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Abstract: By spectral phase shaping of both the pump and probe pulses in
coherent anti-Stokes Raman scattering (CARS) spectroscopy we
demonstrate the extraction of the frequencies, bandwidths and relative cross
sections of vibrational lines. We employ a tunable broadband Ti:Sapphire
laser synchronized to a ps-Nd:YVO mode locked laser. A high resolution
spectral phase shaper allows for spectroscopy with a precision better than
1 cm™ in the high frequency region around 3000 cm™. We also demonstrate
how new spectral phase shaping strategies can amplify the resonant features
of isolated vibrations to such an extent that spectroscopy and microscopy
can be done at high resolution, on the integrated spectral response without
the need for a spectrograph.
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1. Introduction

Coherent anti-Stokes Raman scattering (CARS) has been successfully used in spectroscopy
and microscopy since the development of (tunable) pulsed laser sources [1-3]. In CARS,
molecular vibrations are excited coherently by the pump (w,) and Stokes (ws) pulses.
Subsequently a probe (wy) pulse, which is often derived from the same pulse as the pump,
generates the anti-Stokes signal (. = ®p - s + @,). The energy diagram for a narrowband
resonant CARS process is given in Fig. 1(a). Several schemes for broadband resonant CARS
processes are visualized in Figs. 1(b)-1(d). The resonant CARS signal is accompanied by an
inherent non-resonant background. The energy diagram for such a non-resonant process is
depicted in Fig. 1(e).

When all the light pulses have a relatively small bandwidth (few cm™) a CARS spectrum
can be measured by tuning the difference frequency of (w, - ®s) [4-6]. A more direct way to
obtain a CARS spectrum is multiplex CARS shown in Fig. 1(b), with a broadband (~500 cm™)
Stokes pulse. In this method the CARS signal is measured on a spectrometer [7-10]. Single
pulse CARS, where o, ®s, and o, are all part of the same broadband pulse, has also been
investigated in conjunction with spectral phase and amplitude shaping. These experiments
mainly employ broadband pump and Stokes pulses, in combination with a relatively narrow
probe pulse as in Fig. 1(c). Due to interference between the shaped pump and Stokes pulses it
is possible to enhance one transition and suppress other transitions [11-13]. With various
phase and/or amplitude profiles of the pump and Stokes pulses vibrational frequencies and
bandwidths are retrieved 1[14—18]. In practice, this technique reaches only vibrational
frequencies below 1500 cm™.

Instead of broadband pump and Stokes pulses, we employ broad pump and probe pulses in
combination with a narrow Stokes pulse as in Fig. 1(d). Since the Stokes pulse comes from an
independent source we can set the center frequency difference to correspond to higher
vibrational frequencies (~3000 cm™). The narrow Stokes pulse (~1 cm™) allows for direct
projection of the phase profiles onto the molecule; the narrow Stokes essentially shifts the
shaped pump profile to the vibrational frequencies without changing it. The phase profile that
is programmed on the spectral phase shaper directly addresses the molecular profile just as it
would in IR spectroscopy if the difference frequency generation was done separately (see e.g.
[19]) but without the absorption and large focal size associated with IR wavelengths. Since the
spatial phase modulator covers a range of frequencies in an almost linear way, the resolution
at the difference frequency is constant. This is different from the approaches that shape pump
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and Stokes beams where vibrational frequencies are targeted by shaping for the differences in
the pump and Stokes; there, a high vibrational frequency requires large spectral features in the
phase profile (for example, a sinusoid of only a few periods over the full pump spectrum).
This approach therefore has a low spectral resolution in the high vibrational frequency range.

Furthermore, the broad bandwidth of the probe yields a way to interfere signals from
different vibrational states in the output spectrum thereby enhancing the overall signal and
suppressing the non-resonant contribution. As such, our approach is similar to the multi-probe
approach in [20], except that it does not require distributing the energy over the pump and
probe to create the multi-probe effect. Furthermore our method works on the full, spectrally-
integrated response rather than a selected spectral region. Also the nt-phase step introduced in
the probe profile to reject non-resonant contributions as in [16, 18, 20] is not required here;
the phase step in the resonant molecular response itself can be addressed. A further step in the
probe profile is present in our scheme as well (as we use the same pulse for pump and probe)
but is not required for the spectroscopy.

