with the field resulting from nonresonant four-wave mixing. This
interference gives rise to Fano-type profiles in the overall nonlinear response measured as a function of the
delay time between the laser pulses, featuring a well-resolved destructive-interference dip on the dark side of
the Raman peak. This phase-control strategy is shown to radically enhance the coherent response from weak
Raman modes, thus helping confront long-standing challenges in nonlinear Raman imaging and
microspectroscopy.

onlinear Raman scattering'~ is one of the key effects in ultrafast optical science, which finds growing

applications in ultrashort pulse generation®, bioimaging’~*, biothreat detection'’, remote sensing'’, as

well as time-resolved studies on femto-* and attosecond'” time scales. In contrast to the spontaneous
regime of Raman scattering'?, where the phase of the scattered field is random, effects related to the phase of the
scattered signal in nonlinear versions of Raman scattering are of paramount importance. The phase of the
nonlinear Raman signal manifests itself in spectral line shapes of coherent Raman scattering® and enters as
an important parameter in the nonlinear dynamics of ultrashort optical waveforms® and pulse-shape optimiza-
tion for enhanced signal-to-background ratio in nonlinear Raman imaging and spectroscopy'*. The phase effects
in coherent Raman scattering enable coherent Raman ellipsometry*, optical heterodyne detection’, and signal-to-
background enhancement. Optimally shaped field waveforms, chirped light pulses, and time-ordered pulse
sequences have been intensely used in ultrafast Raman photonic technologies in the past few years, offering
powerful tools for a quantum control of Raman excitation', tailoring of spectral and temporal transformations of
ultrashort pulses'®, coherent Raman spectroscopy with a high spectral resolution'”"", and single-beam nonlinear
Raman imaging with suppressed nonresonant background>*.

In this work, we demonstrate that tailored optical driver fields enable a smooth tuning of the phase of the
coherent Raman response, giving rise to a rich variety of interference effects, which can dramatically modify the
nonlinear dynamics of ultrashort pulses and offer attractive solutions to long-standing issues in Raman imaging
and spectroscopy. The nonlinear response measured as a function of the delay time between the chirped pulses
forming an optical driver in our experiments is shown to feature a Fano-type profile with a well-resolved
destructive-interference dip on the dark side of the Raman peak, visualizing a phase-controlled interference of
the coherent Raman signal and the field generated through four-wave mixing (FWM).

Results

The idea of phase-controlled coherent Raman scattering is illustrated in Figs. 1 and 2. Here, a probe field with a
central frequency ,, is inelastically scattered off a Raman vibration of frequency £y, coherently driven by a
spectrally and temporally tailored optical driving field, giving rise to a coherent anti-Stokes Raman scattering
(CARS) signal at the frequency w,s = w,,; + Q. For efficient excitation of the Raman mode, the optical driving
field should include sufficiently intense spectral components with frequencies w,, and wy = wp, — 2g. In the
canonical CARS arrangement, such a resonant excitation of a Raman mode is provided by applying spectrally
isolated pump and Stokes fields with frequencies w,,, and wy. In our scheme (Fig. 1a), the optical driver includes a
pair of broadband laser pulses with an identical linear chirp ¢(t) = af* and central frequencies w,,(#;) = w; +
20, and wg(12) = w, + 201, where 1y and i, = 1, + 1 stand for the time measured in the frames of reference
moving with the laser pulses and 7 is the delay time between the laser pulses. The spectrum of the optical driver
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Figure 1| Coherent Raman scattering of tailored optical waveforms: (a) the spectral-temporal map of the optical driver and anti-Stokes fields

and (b) the pump (blue) and Stokes (red) fields, the optical driver A,, A, (green), and the coherent Raman response (purple). The optical driver,
consisting of two linearly chirped pulses with equal chirp parameters and central frequencies w,, and wy (shown in panel (a)), is used for coherent
excitation of a Raman-active mode with a frequency 2. Due to the chirp of the laser pulses, the modulation frequency Q,, of the optical driver can be
scanned by varying the delay time 7 (as shown in panel (b)). The delay times 7, and 7, in panels (a) and (b) correspond to modulation frequencies £, and
£2,. With the delay time between the pulses chosen in such a way (time delay 7, in panels (a) and (b)) that the modulation frequency of the optical driver is

tuned to a resonance with the frequency of the Raman mode,

Q,, = Qx, the Raman vibration is driven with a maximum efficiency (panel (b)).

