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Phase-shaping strategies for coherent
anti-Stokes Raman scattering’
A. C. W. van Rhijn,* M. Jurna, A. Jafarpour, J. L. Herek and H. L. Offerhaus

The identification of large molecules in complex environments requires probing of multiple vibrational resonances rather than
a single resonance. Phase-shaping the excitation pulses allows the coherent mixing of several resonances so that the presence
of molecules can be inferred directly from the integrated output pulse energy. This avoids the need for the collection of
spectra or multiple measurements. This article describes a particular implementation for coherent anti-Stokes Raman scattering
microscopy that uses a broadband pump and probe field in combination with a narrowband Stokes field. We numerically
study the possibilities of optimizing selectivity, specificity, and sensitivity by precalculating pulse shapes using an evolutionary
algorithm. Copyright (© 2011 John Wiley & Sons, Ltd.
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Introduction

Coherent anti-Stokes Raman scattering (CARS) has been success-
fully used in spectroscopy and microscopy since the development
of (tunable) pulsed laser sources.! Over the last years, there has
been a surge of interest in CARS due to the availability of new
sources that allow video-rate imaging speeds and sensitivity levels
that open up new applications.”) In CARS, molecular vibrations
are excited coherently by a combination of a pump (wp) and
Stokes (ws) pulse. Subsequently, a probe (w,) pulse, which is often
derived from the same pulse as the pump, generates the CARS
signal (wc = wp — ws + wpr).

A molecule can be thought of as analogous to an ensemble of
mass—spring systems with a number of resonant frequencies. Each
of these frequencies yields a peak in the amplitude spectrum and
a phase step in the phase profile. The phase changes from0to —x,
for an isolated resonance, but when multiple frequencies overlap,
these resonances combine to create a complicated overall phase
response, such as the examples presented in Fig. 2(d-f).

As CARS is a coherent (parametric) process, the signal consists
of the coherent addition of the response of all the molecules in
the excitation volume. The measured CARS is also affected by a
nonresonant background. This nonresonant response to which
all molecules contribute can reach considerable strength and
even dominate the resonant CARS spectrum. Much effort has
been put into the separation of this nonresonant background
from the resonant signal. The relative phase of this nonresonant
response (with respect to the phase of the driving field at the
vibrational wavenumber) is zero so that the response is purely
real. The imaginary part of the complex CARS field does not
contain this nonresonant component. Knowledge of, or control
over, the phase of the CARS signal allows the suppression of the
nonresonant component.

Phase-shaped CARS

Although very successful, narrowband CARS™ (Fig. 1(a)) has a
hard time in distinguishing minority constituents in a complex

background when a unique identifying spectral feature is lacking.
Often in biological applications, the targets for imaging are large
molecules in complex cellular environments. In such cases, several
spectral features have to be monitored to assign the observed
signal to particular constituents. Preferably, all these features
are monitored simultaneously to ensure a correct comparison.
Broadband excitation, where several resonances are covered
simultaneously, achieves this goal.®~7! Collecting spectra is a
relatively time-consuming activity, however, and it was realized
that customized (phase-shaped) broadband pulses can also be
used to excite or probe selectively.®~'* These phase-shaped
pulses are sometimes referred to as ‘molecular music’, in that
the phase modulation of frequencies is analogous to the specific
arrangement of notes in a melody. The goal is to create an
excitation field that the target molecules ‘dance most passionately
to’. In this case, the passion refers to the coherent addition of the
motion of different vibrational modes so that a peak in the motion
in the time domain is created that favors the nonlinear interaction
with the probe. The nonresonant component can be rejected by
making sure that, for a constant and real component, the response
averages out to zero over the duration of the probe.

In single-pulse CARS, introduced by Silberberg et al.l’>1%], w,,
ws and wp, are all parts of the same broadband pulse. These
experiments mainly employ broadband pump and Stokes pulses,
in combination with a relatively narrow probe pulse. Power and
resolution available to address vibrations are not constant over
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Figure 1. Energy level diagram for (a) narrowband CARS, (b) multiplex CARS, (c) broadband pump and probe CARS and (d) nonresonant four-wave

mixing.

the bandwidth. For higher difference frequencies, the selectivity
progressively degrades. We employ a broadband pump and probe
pulse in combination with a narrowband Stokes pulse (Fig. 1(c)),
providing a more constant resolution over the entire bandwidth.
Generally, the CARS process can be described by a convolution
oftheinputfieldsand a multiplication with the molecular response:

Iears (@) o< |[(|Epump (@) |/ ®PumP @) @ |EZ | (w)[e ™ Pstokes(®)).

