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ABSTRACT

Hyperspectral coherent anti-Stokes Raman scattering (CARS) microscopy has provided an imaging tool for
extraction of 3-dimensional volumetric information, as well as chemically-sensitive spectral information. These
techniques have been used in a variety of different domains including biophysics, geology, and material science.
The measured CARS spectrum results from interference between the Raman response of the sample and a non-
resonant background. We have collected four dimensional data sets (three spatial dimensions, plus spectra)
and extracted Raman response from the CARS spectrum using a Kramers-Kronig transformation. However,
the three dimensional images formed by a CARS microscope are distorted by interference, some of which arises
because of the Gouy phase shift. This type of interference comes from the axial position of the Raman resonant
object in the laser focus. We studied how the Gouy phase manifests itself in the spectral domain by investigating
microscopic diamonds and nitrobenzene droplets in a CARS microscope. Through experimental results and
numerical calculation using finite-difference time-domain (FDTD) methods, we were able to demonstrate the
relationship between the spatial configuration of the sample and the CARS spectral response in three dimensional
space.
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1. INTRODUCTION

Coherent anti-Stokes Raman scattering (CARS) is a non-linear optical process that has attracted considerable
attention in applications as wide-ranging as biophysics,! material science,? and geology.®> The versatility of
CARS owes to the fact that it probes specific vibrational resonances in molecules that are essentially equivalent
to spontaneous Raman spectroscopy, with the added advantage of being a coherent, stimulated process, resulting
in much stronger signals.* When combined with a conventional confocal microscope, CARS may be used to
produce label-free, frequency-resolved three-dimensional volumetric images of microscopic objects,” and many
such implementations are able to simultaneously probe other non-linear signals such as two-photon fluorescence
and second harmonic generation in multi-modal CARS imaging.5

One major drawback to the CARS process is the presence of a non-resonant background (NRB), which
results in distortions of the CARS spectrum. The non-resonant background arises from the interaction between
the laser and the medium in which the sample is embedded, and interferes coherently with the resonant CARS
response.” In particular, a typical CARS spectrum has its peak shifted relative to the spontaneous Raman
response, and a characteristic dip in signal below the background.® For applications where the spectrum is
crowded with many resonances in close proximity, such as in the spectral “fingerprint” region (500-2000 cm™1),
these distortions can greatly increase the challenge in correctly assigning the vibrational resonance to a particular
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species. Consequently, techniques have been developed to separate the resonant and non-resonant components
of the CARS response and retrieve the spontaneous Raman spectrum such as the Kramers-Kronig relations?
and the maximum entropy method.!? Such methods have been used to provide detailed information about the
localized chemical, physical, or thermodynamic state of a system resulting from spectral variations in specific
regions a sample.!! 13

Because CARS is a coherent process, there is also the possibility that artifacts may arise owing to interference
effects as the signal propagates through the sample. Shadows have been identified in CARS images that are
associated with such interference effects,'® 1% including index-mismatch,'® and most recently, the Gouy phase
shift.!” Such artifacts are quite localized, typically only associated with regions of interest on the scale of the
Rayleigh range of the laser focus. As we demonstrate in this report, corresponding distortions in the spectral
domain on the order of the spectral linewidth are possible as a result of phase shifts resulting from the propagation
of the CARS response and an inherent spatial-spectral coupling is present in such experiments.

This paper is organized as follows: In Section 2, we briefly review the theoretical assumptions underlying the
collection of CARS signals and the subsequent retrieval of the resonant Raman spectrum, and explain how shifts
in the phase resulting from the Gouy phase or index-mismatch may result in spatial and spectral distortions. In
Section 3, we outline the experimental technique used to demonstrate the spectral shifts, and the accompanying
simulation methodology. In Section 4, we show the results of our experiments and numerical simulations. In
Section 5, we discuss the consequences of our results and comment on avenues by which these difficulties may
be alleviated.