—_
QO
~

m

1 m
—_
O
~

o

[N

[ I

Wor

L=

Fig. 1. CARS energy schemes a) Narrowband CARS, b) Multiplex CARS, ¢) Pump and Stokes
broad, d) Pump and probe broad, e) Non-resonant energy scheme.

In this paper we demonstrate how new spectral phase shaping strategies can amplify the
resonant features in the spectrum to such an extent that spectroscopy and microscopy can be
done at high resolution, on the integrated spectral response without the need for a
spectrograph. We identify line positions, widths, and relative intensities. This technique
allows for spectroscopy at the resolution of the spectral phase shaper (0.5cm™). We
investigate here the spectral region around 3000 cm™. In this region strong and well separated
O-H, C-H, and N-H lines are located, which facilitates the demonstration of the technique.
Our Stokes pulse is centered at 9396 cm™ (1064 nm, 281.7 THz) with a temporal intensity
FWHM of 15 ps (1 cm™). For the pump pulse and probe pulse (identical) we use a broadband
Ti:Sapphire pulse around 12500 cm™ (800 nm, 375 THz) with a temporal intensity FWHM of
60 fs (230 cm™).

We start with a short description of the setup, which is followed by a number of
simulations for a single transition to explain how we determining the vibrational frequency
and line width. The relative cross sections (relative to the non-resonant background) in a
multi-line spectrum can be determined by fitting. Measurements on acetone are compared to
the simulations and literature. The paper concludes with an outlook on applications.

2. Setup
A schematic figure of the setup is presented in Fig. 2.
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Fig. 2. Layout. CM (curved mirror), LCD (liquid crystal device), D (dichroic), F (short pass
filter), PD (photodiode), and SFG (sum frequency generating crystal).

We use a tunable Ti:Sapphire oscillator from KM-Labs with a spectral FWHM of 280 cm™
centered around 12267 cm™ (815 nm, 368 THz). The energy per pulse is 2.8 nJ (repetition rate
of 80 MHz). The liquid crystal device (LCD) of the spectral phase shaper has 4096 pixels with
a pixel size of 1 um by 6 mm with a pitch of 1.8 um (Boulder Nonlinear Systems). Usually
spectral phase shaping techniques suffer from pixelation effects; in our case these are
negligible because of an intentional increase in the crosstalk between pixels, which decreases
the effective resolution. Effectively the spectral phase shaper has ~600 degrees of freedom.
For the absolute positioning of phase profiles the complete number of pixels can be used,
which implies a positioning precision of 0.47 cm™ (14 GHz). Further details and description of
the calibration of the spectral shaper setup can be found in an earlier publication [21]. The
pulses of the Ti:Sapphire laser are pre-compressed by an external prism compressor (this
prevents wasting degrees of freedom on the shaper to compensate simple dispersion) and
shaped to be Fourier limited (at the position of the sample) by the spectral phase shaper using
an evolutionary learning algorithm [22], with SHG signal from a thin (10 pm) BiB3Og crystal
at the location of the sample as feedback. The desired spectral phase functions for the
experiments as well as the higher order dispersion correction are applied by the spectral phase
shaper.

The shaped Ti:Sapphire pulses are used as the pump and probe pulses in the CARS
process. The Stokes pulse is generated by a 15ps (1cm™) Nd:YVO laser
(9396 cm™ (1064.3 nm, 281.7 THz), Spectra Physics Vanguard). The laser systems are
synchronized in a two-step locking system. The first step is based on the signals of two fast
photodiodes; when this locking is achieved the second step is switched on, which is based on
sum frequency generation (SFG) signal, where the Ti:Sapphire pulse is delayed 7 -8 ps to
coincide with the flank of the Nd:YVO pulse [23]. Two piezoelectric devices in the
Ti:Sapphire laser cavity are controlled by feedback from the fast photodiodes or the SFG
signal. The residual integrated jitter of the second stage of the locking system is 60 fs rms for
a bandwidth of 100 Hz.