The linearly chirped pulse with the central frequency w,,, = w,,, and chirp parameter o also serves as a probe field, giving rise to a chirped anti-Stokes

signal centered at w,s = Wy + Qr = 200p, —

g (panel (a)). (c) Experimental setup: Ti:S MPA, Ti: Sapphire laser consisting of a mode-locked master

oscillator and a multipass amplifier; OPA, optical parametric amplifier; BS, beam splitter, LBO, lithium triborate crystal; DG, diffraction grating; DM,
dichroic mirror; MO, microscope objective; S, sample, SP, short-pass filter; BP, band-pass filter; PMT, photomultiplier tube.

consisting of such pulses features a harmonic modulation at the
frequency Q2,,(t) = w; — w, — 2uz, controlled by the delay time
between the pulses 7 (Fig. 1b). As the modulation frequency Q,,, is
scanned through a resonance with the frequency Qy by varying the
delay time 7 (Figs. 1a, 1b), the phase of a Raman vibration displays a
rapid phase shift by 27 (the dash-dotted line in the upper panel in
Fig. 2a) as a part of a typical phase response of a harmonic oscillator
to a resonant driving force. Experimental examples presented below
in this paper and illustrated by Fig. 3 show that more complex phase
profiles can be synthesized by coherently combining the inter-
fering responses from several Raman modes with close vibration
frequencies.

The overall nonlinear signal measured in experiments, E = E, +
E,; is a mixture of the coherent Raman signal E, and a coherent
background E,,,, originating from nonresonant FWM processes due
to the electronic part of optical nonlinearity and off-resonance
molecular vibrations. In CARS microspectroscopy and imaging, this
nonresonant background has long been viewed as a fundamental
limitation on the sensitivity of coherent Raman techniques, strongly
motivating the search for effective means for its suppression through
carefully optimized polarization arrangements™*, schemes with time-
delayed probe pulses', and pulse-shaping approaches’. On the other

hand, nonresonant coherent Raman scattering is known to provide a
constant-phase component of the overall coherent Raman signal,
which helps retrieve the phases of Raman-active modes>**' and
resolve overlapping Raman responses from complex molecules*?,
offering elegant solutions for phase-contrast microscopy** and mul-
timodal Raman imaging>~’.

Our experimental approach employs an optical driver consisting
of a pair of chirped pulses, which has been used earlier for coherent
Raman spectroscopy'’~'*****, to demonstrate a smooth phase tun-
ability of coherent Raman scattering. Unlike the earlier work where
pulse shaping was used to efficiently suppress the nonresonant back-
ground in CARS, in our scheme, the nondispersive coherent back-
ground resulting from nonresonant FWM is used to visualize the
tunable phase of the coherent Raman response from molecular vibra-
tions driven by a pair of chirped laser pulses. To explain this
approach, we use standard approximations to represent the overall