X (3)(60)] ® |Eprobe(0))|ei¢pr°be(w) |2~ (1

-

Fora degenerate broadband pump and probe and narrowband
Stokes pulse, this can be approximated as

lears (@) o |[|E(@ + ws)[e®@T9) . xO(0)] ® [E(@)[e® 2. (2)

The combination of a broadband pump pulse and a narrowband
Stokes pulse excites multiple vibrations, where the spectral phase
profile of the pump pulse is projected directly on the molecular re-
sponse. By tuning the wavelength of the Stokes pulse, it is possible
to access different vibrational regions. Due to the interaction with
both a broadband pump and probe pulse, the resulting CARS sig-
nal is a broadband signal that contains nonresonant background
and contributions from different pathways and interferences be-
tween vibrational resonances. The vibrational resonances are not
directly apparent from the obtained CARS spectrum as in multiplex
CARS!7="91 (Fig. 1(b)). Instead, we use spectral phase-shaping of
the broadband pump and probe pulse to obtain vibrational in-
formation. The nonresonant background (Fig. 1(d)) is suppressed
by taking a measurement with a phase profile and its inverse and
subtracting them from each other. We previously reported on an
intuitive phase-shaping strategy based on mimicking the inherent
m-phase step of a resonancel?2", However, to fully exploit the
interactions between the different excited vibrational resonances,
a more complex phase profile is required. To calculate this profile,
detailed knowledge of the vibrational phase response is required.

Obtaining the Vibrational Phase Response

The vibrational phase response can be directly measured using
heterodyne detection!?? or vibrational phase contrast CARS.[23!
Several other indirect techniques exist that retrieve the vibrational
phase from a recorded broadband CARS spectrum.24-27]

Here we introduce a method for determining the vibrational
phase response based on spectral fitting with an evolutionary
algorithm[® of spontaneous Raman scattering data.?®’ Spon-
taneous Raman spectra directly yield only the amplitude and
wavenumber of vibrational resonances, but fitting the imaginary
part of a sum of individual vibrational line shapes (Eqn 3) to the
spontaneous Raman spectrum allows retrieval of the vibrational
phase of the molecular response.

Ar
Raman(@) <SP =3 | x\g + D 55— | B)
Raman\@. Six o S XNR - ((1);2? 2 ¥ 2iwy )

We use a class of evolutionary algorithms, known as the
evolution strategy, to solve the fitting problem by trying an initial
spectral amplitude and phase profile and successive iterations.
The employed evolution strategy uses the covariance matrix
of parameters to continuously rotate and adapt the set of
candidate solutions, and is referred to as covariance matrix
adaptation evolution strategy (CMA-ES).B Details of the code
implementing CMA-ES are reported elsewhere.B" Spontaneous
Raman scattering is free from nonresonant background, so the
nonresonant part of the molecular response, Xﬁg{, cannot be
directly inferred from the fit and has to be estimated. The
nonresonant background can be added either as a constant
value or as an arbitrary function of wavenumber. The spontaneous
Raman scattering spectra and the associated fits for poly(methyl
methacrylate)(PMMA), polystyrene and polyethene are shown in
Fig. 2(a—c). The corresponding phases are shown in Fig. 2(d-f).
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Figure 2. Spontaneous Raman spectrum (blue) and fit (red) of (a) PMMA, (b) polystyrene (c) polyethene and (d-f) the associated vibrational phases. The
bottom row shows the optimal excitation phase for maximum CARS signal for (g) PMMA, (h) polystyrene, and (i) polyethene.

Pulse Optimization

Using the vibrational phase information of the molecule, the
molecular response, x®(w), can be constructed. This molecular
response is used to numerically calculate the CARS signal that
input pulses with certain phase profiles generate (Eqn 2). Our goal
is optimize the CARS signal of a specific molecule from a given
set of molecules. We employ CMA-ES to find a spectral phase
profile ®qpi(w) that maximizes the difference in integrated CARS
signal, integrated over the full bandwidth of the pulse, between
a pump and probe pulse with a spectral phase ®qpt(w) and a
pump and probe pulse with (the inverse) spectral phase —®gpt(w).
As mentioned before, this difference signal is free from purely
nonresonant background. However, it is not free from mixing
between the resonant signal and the non-resonant background.
The pump (= probe) pulse is assumed to have a Gaussian spec-
tral power distribution with a center wavenumber of 12400 cm™'
(806.5 nm) and a full width at half-maximum (FWHM) of 400 cm™’
(26 nm). The Stokes pulse is assumed to have a wavenumber of
9395.85 cm~' (1064.3 nm) and an infinitesimally small bandwidth.
For these simulations, the spectral phase profile is optimized
by the CMA-ES on 80 points, divided evenly over 1021 cm™".
This phase profile is extended to 4096 points by cubic spline
interpolation in order to improve the resolution when calculating
the CARS response. The CMA algorithm uses 20 parents and a pop-
ulation size of 40 per generation. The nonresonant background
is assumed to be constant with a ratio between resonant and
nonresonant response of 5:1 (peak to baseline). Optimizations

with different ratios of nonresonant background showed similar
results, as the purely nonresonant signal is discarded by looking
at the difference CARS signal. The mixing between resonant and
nonresonant signal influences the depth of the phase jumps in
the optimized phase, but the general shape remains the same.

