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Heterodyne coherent anti-Stokes Raman scattering by the phase control of its intrinsic background
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We demonstrate the use of femtosecond laser pulse shaping for precise control of the interference between the
coherent anti-Stokes Raman scattering (CARS) signal and the coherent nonresonant background generated within
the same sample volume. Our technique is similar to heterodyne detection with the coherent background playing
the role of the local oscillator field. In our experiment, we first apply two ultrashort (near-transform-limited)
femtosecond pump and Stokes laser pulses to excite coherent molecular oscillations within a sample. After a
short and controllable delay, we then apply a laser pulse that scatters off of these oscillations to produce the CARS
signal. By making fine adjustments to the probe field spectral profile, we vary the relative phase between the
Raman-resonant signal and the nonresonant background, and we observe a varying spectral interference pattern.
These controlled variations of the measured pattern reveal the phase information within the Raman spectrum.
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Coherent anti-Stokes Raman scattering (CARS) spec-
troscopy is a powerful technique which combines high
sensitivity with inherent chemical selectivity [1]. CARS occurs
when molecules of interest, coherently excited by light pulses,
scatter laser light to produce spectral components shifted
by the molecular oscillation frequencies. Briefly, CARS is a
third-order nonlinear process, involving three incident pulses:
pump, Stokes, and probe, with respective frequencies w,,
ws, and wp,.. When the frequency difference between the
pump pulse and the Stokes pulse (w, — ws) matches the
molecular vibrational frequency of the sample, the CARS
signal is produced at a blueshifted frequency of the probe
(wp — ws + wp,). Chemical selectivity is afforded by the
species-specific molecular vibrational spectra, and sensitivity
is enhanced due to the coherent nature of the scattering process
[2,3]. However, CARS spectroscopy is often hindered by the
presence of a strong background which is due to coherent
nonresonant four-wave mixing (FWM).

The FWM background is usually considered as a detriment
to CARS. When this background is large, its inevitable random
fluctuations obscure the CARS signal. Many clever techniques
have been devised to suppress the background [4-9]. Of
particular relevance to our present work is the optimized
CARS scheme where background suppression is accomplished
by shaping and delaying the probe laser pulse such that it
has zero temporal overlap with the pump and Stokes pulses
[10,11]. In the work presented here, instead of eliminating
the FWM background completely, we control it in such a
way as to enhance the CARS signal. We use the FWM field
as a local oscillator (LO) for heterodynelike phase-sensitive
signal detection and amplification. Our technique is based on
breaking the symmetry of the probe spectrum and thereby
introducing a gradual phase change of the probe field versus
time. Then, by exploiting the difference in the time response of
the (instantaneous) FWM and the (time-accumulated) resonant
Raman signal, we control the relative phase between the signal
and LO fields.
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Heterodyne CARS has been successfully applied in the
past [12-16]; however, it requires elaborate interferometric
setups where the local oscillator field is generated (typically by
FWM) in one arm of an interferometer, while the CARS signal
is produced in the other arm. We show here how both CARS
(signal) and FWM (LO) fields can be produced simultaneously,
in situ within the same sample volume, using proper pulse
shaping, described below, to allow their relative phase to be
precisely controlled. The idea to control the phase was also
proposed in Refs. [17,18] based on pulse shaping.

The experimental setup in Fig. 1 is adapted from our
previous optimized CARS technique [12]. The pump (central
wavelength at 1295 nm and FWHM 50 nm) and Stokes
(1500 nm, FWHM 70 nm) beams are broadband, near-
Gaussian, femtosecond pulses, and the probe has a top-hat-
like spectrum with a relatively narrow bandwidth (800 nm,
FWHM of around 1 nm) obtained with a pulse shaper, as
shown in Fig. 1(b). Their schematic temporal profiles are
shown in the inset of Fig. 1(a).

The three beams have parallel polarization and are
collinearly overlapped in space with pulse energies of a few
hundred nanojoules. The pump and Stokes pulses are also
overlapped in the time domain, and the probe pulse can be
delayed by a computer-controlled translation stage with a step
resolution of 1 um. The signal is collected by a spectrograph
and a liquid nitrogen-cooled CCD (Princeton Instrument,
Spec-10:400BR/LN) with an exposure time of 200 ms. We use
methanol aqueous solution as the sample since methanol has
an individual Raman line at around 1040 cm~". The solution
is held in a 2-mm-thick fused silica cell with a concentration
of around 10% by volume (~2.5 M) to make the resonant and
nonresonant fields comparable.