0 4 t
nonlinear signal as E(t,z)ociy dt J dlA,(t,) J h(t—0)
0

Apu(0,8)AL,(0—1,8)d0, where Ay, fXSt, and A, are theaocomplex
amplitudes of the pump, probe, and Stokes fields, y is the nonlinear
coefficient, and the nonlinear response h(0) =R(0)+ S(0) includes
the resonant, inertial term, R(6), related to Raman modes, along with
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Figure 2 | Phase-controlled coherent Raman scattering by an isolated
harmonic oscillator with Q/2nc = 2248 cm™, I'/2rnc = 15 cm™, and £
= 0.124. (a) Intensity of the overall coherent signal as a function of the
delay time 7 (solid line), intensity of the nonresonant component of the
coherent response (dashed line), and the phase shift of the coherent Raman
signal relative to the nonresonant background (dash—dotted line) and (b)
the trajectory traced by the complex amplitude of the overall coherent
signal as a function of the delay time 7 in the plane where the abscissa and
ordinate axes are chosen in such a way as to represent the real and
imaginary parts of the overall signal. Direction of increasing 7 is shown by
an arrow. The optical driver consists of two linearly chirped pulses with a
= 3.6 ps~*. Parameters of a harmonic oscillator are chosen in such a way to
mimic experiments with the 2248-cm™" Raman mode of acetonitrile.

the off-resonance, instantaneous part, S(0) =f5(6), 6(0) being

the delta function. When the phase mismatch is negligible within

the beam-interaction length L, the resonant and nonresonant parts of
0 t

o0
the nonlinear signal are given by E,(r)ociyLJ thp,(t)J R
— o0 — 00

Apr(t)Apu(t)Agt(t -

7)dt. It is straightforward to see now that the [o)oroduct ApuAg, serves
as an optical driver, providing a coherent excitation of the Raman
modes. The Raman response E,(7) is measured against a coherent
background E,,.(t) (Fig. 2a), which recovers, as can be seen from the
expressions above, the cross-correlation trace of the pump, Stokes,
and probe pulses.

(t—0)Ap (0)A%L(0—1)d0 and En,(f)ociyLJ

Discussion

In our experiments performed within a broad class of liquid-phase
and solid-film samples featuring the Raman response of a variable
complexity, the overall nonlinear signal measured as a function of the
delay time 7 displays a well-resolved Fano-type profile (Fig. 3), as a
universal indication (Fig. 2a) of the interference of a signal with a
steep dependence on 7, which is due to the coherent Raman field in
our case, with a slowly varying signal originating from nonresonant
FWM. For large |z|, the waveform of the overall nonlinear signal
(the filled circles in Figs. 3a, 3c) asymptotically tends to the cross-
correlation trace of the laser pulses (the open circles in Figs. 3a, 3¢), in
agreement with our theoretical analysis (solid and dashed lines in
Figs. 2a, 3a, 3c).

The waveforms of the time-resolved nonlinear signals in all our
experiments are adequately explained in terms of a damped-
oscillator model of Raman vibrations (cf. filled circles and solid lines
in Figs. 3a, 3¢), translating into Lorenztian spectral profiles for the

. .. N, 1 _ .
Raman line shapes, giving R(0) = ZJ' finy Iy 5 2 (’71j + ’72j) sin (0 /
’71]‘) exp (— 0/’72j) and Z]ﬁ =1—f for a manifold of N Raman
modes with frequencies €, =27 /#,;, decay times 1,; = 2/I'; (I'; is
the relevant Raman linewidth), and weighing factors f;. In the case of
acetonitrile, an accurate fit is achieved (filled circles and solid line in

Fig. 3a) with a Raman function including N = 2 Raman modes with*
Q,/2mc = 2248 cm ™', I'y/2nc = 15 ecm ™), f; = 0.124 and Q,/2nc =
2289 cm Y, I'y/2me = 12 em™, f, = 0.02. For polystyrene, N = 4
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Figure 3 | Phase-controlled coherent Raman scattering in acetonitrile (a,
b) and polystyrene (c, d). (a, c¢) Intensity of the overall coherent signal
measured (filled circles) and calculated (solid line) as a function of the
delay time 7, cross-correlation trace of the laser pulses (open circles) and
the intensity of the nonresonant component of the coherent response
(dashed line), and the phase shift of the coherent Raman signal relative to
the nonresonant background. (b, d) Trajectories traced by the complex
amplitude of the overall coherent field in the plane where the abscissa and
ordinate axes are chosen in such a way as to represent the real and
imaginary parts of the overall signal. Direction of increasing 7 is shown by
an arrow. The optical driver consists of two linearly chirped pulses with a
=~ 3.6 ps°. The Raman resonances are labeled with the numbers. Modeling
was performed with Q,/2nc = 2248 cm™', I'}/2nc = 15 cm™, f; = 0.124,
Q,/2mc = 2289 cm ™', I',/2nc =12 cm ™, f, = 0.02 and for acetonitrile and
Q/2mc=2852 cm™, I'y/2mc = 30 cm ™, f; = 0.045; Q,/21c = 2904 cm ™,
I2/2nc =55 cm™, f, = 0.17; Q3/2mc = 3007 cm ™, T'3/2mc = 65 cm ™, f;
= 0.09; and Q,/2nc = 3054 cm™', I'y/2nc = 25 cm ™', f; = 0.18 for
polystyrene.