2. THEORY

CARS is a coherent four-wave mixing process resulting from the third-order non-linear susceptibility XS) (w)
associated with a vibrational resonance 2z. The process is characterized by an absorption of a pump photon at
frequency wy, followed by a stimulated resonant emission induced by a Stokes photon at frequency wg onto the
Raman vibration of interest, 2. A subsequent excitation using a second pump photon w, leads to an emission
of a blue-shifted anti-Stokes photon with frequency w,s = 2w, —wg. A similar four-wave mixing process produces
a non-resonant signal at the same frequency as the desired anti-Stokes light that is coherent with the resonant
response, producing a non-resonant background that interferes with the resonant signal. Specifically, intensity
of the light in the far field is given by the square modulus of the (real) non-resonant and (imaginary) resonant
contributions as shown in Equation 1,

3 3 3 3 3 3
Iears(@) o< [X@ @)% =[x + X @) = XD + IxSRl? + 2x S rRe(xY) (1)

where XE\?;;% is the susceptibility of the non-resonant background. The interference between the resonant and non-

resonant signals produces a spectrum which is distorted” relative to that of the spontaneous Raman response.
The resonant signal can be extracted directly from the combined signal, using retrieval algorithms such as those
based on the Kramers-Kronig relations.” The Kramers-Kronig method allows extraction of the spectral phase
¢(w) from the modulus of the susceptibility through Equation 2,

Blw) = -

P [T R, o)

s W' —w
where x(w) = |x(w)|exp (ip(w)) and P is the Cauchy principal value. Once the spectral phase is known, the
resonant contribution can be extracted directly via Xg) = Im(x(w))

Equation 1 describes the observed signal as a coherent sum of the purely real non-resonant response, and
the purely imaginary resonant response; however, if the resonant response is shifted by an arbitrary phase d¢,
then the resonant response will no longer be purely imaginary. This phase shift will result predominately from
the Gouy phase of the pump (¢g,) and Stokes beams ¢¢s, but further phase distortions may result from linear
index-mismatch between the sample and background medium (§¢;), and possibly other effects. The total phase
shift may therefore be written in terms of these quantities as shown in Equation 3.
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Equation 1 must therefore be modified to account for the additional phase shift, as shown in Equation 4.

Iears(@) o [X@ (@) = [XW P2 + X rl? + 2x R Re(x 3 i9?) (4)

As discussed in Section 4, failure to account for this additional phase contribution will lead to undesirable
artifacts (spatial-spectral coupling) that will persist in commonly-used Raman retrieval methods.

3. EXPERIMENTAL METHODS

Our experimental setup for performing CARS measurements in the fingerprint region (1000 cm~! to 1650 cm~1!)
has been described in detail elsewhere.'® In brief, we tuned our Coherent Mira900 oscillator to a wavelength of
900nm, yielding a power of ~500 mW after a prism compressor. The light was split into two arms corresponding
to the pump and Stokes. The light in the Stokes arm was directed into an NKT FemtoWhite photonic crystal
fibre to produce a supercontinuum, which was filtered to remove the visible components. The pump and Stokes
light were chirp-matched using SFg glass to achieved so-called “spectral-focusing”.!? The beams were recombined
and propagated into an Olympus Fluoview 300 laser scanning microscope with powers of ~150mW and ~20 mW
in pump and Stokes, respectively.

We examined two prototypical samples to illustrate the limiting cases of large and small Raman cross-sections.
One sample consisted of microscopic diamonds of size ~ 2um in aqueous solution. Diamond has a characteristic
Raman resonance at 1334 cm ™! with a typical spectral width of ~4 cm™!, and this peak has among the strongest
Raman responses of any homogenous sample,? and is therefore appropriate to treat the case of x% >> x%&-
The diamonds were immersed in a solution of 1% agarose at a 1 to 25 ratio at 80°C to form a gel. The second
sample consisted of a dilute solution of nitrobenzene in agarose. Nitrobenzene has a weak Raman resonance at
1585 cm™!, corresponding to the C=C stretch mode.?! In this case, the resonant to non-resonant response is
~2:1, and there will be appreciable signal from the cross-term between the resonant and non-resonant responses
noted in Equation 1. The nitrobenzene was mixed into the agarose at 80°C with vigorous stirring to create a
gel with a distribution of droplets of sizes ~1 ym to ~ 10 pm.