A reflective objective of 0.65 NA is used for focusing, without the addition of dispersion
or chromatic aberration. The loss of light from low angles is acceptable since it is a minor
contribution to the signal due to momentum conservation restrictions. The collection objective
is a 0.65 NA regular glass objective. For the collection, low angles are important whereas
dispersion is not. The collected light is sent to a spectrometer with a resolution of 0.25 nm and
detected on a CCD array.
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3. Simulating the CARS signal

We begin by describing the theoretical foundations of our approach, and demonstrate two
ways, based on simple phase profiles, to extract the frequencies of vibrational resonances.
Next we present means of finding the (effective) line widths, and the relative cross sections.

The total CARS signal has two major contributions as indicated in Fig. 1: a resonant and a
non-resonant part. The resonant part originates from vibrational resonances and has the
generic form shown in Eq. (1) [24]:

@)=y, > (1)

=~ W - +2iwoy,

where Ag, wr and yg are the amplitude, frequency and line width of the vibrational resonances.
The CARS spectrum can be expressed as:

| s (@) = (P(@+ @) explid(@+ @,)]- (9 (@) + 72)® Pr (@) explid(e))f )

where P(w) and Pr(w) are the intensity profiles of the pump and probe pulses. The spectral
phase shaping is indicated by the phase function (@(w)). The Stokes pulse is spectrally narrow

and unshaped, therefore we take only its frequency into account. y is the non-resonant

third-order susceptibility and is assumed to be constant (flat spectral response).

We analyze the simplest case of one transition in the center of the broad pump (- Stokes)
pulse The shaped pump and probe pulses are defined to have a FWHM of 7 THz (233 cm™),
centered at 372 THz (12400 cm™, 806.5 nm). The FWHM of the vibrational band is chosen to
be 300 GHz (10 cm™). A positive n-step, located spectrally so that it compensates the phase of
the vibrational resonance, is applied to the pump pulse. Since the probe is also shaped, the
CARS spectrum shows a dip in the center due to destructive interference of the additional
phase step. The normalized components of the laser pulse are shown in Fig. 3(a); the
normalized intensity and phase profile of the vibrational resonance are shown in Fig. 3(b).
Figures 3(c) and 3(d) show the resulting resonant and non-resonant CARS spectra. The black
lines represent the calculated spectra for the shaped pulse (Fig. 3(a)). The thin red (Gaussian)
lines are for comparison and indicate the unshaped (flat phase) spectra. Here, the intensity

reflects the chosen values for & and 7, 1 and 10 respectively. Note that the intensity of
the vibrational band scales quadratically with the value of y& .
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Fig. 3. (a). Spectral intensity and phase profile of the pump and probe pulse. (b). Intensity and
phase of a vibrational resonance. (c) and (d). The resonant and non-resonant CARS
contribution for the spectral phase in (a) (black) and for a flat spectral phase (thin red).

Figure 4 shows a simulation where the positive phase step, shown at the center of the band
in Fig. 3, is now swept through the spectrum. The horizontal axis provides the location of the
phase step, and the vertical axis shows the integrated CARS signal, normalized to the total
CARS signal for a flat spectral phase. When the compensating (positive) phase step is swept
through the spectrum, a maximum of the integrated resonant CARS signal occurs when the
phase step coincides with the resonance, despite the local spectral dip (Fig. 3(c)). The
integrated non-resonant CARS signal is lowest when the phase step is in the center of the
spectrum, and highest when the phase step is outside the laser spectrum. Hence, this sweeping
method reveals resonances as local maxima that coincide with the position of the phase step.
As a caveat, we note that closely spaced resonances reduce each others visibility and
transitions with a low cross section are easily lost in a dominant non-resonant background.
Furthermore, our simulations show that when weak resonances are in the vicinity of the main
vibration band, the peak in the integrated signal will be slightly shifted. For a sharp phase
step, the width of the peak in the center corresponds to the width of the resonance.
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Fig. 4. Integrated CARS signal for a negative Lorentzian phase profile (positive phase step).
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From the spectrally resolved signals the positive phase step creates a dip in the resonant
CARS-spectrum, whereas the non-resonant signal shows a maximum at the same spectral
position (Figs. 3(c), 3(d)). For a negative phase step, the non-resonant CARS-spectrum will be
the same, because the non-resonant CARS-spectrum is independent of the sign of the phase.
However, interference in the resonant CARS-spectrum will cause an enhancement at that
frequency due to the constructive interference of an effective 2zx-phase step. The negative
phase step yields a negligible effect on the integrated signal, in comparison with the positive
phase step, but produces sharp spectral features that are easily identified in a spectrally
resolved measurement. Figure 5 shows the effect of such a negative phase step when the
resonance and phase step are located in the center of the pump (- Stokes) spectrum.
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Fig. 5. (a). Spectral intensity and phase profile of the pump and probe pulse. (b). Intensity and
phase of a vibrational resonance. (c). and (d). The resonant and non-resonant CARS
contribution for the spectral phase in (a) (black) and for O flat spectral phase (thin red).