Raman modes need to be included for an adequate fit (filled circles
and solid line in Fig. 3c) with®* Q;/2nc = 2852 cm™!, I'}/2mc =
30 cm™, f; = 0.045; Q,/2nc = 2904 cm ™', I',/2nc = 55 cm™, f,
=0.17; Q3/2nc = 3007 cm ™', I'3/2nc = 65 cm™, f3 = 0.09; and Q,/
2nc = 3054 cm ™, I'y/2nec = 25 em™, f; = 0.18. Through this fitting
procedure, the entire temporal profile of the phase shift of the coher-
ent Raman signal relative to the nonresonant signal can be retrieved.
In the regime where the optical driver is tailored to provide a nearly
resonant excitation of the Raman mode, the behavior of this phase
closely follows the universal behavior of the phase response function
of a generic harmonic oscillator driven with a nearly resonant
external force (the dash-dotted lines in the upper panels of
Figs. 2a, 3a, 3¢).

To show how the nonresonant component of the nonlinear signal
can be used to store the phase of the coherent Raman response, it is
instructive to represent the complex amplitude of the overall non-
linear signal as a vector E in a plane where the abscissa and ordinate
axes are chosen in such a way***' as to represent the real and ima-
ginary parts of the field E (Figs. 2b, 3b, 3d). The vector E is a sum of
the vectors E, and E,,, representing the amplitudes of the resonant
and nonresonant signals (Fig. 2b). The amplitude of the nonresonant
part of the signal is real and is represented by a vector E,, that is
always parallel to the abscissa axis (Fig. 2b). The resonant response
E,, on the other hand, displays characteristic rapid phase shifts as the
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Figure 4 | Resolving the coherent Raman signal on a finer time scale
using an optical drivier consisting of chirped laser pulses with a smaller
chirp, @ = 2.6 ps™2. (a) intensity and (b) the phase trajectory of the overall
coherent signal measured (filled circles) and calculated (solid and dashed
line) as a function of the delay time 7 with the Raman response of
acetonitrile including both the 2248 cm ™' and 2289 ¢m™' Raman modes
(solid line) and only the 2289 cm™' mode (dashed line). The Raman
resonances are labeled with the numbers.

delay time 7 is scanned through the values corresponding to a res-
onance of the optical driver with one of the Raman modes. Exactly on
resonance, the vector E is perpendicular to its phase trajectory and its
length reaches its maximum. In the case of an isolated Raman mode,
the end of the E vector moves along an almost circular trajectory
(Fig. 2b). When more than one Raman vibration contribute to the
nonlinear response, the trajectory traced by the E vector becomes
more complicated, with every Raman mode giving rise to a cycloid-
like feature in this trajectory (Figs. 3b, 3d). For acetonitrile, such
features are seen at delay times 7, = 4.0 ps and 7, = 5.0 ps, shown
by the numbers in Figs. 3a and 3b. In the case of polystyrene, four
such features are observed at 1, = 3.2 ps, 7, = 5.2 ps, 73 = 8.6 ps,
and 74 = 10.3 ps (Figs. 3¢, 3d), corresponding to the four Raman
modes excited by the shaped optical driver field.