We simulated our model system of nitrobenzene immersed in the aragose medium using a three dimensional
finite-difference time-domain code.'” An isolated droplet of diameter 1 um was set on the laser axis within a
NRB of similar magnitude to the resonant response. The Raman frequency is Qg = 1600 cm ™! (0.144 w,,, where
wp is the pump frequency), the line width is I' = 15 em™! (1.34 x1073w,), and the system is described by the
third-order Raman polarization.?? The medium was assumed to be homogenous with a linear refractive index
of ng = 1.34 and a nonzero Kerr suspectibility that accounts for the non-resonant signal. The pump wavelength
was chosen to be 900 nm and the Stokes was redshifted by a frequency w. Both pulse widths were 2 ps. Within
the simulation domain, the signal was propagated by a standard Maxwell solver,?? modified to account for the
proper constitutive relations due to the nonlinear media.?? The simulation domain has radiation absorbing
boundary conditions. The anti-Stokes signal is measured near the boundary of simulation domain and is further
propagated analytically to the far-field zone by a near-to-far field transformation, where it is measured.

4. RESULTS

A CARS image of the diamonds at a particular focus (z = Op m) is shown in Figure la, and the image of
nitrobenzene at the best focus of the highlighted droplet is shown in Figure 1b. The CARS spectra of the
highlighted diamond and nitrobenzene droplets are shown in Figure 2a and 2b, respectively, at three different
focii corresponding to the laser focused in front of the sample (z = —1um), at best focus (z = Oum) and behind
the sample (z = lum). While the CARS image of the diamonds has a relatively homogenous background,
numerous shadows may be seen in the image of the nitrobenzene associated with out-of-focus droplets. We note
that while the nitrobenzene displays the familiar redshift of the peak and characteristic dip in the CARS signal,
the diamond does not display these features. Rather, the diamond spectrum closely resembles the spontaneous

Raman spectrum, broadened due to the spectral resolution of our spectral focus, ~30 cm™!. Moreover, we
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Figure 1. CARS image of (a) diamond fragments and (b) nitrobenzene droplets at best focus. Note the presence of the
shadows of out of focus objects projected into the image plane.

note that there is significant distortion of the CARS spectrum of the nitrobenzene droplets depending on the
focal position, whereas the diamond spectrum is relatively insensitive to position of the laser focus. It must be
stressed that the three spectra in Figure 2b are all associated with the same homogenous nitrobenzene droplet:
Any spectral distortions are due entirely to optical effects, and not due to the composition of the droplet, which
is uniform. The simulated CARS spectra of the nitrobenzene drops are plotted in Figure 2c. For simplicity of
analysis, the resonant and non-resonant media were index-matched in this case, corresponding to the case of
6¢; = 0. Importantly, the simulated spectra at z = 1 pym and z = —1 um are not identical, suggesting that
this is indeed a propagation effect that depends on the orientation of the laser axis, similar to the asymmetry
associated with observed shadows due to the Gouy phase.!” For a more complete picture of the effects of the
phase, we include the relative index mismatch between nitrobenzene (n = 1.554) and agarose (n = 1.33) in the
simulations in Figure 2b, revealing further distortions in the CARS spectrum even at best focus.

These spectral shifts cannot be accounted for using standard Raman retrieval algorithms. The Raman spectra
of the nitrobenzene as retrieved using a Kramers-Kronig algorithm® are shown in Figure 3a. The spectral peak
shifts by as much as 10 cm ™" as the laser focus scans through the sample, and only at best focus will the retrieved
Raman peak match that of the spontaneous Raman. For the simulations, a simple retrieval routine suitable for a
single isolated peak in a slowly-varying NRB was developed to retrieve the Raman spectrum from the simulated
data using a simulated annealing search,?* with the Raman resonance assumed to be in the form of a Lorentzian

of the form of Equation 5 with resonant susceptibility X%-

YR C) r
Xr' (W) _XROQR—w—iF (5)

This simplified retrieval routine allows us to account directly for the phase shift §¢. The results of the retrieval
with explicitly assumed d¢ = 0 are shown in Figure 3b. It is clear that, in this case, the phase retrieval does not
reproduce the spontaneous Raman spectrum faithfully, but instead produces a shift in the peak based on the
position of the droplet within the focal plane of order the spontaneous linewidth, 10 cm~!. This observed shift
is consistent with the results of the experimental measurements seen in Figure 3a. When the model is allowed to
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Figure 2. (a) Experimentally measured CARS spectra of the diamond fragments located at best focus (z = 0, solid line)
and slightly off-focus (z = -1 pum, dashed line, and z = +1 pm, dotted line) (b) Experimentally measured CARS spectra
of the nitrozbenzene droplets at the best focus and slightly off-focus. (c) Calculated CARS spectra of nitrobenzene using
FDTD at best focus, slightly off-focus, and at z = 0 with the index mismatch between nitrobenzene and agarose accounted
for (partial dashes)

fit ¢ as a free parameter, the shift vanishes, and the peak position is consistent at all three laser focal positions,
as seen in Figure 3c. By construction, the only factor available to contribute to the phase shift in this case is
the Gouy phase. Thus not only is the Gouy phase responsible for imaging artifacts in the spatial domain, but is
also responsible for coupled distortions in the spectral domain.