Note that a sharp feature is created in the resonant as well as in the non-resonant spectrum.
These features coincide in the CARS spectrum only when the phase step is at the precise
location of the vibrational band. For other positions of the phase step, the features appear at
different positions in the CARS spectrum. A measured CARS spectrum always contains both
a resonant and non-resonant contribution, whose interference influences the position of the
feature in the integrated spectrum. Figure 6 shows contour plots of phase step sweeps with (a)
positive phase step, (b) negative phase step and (c) the difference, where the horizontal axes
represent the location of the phase step and the CARS-spectra are displayed along the vertical
axes. Since the non-resonant contribution is independent of the sign of the phase profiles, the
difference contains only the resonant features. Note that resonant contributions from the flat
parts of the phase profiles are also eliminated. However, the non-resonant contribution is still
present as an overall gain factor. Since it is present in the spectral intensity through the mixing
term between the resonant and non-resonant contributions, (sometimes referred to as the
homodyne amplification [7]), it is also present in the difference plot and due to the phase
asymmetry it results in an asymmetry in the difference plot.

To understand the CARS spectrum for any position of the phase step we outline the
contributions according to Eq. (2). The first part, the convolution of the pump and Stokes
pulses, shifts the pump profile to the difference frequency without changing the phase profile.
The multiplication with the resonance response can be regarded as a sampling of this shifted
pump profile by the resonances of the molecule. Since the resonances have fixed positions
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they always sample the same part of the pump profile. At this point the treatment has to be
split into two distinctly different scenarios that are responsible for distinct features in the 2D
spectra.

The first scenario is for a n-phase step that does not coincide with a resonance so that the
result of the sampling of the shaped pump by the molecular response is just a copy of the
molecular resonance response where a constant phase (0 or -x) is added to the narrow phase
profile of the resonance (i.e. a negative phase step). The amplitude of the response is
multiplied by the amplitude of the corresponding part of the pump spectrum. For the final part
of Eq. (2), the shaped probe has to be convoluted with the narrow sample. This convolution
can be approximated as the creation of two copies of the (shaped) probe spectrum with
opposite phase, separated by a distance equal to the width of the resonance (rather like a
differentiator). The result of this combination is an almost complete cancellation of the
spectrum except in the vicinity of sharp transitions (such as the shaped z-step) where a sharp
feature is created. When the phase step scans through the profile, the sharp feature scans with
the step, creating a distinct feature with a slope of 1 in Fig. 6.

The second scenario is when the applied n-phase step overlaps with (and cancels) the
molecular phase step. In this scenario the sampling results in a copy of the amplitude of the
molecular response except that it now has a flat phase. In the final convolution step with the
probe spectrum therefore, the full (shaped) probe spectrum is transferred to the final spectrum.
This full transfer creates a vertical features in Figs. 6(a)-6(c) and an integrated effect in the
Fig. 4 and Fig. 8. Note that multiple separated resonances will cause multiple features with
slope 1 as well as multiple vertical features.