Figure 1(c) shows two different probe spectra with opposite
and unequal asymmetries. The probe spectrum taken without
inserting the knife edge into the pulse shaper [blue dotted curve
in Fig. 1(c)] is slightly less intense at shorter wavelengths.
Inserting a knife edge into the pulse shaper (before the focus
occurring at the slit) produces a spectrum that is less intense
at longer wavelengths [green solid curve in Fig. 1(c)]. In the
time domain, the probe fields are sinclike in both cases, but
with nonzero nodes as shown in Figs. 3(a) and 3(b), which are
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FIG. 1. (Color online) (a) Schematic of the collinear CARS setup;
the inset shows temporal ranges and profiles of the pump, Stokes, and
probe beams. The dotted curve shows the resonant contribution of
the probe field versus time. (b) 4 f pulse shaper used to produce a
top-hat-like probe spectrum; a knife edge can be placed in front of the
focal plane to make the spectrum (more) asymmetric. (¢) Measured
probe spectra without (blue dotted) and with (green solid) the knife
edge. BS, beam splitter; L, lens; Spec, spectrograph; G, grating; SF,
short-pass filter.
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obtained from the same setup by measuring the FWM from
the cell while changing the probe delay.

The third-order polarization for the CARS generation is the
sum of the background (BG) and resonant contributions

3 3 3
P&ks = Psg(@.7) + PR)(@.7)

= / A2 x5 () + x$ (D] Ep(@ — 2,7) R(Q),
0
(1)

where R(Q2) = fooo E (0)Es(0 — Q)dw'; Ep(0,7), Ep(w),
and Eg(w) are the probe, pump, and Stokes fields, respectively
[10,19], and 7 is the time delay of the probe peak relative to the
preparatory pulses (pump and Stokes) which overlap in time
(defined as t = 0). Most often X1(33c); corresponds to nonresonant

FWM response and is purely real, while X1(e3) is complex
and typically Lorentzian. In the current work, we introduce
asymmetry into the probe spectrum by pulse shaping and hence
create a complex FWM background P]%(a),t) instead of a
purely real one. If we define ¢ as the phase of the background,
the total CARS signal can be written as

Scars = | Py’ + | PY)|” + 2Re[e"?| P (., 1)| PP (,0)].
@)

In our experiment, the probe bandwidth is chosen to be
somewhat smaller than the resonant Raman linewidth, there-
fore P (w) o x%(w). Since the FWM is broadband, i.e.,
insensitive to frequency, choosing ¢ = /2, as an example,
allows extraction of the imaginary part of X;;)’ which can be
directly compared with spontaneous Raman spectra.

More generally, a variable ¢ allows the intrinsic FWM
background to act as a LO in heterodyne detection. Our ability
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to adjust ¢ arbitrarily relies on the fact that the nonresonant
FWM is an instantaneous process, so only the part of the
probe pulse overlapping with the preparatory pulses at t = 0
contributes to the FWM, whereas the resonant Raman signal
is an accumulation process due to the finite lifetime of
the vibrational coherence, so the full duration of the probe
when 7 > 0 contributes. In our configuration, the resonant
contribution of the probe field at different moments can be
described by the dotted curve in the inset of Fig. 1(a). We can
see that the maximum of the curve occurs after the preparatory
pulses, at a fairly large time delay (at around ¢ = t/2). The
total resonant Raman field is the integration of the entire area
under the curve; therefore, the resonant signal including its
phase will not be affected significantly when we vary the
probe delay slightly. However, the phase of the FWM field
is directly related to the instantaneous phase of the probe field
at the overlap moment and thus is very sensitive to the probe
delay.