The obtained excitation phase profiles for maximum CARS
signal for PMMA, polystyrene and polyethene are shown in
Fig. 2(g—i) and mainly follow the general shape of the molecular
phase response. At high wavenumbers, the phase returns to 0
instead of —m due to the mixing between the resonant signal
and the nonresonant background. The obtained CARS difference
signal is about an order of magnitude more intense than the CARS
signal froma 15-ps (1 cm~") pump and probe pulse, with the same
pulse energy, focused on the main resonance of polystyrene.
This comparison is based on a pure substance, with a constant
nonresonant background of 20% (peak to baseline).

Even though the optimization of the CARS signal from a single
component is useful, the true power of applying complex phase
shapes is in optimizing the signal from a component while sup-
pressing the signal from other components. In this study, we look
at a combination of PMMA, polystyrene and polyethene, which
have several overlapping resonances in the 3000 cm™' region.

Using CMA-ES optimization, we are able to find spectral phase
profiles that maximize the CARS signal for either of the three
substances while simultaneously reducing the contributions of
the other two substances. Given precise enough control over the
spectral phase, contrast ratios of 500 : 1 are obtainable. The amount
of CARS difference signal for the selected component is about

J. Raman Spectrosc. 2011, 42, 1859-1863 Copyright (© 2011 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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Figure 3. Selective excitation phases for (a) PMMA, (b) polystyrene and (c) polyethene and (d -f) the associated optimization curves, showing the obtained
difference intensities for PMMA (red), polystyrene (green), and polyethene (blue).

90% of the signal obtained with the single substance optimization
without suppression. This means that by suppressing the two other
components, we only lose 10% of the signal of our component of
interest. The resulting phase shapes and optimization curves are
shown in Fig. 3. Note that the phase profiles no longer follow the
general shape of the phase response of the molecule of interest
(compare, e.g. Figures 2(g) and 3(a)).

Robustness of Optimal Profiles

In samples, there are often multiple components present simulta-
neously in the focal volume. Therefore, it is important not only to
look at the response for a pure substance but also to consider the
homodyne mixing of CARS fields from different substances within
the focal volume. The resulting CARS signal for different mixtures
of PMMA, polystyrene and polyethene within the focal volume is
shown in Fig. 4(a—c) in the form of a ternary plot. Each of these
three subfigures shows the results for the optimal phase profile that
selectively excites PMMA, polystyrene or polyethene, respectively.

ltcanbeseenthatthereisaclose-to-lineardependence between
the obtained CARS difference signal and the concentration for
most mixtures, except near the region where there is less than a
few percent of the substance that was optimized present in the
focal volume compared to the suppressed substances. For the
optimized profiles for PMMA and polystyrene, there is a band of
mixing combinations, where the signal from small amounts of the
substance of interest is suppressed due to mixing with the signal of
the suppressed substances (Fig. 4(d—h). In effect, this will limit the
obtainable contrast ratio to about 25:1. Furthermore, mixing
between the signals from both suppressed components can
produce a stronger signal than both components would produce
by themselves. It can be seenin Fig. 4(e andf) that, in the case of the
PMMA- or polystyrene-optimized profiles, mixing between the two
suppressed components generates a negative difference signal,
which can be easily distinguished from the positive difference
signal that the component of interest generates. In the case of
the polyethene optimized profile (Fig.4(g)), there is a positive

difference signal for mixing between PMMA and polystyrene
however, which will limit selectivity. Optimization objectives that
take these mixing terms into account could potentially solve this
problem.

To get a better understanding of the required resolution of
phase-shaping, we also investigate the effect of changing the
number of parameters used to optimize the phase shape. In
this case, we look at the optimization of selective excitation
of PMMA for a varying number of parameters. It can be seen
from Fig.5 that the minimum amount of parameters required
to accurately model the optimal phase function is about 40. A
higher number does not significantly increase or decrease the
amount of obtained signal or the contrast ratio. The number
of elements on the phase shaper has to be higher, so that the
applied phase function matches with the smooth interpolation
between the parameters of the optimized phase function. Further
improvements in terms of optimization and number of parameters
can be obtained by tailoring the basis set of parameters that define
the phase function.??

Conclusion

Tailored broadband pulses have the potential to revolutionize
CARS by significantly improving the selectivity, specificity and
sensitivity. We show the feasibility of using an evolutionary
algorithm to obtain the complex vibrational phase response from
spontaneous Raman scattering spectra and using this information
to pre-optimize pulse shapes. We use a test case of a sample
containing PMMA, polystyrene and polyethene and show a
contrast ratio of 500:1 or better for each separate substance
compared to the other two in the case of pure substances. In
the case of mixing of the CARS fields due to multiple resonant
substances in the focal volume, the obtained contrast ratio
decreases to 25: 1. The obtained phase shapes are characterized
by 40 parameters over a 1021 cm~! region, so that the required
resolution for applying these phase shapes is limited and is within
reach of current commercial shapers.
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