(b) ©
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Fig. 6. (a) and (b) CARS-spectra contour plots for a sweep with a positive (a) and negative (b)
phase step. c) The difference between a negative and a positive phase step sweep.

The non-resonant part of the CARS signal is the convolution of the pump (- Stokes) and
probe without the intermediate sampling. The spectral region around the phase shift acts as a
local differentiator that samples the phase shift in the probe and creates a feature in the output.
When the phase step is swept through the spectrum, the feature (the combination of a moving
differentiator sampling a moving phase step) moves at twice the speed of the sweep and
shows up as a feature of slope 2 in Figs. 6(a) and 6(b). The broad signals on the left and right
in Figs. 6(a) and 6(b) are mostly due to the non-resonant contribution and partly due to the
resonant signal from the flat (phase) wings of the resonance. The different features cross at the
resonance frequency (- Stokes). The vertical features in Fig. 6(b) are less pronounced because
the phase of the resonance is not completely cancelled by the negative phase step over the full
width of the resonance. The projection on the molecule (sampling) therefore does not produce
a flat phase.

The line width of one single resonance (or the effective line width for multiple closely
spaced resonances) can be found by varying the ‘slope’ or width of the phase step, while
keeping the step centered on the transition. Here we define the profile for a certain width (2y)
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of the step as the phase profile that corresponds to a Lorentzian profile with the same FWHM

(2y) of the intensity:
dlo,y)= al’g{\/z (wily)} 3

With this definition of the width, the width of the step corresponds to the width of a
(vibrational) transition in a natural way

When the width of a positive phase step matches with the width of the vibrational
resonance, the integrated resonant signal is maximized. Unfortunately, as the width of the
phase step increases the non-resonant contribution also increases. Again the resonant features
are revealed by subtracting the results for a positive phase step with the results of a negative
phase step. Figure 7 shows the integrated CARS signal for a positive phase step, a negative
phase step, and the difference. The horizontal axis represents the width of the phase step in
cm™. On the vertical axis the integrated signal is given, normalized to the signal for a flat
phase profile. The simulated vibrational resonance has a FWHM of 50 cm™ (1.5 THz).

e
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Fig. 7. Integrated CARS signals as a function of the width of the phase profile. Green line:
positive phase step. Blue line: negative phase step. Red line: the difference, for which the
maximum indicates the line width of the resonance

As can be seen in Fig. 7, the maximum of the difference signal does not yield directly the
FWHM of the simulated vibrational resonance. The maximum also depends on the spectrum
of the pump and probe pulses. But, since this spectrum is known, the width can be extracted
by fitting. The maximum is independent of the cross section; the cross section will only
influence the height of the difference.

Hence, by the previous described methods the vibrational frequencies and line widths can
be obtained. In addition the relative cross sections can be found by fitting the measurements to
the theory, keeping the obtained frequencies and line width fixed, and varying the cross
section as a free parameter.

4. M easurements and discussion

We now present experimental measurements that demonstrate the enhancement of the
resonant part of the integrated CARS signal by use of a compensating (positive) phase step.
We do this in acetone, which has one strong resonance at 2923 cm™ as well as several
neighboring weak resonances [25]. Figure 8 shows the experimental result for spectrally
sweeping a positive phase step, with a width of 5cm™ (0.15 THz), through the pump and
probe spectrum. The width of this phase step is a factor of four below the expected bandwidth
of the main vibration. The horizontal axis provides the location of the phase step, and the
vertical axis shows the integrated CARS signal normalized to the total CARS signal for a flat
spectral phase. The pump and probe pulses are identical with a center frequency of 12267 cm™
(368 THz) and an intensity FWHM of 277 cm™ (8.3 THz). The Stokes pulse has a center
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frequency of 9396 cm™ (282 THz) and an intensity FWHM of 1 cm™ (30 GHz). The acetone
(Merck, purity > 99.5%) sample is sandwiched between a cover glass of thickness ~0.1 mm
and a 1 mm thick microscope slide. Paraffin wax is used as spacer.