5. DISCUSSION

The two samples under observation have notable differences in the generated spectra. In the case of diamond,
the spectrum is essentially identical to the spontaneous Raman spectrum as seen in Figure 2a. In fact, even
the standard spectral distortion normally associated with CARS spectra is not present in this case: the CARS
spectrum is essentially equivalent to the spontaneous Raman even without retrieval. This may be attributed

to the fact that the resonant Xg)

XS\%- Consequently, the resonant term dominates in Equation 1, and the other terms may be safely neglected

as small perturbations of the signal. Thus, in this regime, the resonant and non-resonant signals are essentially
decoupled. By contrast, in the case of the nitrobenzene, the CARS spectrum of the droplet varies significantly as
it is moved away from the focal plane, and this effect persists into the retrieved spectrum, resulting in a notable
shift in the spectral peak.

of the diamond is many times stronger than the non-resonant background

The spatial-spectral couplings and distortions may be attributed to the phase shift introduced by the Gouy
phase. The simulations reveal that a retrieval algorithm using Equation 1-which is unaware of the phase shift
d¢p—will retrieve a Raman spectrum has a spectral shift of order the spontaneous Raman linewidth as shown
in Figure 3b, consistent with the experiment measurements. Conversely, when the retrieval algorithm instead
uses Equation 4 as in Figure 3c, the recovered spectral peak is consistent at all focal positions. This problem is
further exacerbated by the introduction of a phase shift resulting from refractive index mismatch as shown in
Figure 2c.

The experimental results clearly demonstrate that there are two regimes that must be considered when
analyzing a CARS spectrum and its corresponding retrieved Raman spectrum. In the limit of large resonant
signals, such as the diamond resonance, the spectral distortions will be minimal, and the CARS spectrum and
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Figure 3. (a) Raman spectrum of experimental nitrobenzene droplets as retrieved through Kramers-Kronig algorithm (z
= -1 pm, dashed line, and z = +1 pm, dotted line), overlaid with the spontaneous Raman spectrum (partial dashes). (b)
Raman spectra of calculated nitrobenzene spectrum retrieved through simulated annealing search from the nitrozbenzene
droplets at the best focus and slightly off-focus with d¢ = 0. (¢) Raman spectra of calculated nitrobenzene spectrum
retrieved through simulated annealing search from the nitrozbenzene droplets at the best focus and slightly off-focus with
¢ as a free parameter.

Raman spectrum will be essentially equivalent. In the limit of small resonant signals, there will be significant
spatial-spectral coupling between the resonant response and the non-resonant background. This coupling will
manifest itself simultaneously as shadows in the image and distortions in the spectrum. There artifacts will
considerably complicate the analysis of CARS images and their spectra if they cannot be corrected for. Assigning
physical significance to regions that are darkened in an image may in fact be the result of out-of-focus objects
producing shadows in the focal plane; likewise, assigning physical significance to small spectral shifts in either
the CARS spectrum or the retrieved Raman spectrum in this regime is problematic, as the shifts may simply be
due to the focusing conditions. The effects described here are generally limited to small regions of interest—those
that lie within the Rayleigh range of the Gaussian beam. Larger homogenous samples that fill the entire Rayleigh
range of the laser focus should not experience any such distortions.

There are a variety of approaches that one might take to disentangle the coupling in the system. Techniques
that greatly suppress or eliminate the non-resonant background signal, such as interferometric CARS?® and
frequency modulation CARS?S will push measurements into the limit of large XS), and allow for direct study
of the resonant response. Alternative NRB-free techniques such as SRS allow for similar measurements without
these concerns as well. Finally, it should be noted that, as demonstrated in Figure 3c, if the retrieval algorithms

are made aware of the phase shift in the spectrum, then it is possible to correct for this effect in post-processing.
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