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We have developed an interferometric implementation of coherent anti-Stokes Raman scattering which
enables broadband coherent Raman spectroscopy free from the nonresonant background, with a signal

strength proportional to concentration. Spectra encode mode symmetry information into the amplitude
response, which can be directly compared to polarized spontaneous Raman spectra. The method requires
only passive polarization optics and is suitable for a wide range of laser linewidths and pulse durations.
The method’s application to Raman spectral imaging is demonstrated.
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Raman scattering provides a powerful optical route to
obtain chemically specific information and is widely used
in biology, chemistry, and materials science. Coherent
Raman scattering (CRS) is the nonlinear multiphoton
equivalent of the spontaneous Raman process and allows
much faster acquisition [1,2], with additional benefits of
intrinsic optical sectioning in microscopy [3] and rejection
of sample luminescence [4]. In microscopic imaging, CRS
has been very successfully employed for imaging individ-
ual Raman bands, but quantitative hyperspectral coherent
Raman imaging of biological samples, analogous to spon-
taneous Raman microspectroscopy, has proven difficult to
achieve, primarily due to the coherent backgrounds inher-
ent to CRS [2]. Similarly, for gas-phase combustion stud-
ies, coherent backgrounds obscure weak resonances,
distort line shapes, and complicate numerical analyses
[5,6]. Dealing with these backgrounds increases acquisi-
tion times, complicating the application of CRS to time-
varying reacting flows. In this Letter, we report on a new
method for quantitative broadband CRS spectral imaging
and demonstrate the method via microscopic imaging. The
technique has relaxed requirements on spectral phase and
instrument stability and provides full access to the Raman
fingerprint region while retaining the advantages of
enhanced signal and optical sectioning inherent to CRS.

The two most widely used CRS techniques are stimu-
lated Raman scattering (SRS) and coherent anti-Stokes
Raman scattering (CARS) [Fig. 1(a)] [4]. At intensities
suitable for biological samples, SRS requires heterodyne
methods [7,8] to detect the signal against the coherent
background of the excitation fields; such methods require
wavelength scanning to build up spectral information.
CARS is a four wave mixing (FWM) process with a signal
field generated at the anti-Stokes frequency w,s = w,, +
w, — wg, which is spectrally separated from the excitation
fields (v, wg, and w,,, are denoted as the pump, Stokes,
and probe fields, respectively). CARS can therefore simul-
taneously generate an entire vibrational spectrum by using
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a spectrally broad Stokes beam [9], making it suitable for
rapid detection of vibrational (and rotational) spectra.

The coherent background in CARS arises from FWM
processes that are independent of vibrational transitions
[Fig. 1(a)]. The anti-Stokes intensity is determined by the
third order susceptibility

IxI* = x&r + 2xnrRe{xr} + Ixrl? (1)

where yr and ynr are components resonant and nonreso-
nant with vibrational modes, respectively. Since yg is
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FIG. 1 (color online). (a) Energy level diagram. CARS in-
volves the path w, = wg — w,, — w,s; SRS is w,
Q) (where () is a vibrational resonance). An example nonreso-
nant FWM pathway is shown as w, — 0}, — 0§ — 0.
(b) Polarizations for SIP CARS with one elliptical (or circular)
polarized field E, and one linear field E;. Detection is performed
along n, and n_. E, is shown as the input to a A/4 plate
(orientated at an angle ¢ to the fast axis) to generate the desired
elliptical polarization. For a circular Stokes and linear pump,
E,=Eg,E,=E, =E,, and ¢ = /4. For an elliptical pump
and linear Stokes, £, = E, = E,,,, E; = Eg, and ¢ = /8 or
37/8. (c) Experimental setup. Pump-probe ellipticity was con-
trolled by a combination of linear polarizer (LP) and zero-order
half- and quarter-wave plates (A/2, A/4). Beams were combined
on a dichroic mirror (DM) and focused into the sample by a
1.3 NA objective lens (Obl). An identical lens (Ob2) collected
the signal, which was separated from the excitation fields by a
short pass filter (SP) and dispersed via a spectrometer onto a
CCD. A Wollaston prism (WP) separated the two detection
polarizations on the CCD.

— wg —

© 2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.111.103902

PRL 111, 103902 (2013)

PHYSICAL REVIEW LETTERS

week ending
6 SEPTEMBER 2013

proportional to the number of resonant modes in a medium,
the concentration dependence of CARS is quadratic and
nonlinearly mixed with the nonresonant background
(NRB). The interferometric (second) term, however, is
linear in yR and is amplified by yng. Re{xr} is dispersive
and antisymmetric about the vibrational line center; how-
ever, Im{yg} is directly related to the spontaneous Raman
spectrum [4].

Many methods have been developed to remove the NRB
from CARS spectra [6,10]. Noninterferometric techniques,
such as polarization-based [11-14] and time-resolved
methods [15-17], recover a (typically small) proportion of
the energy in the third term of Eq. (1). However, the inter-
ferometric term is the largest source of signal for weak
resonances and, below the damage threshold of biological
samples, CRS has been shown to be faster than spontaneous
Raman spectroscopy only if this term is detected [2,18].