For a temporally ideal sinc probe, the phase of the FWM
will jump by 7 as the field changes sign at the node.
This is what needs to be avoided for the heterodyne effect.
We can accomplish this by making the probe somewhat
asymmetric in frequency space so that the probe field has a
nonzero imaginary part as the real part changes sign. This is
illustrated in Fig. 2, where we show an example top-hat probe
spectrum (black solid) with a Gaussian shoulder e~ @+ at the
low-frequency side and hyper-Gaussian shoulder e~@~D" at
the high-frequency side. (This is an example—the exact
shapes are not so important since only the asymmetry is
essential.) The corresponding temporal functions are shown in
Figs. 2(b)-2(f). For comparison, Fig. 2 also shows the spectrum
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FIG. 2. (Color online) (a) The solid (black) curve is a slightly
asymmetric top-hat probe field E,(w), and the dashed (magenta)
curve is one with the opposite asymmetry. Both have hyper-Gaussian
shoulders. (b)—(f) show the corresponding time-domain transforms
corresponding to these two curves (black solid and magenta dashed,
respectively). We show (b) the absolute value Abs[E ()], (c) the
real part Re[E,(t)], (d) the imaginary part Im[E . (¢)], and (e) the
argument Arg[E . (1)] of the probe field in (a). (f) is a zoom of (b).
Quantities plotted are dimensionless.
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with shoulders of opposite asymmetry and the corresponding
temporal functions in magenta (dashed). Their absolute values
and real parts are the same, however, the signs of their
imaginary parts are opposite.

As aresult of the asymmetry, the argument ¢ of the complex
probe field [black solid curve in Fig. 2(e)] will gradually
shift from O to 7 as the real part of the field changes sign.
This phenomenon is analogous to the (spatial) Gouy phase
shift (by ) that occurs for a Gaussian beam as it evolves
from —oo to +oo through a focus. For the spectrum with
the opposite asymmetry, the argument changes from 0 to —m
[magenta dashed curve in Fig. 2(e)]. Furthermore, we also have
the flexibility to modify the asymmetry so as to change the
proportion of the imaginary to the real components, as shown
by the actual spectra used in this experiment in Fig. 1(c). Thus,
we can control both the relative phase and amplitude between
the FWM and resonant signal. This key point allows the FWM
itself to act as the LO field in heterodyne detection.

The study of the probe asymmetry is of practical interest,
not only due to the self-implemented heterodyne effect
discussed above. We have succeeded in eliminating the FWM
background in our previous work [10]. However, properly
introducing some background benefits the detection sensitivity
as well [11]. Because it is impractical to produce a perfectly
symmetric spectrum in an experiment, this study gives a useful
understanding of how this type of optimized CARS works,
especially for samples with low concentrations where a small
amount of FWM may dominate over the signal being sought.

Figure 3 shows the measured CARS spectra of methanol
aqueous solution near the first probe nodes without (left col-
umn) and with knife edge (right column). In order to highlight
the feature of the Raman line, the spectra in Figs. 3(a)-3(d)
are rescaled as Icars(®)/Ipg(w), where Igg(w) is obtained
through fitting to the FWM background. In Figs. 3(a) and 3(b),
we expressly point out that there is a distinct phase change
by m between the two spectra (insets) slightly after the first
probe node (indicated by the arrows, at 2.08 and 2.16 ps,
respectively), and we attribute this to the opposite asymmetry
of the probe spectra.

The phase-sensitive heterodyne effect is revealed by the
gradual changes of the phases with probe delays shown in
Figs. 3(c) and 3(d). The numbers in the graphs are the probe
delays, marked as the black dots on the probe temporal
shapes in Figs. 3(a) and 3(b). Obvious phase changes occur in
both cases, especially in Fig. 3(d), where the phase changes
approximately by 7w from 7 = 1.68 ps to T = 2.16 ps and a
transition phase appears at T = 2.08 ps (the node). However,
it is not quite straightforward to estimate the phase change
in Fig. 3(c) since there is a considerable amount of resonant
contribution | Pg(w)|*. The opposite temporal evolutions of the
CARS signal for these two cases are apparent from the contour
graphs in Figs. 3(e) and 3(f), the CARS intensity spectrum as
a function of probe delay. The contour graph helps to find the
desired phase position for each probe spectral profile and here
consists of 60 CARS spectra. When we compare Figs. 3(c) and
3(d), we can see that the spectra are fairly similar far from the
nodes and quite different near the nodes. This result confirms
the expectation from Fig. 2(e) where the phase difference from
opposite spectral asymmetry reaches its maximum () at the
node and decreases away from the node.
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FIG. 3. (Color online) Intensity of the experimental CARS
spectra of a methanol aqueous solution with and without the knife
edge inserted into the pulse shaper. (a) and (b) show the temporal
shapes of the probe pulse in the logarithmic scale, and their insets
show the spectrum of the CARS intensity for the probe pulse delays
shown. (c) and (d) show the CARS spectrum at many different delays
marked as the black dots on the temporal shapes shown in (a) and
(b). (e) and (f) show the temporal evolution of the CARS intensity
spectrum (without rescaling) as a function of probe delay. In (a)—(d),
the spectra are rescaled as Scars(®w)/Spc(@) and Spg(w) is obtained
through fitting.