While the existing Raman methods primarily rely on the detection
of the main peak in the signal of Raman scattering, experiments
presented here suggest that the detection of the entire Raman res-
ponse, including the dark signal in Figs. 3a, 3¢, can help confront the
long-standing issue of coherent background in coherent Raman
imaging and spectroscopy. As can be seen from experimental results
presented in Fig. 3a, destructive interference between the coherent
Raman signal and the nonresonant FWM field can reduce the overall
coherent signal in the region of the interference-dip area of the Fano
profile, allowing a background-suppressed detection of weak Raman
modes. To demonstrate this possibility, measurements on the weak
Raman mode at Q,/2nc = 2289 cm™' were performed using an
optical driver consisting of a pair of chirped laser pulses with the
same central wavelengths as before, but with a smaller chirp para-
meter, o = 2.6 ps~?, providing slower variations of the instantaneous
frequencies inside the laser pulses, thus allowing ultrafast features of
the time-resolved Raman response to be enlarged on an effectively
finer time scale. With this experimental arrangement, the peak cor-
responding to the Q,/2nc = 2289 cm™' Raman is detected against
the overall coherent signal with a signal-to-background ratio in
excess of 20 (Fig. 4a). Detection of this Raman mode with such a
high contrast becomes possible due to a destructive interference of
the coherent response of the stronger, Raman mode at Q,/2mc =
2248 cm™' and the FWM signal (Figs. 4a, 4b). Without the
Raman vibration, the response of the Q, Raman mode would have
appeared as a weak dispersive feature with a contrast of less than 6
(the dashed line in Fig. 4a). The signal contrast for the Q, mode can
be further enhanced by another order of magnitude, as the theor-
etical limit for this effect (the solid line in Fig. 4a), by using laser
pulses with smaller o.

To summarize, we have shown that spectrally and temporally
tailored optical driver fields enable a phase control of coherent
Raman scattering. In experiments with an optical driver consisting
of a pair of chirped laser pulses, such a phase control has been
visualized through the interference of the coherent Raman signal
with the field resulting from nonresonant FWM. This interference
gives rise to Fano-type profiles in the overall nonlinear response
measured as a function of the delay time between the chirped laser
pulses forming an optical drive. Phase-controlled Raman scattering
can dramatically modify the nonlinear dynamics of ultrashort pulses
and help confront long-standing challenges in nonlinear Raman
imaging and microspectroscopy.

Methods

In our experiments, an optical driver consists of the second-harmonic output of a Ti:
sapphire-laser-pumped optical parametric amplifier (OPA) with a wavelength 2, =
27mc/w, tunable from 630 to 720 nm and a Ti: sapphire laser output with a central
wavelength 4, = 27c/w, = 808 nm. The second-harmonic field with 4, also serves as
a probe field, giving rise to a linearly chirped anti-Stokes signal centered at 4, = 2mc/
W,, with w, = 2w; — ;. A 2-mm-thick lithium triborate (LBO) crystal was used to
convert the OPA output into second harmonic radiation. A tunable chirp was
imposed on the laser pulses with an adjustable pulse stretcher, consisting of a pair of
600-groove/mm diffraction gratings. Parameters of chirped pulses were retrieved
from cross-correlation frequency-resolved optical gating measurements. The spectral
measurements were performed with the use of fiber-optic spectrometers. A tunable
delay time between the pulses was introduced by using a corner reflector mounted on
a step-motor-driven stage. The laser pulses were brought into a spatial coincidence
using a dichroic mirror and focused on a Raman sample with a microobjective with a
numerical aperture NA = 0.1 and a magnification of 8. The CARS signal was collected
in the forward direction with an NA = 0.1, X4 microobjective. This signal was
separated from laser radiation by two short-pass and one band-pass filters and
detected with an H9307-02 Hamamatsu photomultiplier tube. The electronic signal
from PMT was amplified by an SR830 Stanford Research Systems lock-in amplifier
with an integration time of 100 ms.
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