Figure 8 shows one strong resonance for a phase step at 369.82 THz, corresponding to a
resonance frequency of 2940 cm™, slightly higher than the expected Raman frequency of
2923 cm™ [25]. The shift can be explained by interference effects from the smaller vibrational
resonances within a window of 100 cm™ (3 THz). This example shows that the method works
for strong isolated resonances, and gives an indication of the line width when a very steep
phase profile is used. The simulation is calculated using one vibrational resonance where the
line width and the cross section (compared to the non-resonant background) are varied. The fit

parameters are 26 cm™ for the line width and 25 for &/ » (amplitude).

Measurement
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contribution

o
)

°
IS

Simulated
resonant
contribution

0.2r
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Normalized integrated CARS signal

Fig. 8. Normalized integrated CARS signal for acetone, with a positive phase step swept
through the spectrum of the pump and probe pulses.

Figure 9 shows contour plots of measured spectra for a positive phase step sweep (a), a
negative phase step sweep (b), the difference (c), and the integrated CARS signals (d). The
horizontal axes in all plots of Fig. 9 represent the location of the phase step, and the vertical
axes show the CARS spectra (a-c) or the integrated CARS signal (d). The phase steps have a
width of 1 cm™. From the 2D plots, the main peak is now determined from the crossing point
of the non-resonant feature (slope 2) and the resonant feature (slope 1) and is found to be
2923 cm™ matching the value from literature [25]. The other lines remain hidden in the noise
in Fig. 9(c).
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(a) Positive phase step (b) Negative phase step
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Fig. 9. Results for acetone a) Contour plot for a negative phase step. b) Contour plot for a
positive phase step. ¢) Contour plot for the difference. d) Integrated spectra for the negative and
positive phase step.

As shown in the previous section, the line width for a single resonance can be examined
by tweaking the width of the phase step at the vibrational band and comparing the integrated
CARS spectra. However a real molecule has many resonances, even in the case of acetone the
weak resonances near the strong resonance influence the experiment. This influence is shown
in Fig. 10. Figure 10(a) shows the data with a fit using only one vibrational resonance.
Figure 10(b) shows the data where all five resonances in vicinity are taken into account. On
the horizontal axis the width of the phase step is plotted and the vertical axis shows the
integrated CARS signals, normalized to a flat phase profile.
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Fig. 10. Effective line width estimation of acetone. a) Fitted for one transition.
b) Fitted for five transitions.

The simulated lines in Fig. 10(a) are for a vibrational resonance at 2936 cm®, 10 for
28178 (amplitude), and a line width of 38 cm™. This line width is much broader than
determined from the measurement shown in Fig. 8 (23 + 2 cm™). We attribute this difference
to the smaller resonances near the main resonance. Thus Fig. 10(a) yields an effective line
width and effective line amplitude. Figure 10(b) shows the result when 5 lines are used with
vibrational frequencies taken from literature (2698 cm™, 2850 cm™, 2923 cm™, 2966 cm™, and

3004 cm™ [25]), free line amplitudes (8, 1, 27, 12, 12 for y/ ) and free line widths
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(17 cm®, 22 cm™, 16 cm™, 26 cm™, 11 cm™). Fitting the measurements with five resonances
improves the simulated difference line in comparison to the fit to one line.

5. Conclusions and outlook

We have demonstrated a new spectral phase shaping strategy for CARS spectroscopy.
Vibrational transitions can be identified with a resolution limited by the resolution of the
shaper (here, 0.5 cm™). Furthermore we have introduced a method for measuring the width for
isolated spectral lines and an effective line width for a combination of lines. Relative cross
sections can be extracted from the spectral sweep data. We have also shown the possibility to
disentangle the resonant and non-resonant contribution of the total CARS signal.

Using spectral phase shaping we are planning to create molecule-specific pulses where the
selectivity is based on multiple transitions. Label-free investigation of a sample based on multi
line profiles increases the specificity. As long as the resonances have a discernable phase
character, a richly structured spectrum will increase the chemical contrast. Imaging with
increased selectivity and rejected background will be the aim of further research. By lowering
the difference frequency between the pump and Stokes pulses the fingerprint (~100-
1100 cm™) region can be accessed.
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