For the case of a weak resonant signal, so that | Pgg(w)| >
| Pr(w)|, the normalized CARS signal can be written as

Scars(w,9) ~ 2Re[e'? Pi(w,¢)]
Spc(w,®) | Peg(w, )|

Although this condition is not well satisfied in the present
work, it is easily satisfied for materials with small Raman
cross sections or in low concentrations [11]. The real part of
X?)(w) can then be obtained when ¢ = 0 or . Similarly,
once we can find the probe delay corresponding to ¢ = /2,
the imaginary part can be obtained through

Scars(@,m/2) ~ 2Im [Pg(w,m/2)]
Spc(w,m/2) | Ppg(w,/2)]

The experimental CARS spectra with knife edge shown in
Fig. 3(d) approximately reveals the real part (v = 1.68 ps) and
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imaginary part (t = 2.08 ps) of X}? (w). We confirm that we
can get the imaginary part by observing that its peak frequency
is right at the middle of the real curve. Although this is not
perfect, we propose that the imaginary curve can be improved
by using a delay line with higher resolution to find the exact
probe delay for ¢ = /2.

What this shows is that, in general, the gradual changes in
the spectral pattern measured as the probe delay (and therefore
the phase ¢) is varied will reveal the phase information within
the Raman spectrum.

Regarding the relative intensity between the resonant and
FWM fields, we observe that the probe intensity at the nodes
with more asymmetry in Fig. 3(b) is larger than that in
Fig. 3(a). The intensities of the Raman line with knife edge,
both at 2.02 and 2.08 ps, are weaker than that without knife
edge due to the energy loss when the probe spectrum is
cut; nevertheless, the intensities of the FWM background are
stronger. The contrast ratios of the resonant signal to FWM are
0.71 (without knife edge at 2.02 ps), 0.65, and 0.39 (with knife
edge at 2.02 and 2.08 ps, respectively). The lowest intensity
of the resonant signal is around 2000 counts. Compared to the
double-quadrature spectral interferometry CARS [17] where
pure methanol was used in a shorter acquisition time (10 ms),
our method has similar sensitivity but no obvious noise.

In conclusion, we have demonstrated a self-implemented
heterodyne CARS by using its intrinsic FWM background
as the local oscillator. Our configuration uses two broadband
Gaussian preparatory pulses and a time-delayed narrow-band
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probe pulse. We introduce an imaginary component to the
probe field in the time domain by inserting a knife edge
before the focal plane of a 4 f pulse shaper, thereby breaking
the symmetry of the top-hat-like spectrum. Since the FWM
instantaneously responds to the temporal overlap of the
preparatory and the probe pulses, it undergoes a gradual phase
shift by = when the preparatory pulses cross the node of the
real part of the probe field. Due to vibrational coherence,
the resonant Raman signal is somewhat insensitive to the
overlapping time near the node. We observe the shape changes
of the Raman line from aqueous methanol solution, and we
directly observe the imaginary part of X;;) when the phase of
the FWM equals /2. We also show that more asymmetry
of probe spectrum produces a stronger probe field (and thus
FWM) at the node by comparing the experimental results from
two different probe spectra. Therefore, we have the flexibility
to control both the relative phase between the resonant Raman
and FWM fields by adjusting the probe delay and the relative
amplitude by modifying the probe spectrum.
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