Im{ yr} may be recovered through interference between
the anti-Stokes field and a local oscillator (LO), which may
be generated either externally [19-22] or by using the NRB
as an internal LO [23-25]. Previous experimental imple-
mentations have stringent requirements on stability and
coherence of the broadband laser source [24-30] or require
phase scanning [23,30].

Computational internal LO approaches have been devel-
oped, which use the yng Re{xg} term present in raw CARS
spectra to calculate Im{yr} [31,32]. These techniques pro-
duce good approximations to Im{y} if the spectra are of
sufficient width but also intrinsically produce a spectrally
varying error signal, which increases at resonances (up to
10%) [33]. They also require prior or postestimation of the
spectral variation of the NRB (effectively the variation of
the Stokes field) from a reference material, which is often
compromised by the presence of a residual resonant
response. Changes of the background spectrum during an
acquisition lead to errors that can mask the weaker reso-
nances in the fingerprint region of biological samples [2].

We describe here a new internal LO technique, spectral
interferometric polarized CARS (SIP CARS), that is sig-
nificantly simpler to implement than previous experimen-
tal approaches. It does not have stringent requirements on
the lasers used and is suitable for narrow-band, multiline,
and broadband systems. Transform limited pulses are not
required, and supercontinua generated via photonic crystal
fibers (PCF) can therefore be used to generate broad, NRB-
free vibrational spectra. Furthermore, the NRB is removed
without requiring an independent measurement of its spec-
tral variation. The technique is similar to dual quadrature
spectral interferometry [24,26,30,34], except that the fields
have different frequencies and hence only interfere via the
nonlinear response. The third-order response is solved
exactly, without assumptions on the relative strength of
resonant and nonresonant components [24,35].

To illustrate the method, consider CARS with a (right-
hand) circularly polarized Stokes field and pump and probe

fields linearly polarized along the x axis, as in Fig. 1(b). For
convenience, we express the Stokes electric field in terms
of the linear polarization E¢ used to generate it via a A/4
plate; so, the field along the x and y axes is Eg = ES/\/E
and Eg = iEg /~/2. The susceptibility can be separated
into diagonal (e.g., x;;;;) and off-diagonal (e.g., x;j;;) ele-
ments; the off-diagonal terms mediate the coupling of
orthogonally polarized excitations into the detected polar-
ization. Considering the polarization P, induced in the
medium along the fi | axis, at + /4 to the pump and probe
polarization, we have

Py =IxtunEpENES)* + xiom Ep Ep(ES)*
+ X112 Ep Ep(ES)* + x1012E , E(Eg ),

where E, and E,, are the electric fields of the pump and
probe beams, and E{ and Ej are the components of the
Stokes field along fi; and fi_, respectively [Fig. 1(b)]. As
E{ = iEy, the last two terms lag the first two in phase by
7r/2. Imaginary components of the last two terms therefore
interfere with real components of the first two, with the
strength of the interference determined by the relative
strength of the diagonal and off-diagonal tensor elements.
Similarly, for P_, the EY and Eg terms are swapped, and
the last two terms lead the first two by 7/2. Imaginary
components are therefore added to the real components
along i, and subtracted from them along n_; spectral
interferometric detection is performed by taking the dif-
ference between spectra measured at these polarizations,
leaving the purely imaginary components [24].
The induced polarizations are more succinctly expressed
within a basis including the pump and probe polarizations,
1 i
P, = ﬁXllllEprEpE;;’ P, = _ﬁinzEprEpEg- (2
Along the detection axes iy and fi_, the induced polar-
izations are P, = (P, + Py)/\/i and P_= (P, — Py)/\/i
and the anti-Stokes signals are S, « P, P% and S_
P_P* . The sum and difference of the anti-Stokes inten-
sities are then %5 = §, + S_ « PPy + P,P; and AS =
S, —S§_ = PPy + (P.P})", respectively. The difference
signal is therefore given by

AS o< Im{x 1111 X512 prd s, 3)

where I; = E;E; are the beam intensities. Separating the
susceptibilities into resonant and nonresonant components
Xijul = Xg'lifz + X?jkh assuming an isotropic medium
(X2112 = X1221> X111 = X122 + x1221 T x1122), and not-
ing that the nonresonant terms possess Kleinman symme-

try [36] (xifii = Xars X022 = X112 = Xin1 = Xne/3),
this becomes

AS o e Im{xYy ;= 3xTon Myl pls
(11— 3P)XNRIm{X11{111}IprIpIS’ )
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where p = x%,,/x%,, is the CARS depolarization ratio
of the resonance [37]. The difference spectrum is therefore
linear in the imaginary component of y, is amplified by
Xn~R» and contains no real, dispersive terms or nonresonant
contributions. Because of the linear response, well estab-
lished linear multivariate analyses such as principal com-
ponent analysis or cluster analysis can be applied. Mode
symmetry information is mixed into the amplitude
response through the depolarization ratio p (0 < p < 3/4).

Because the interference is effectively between /2
phase shifted copies of the same fields, there are no extra
requirements on the coherence of the excitation pulses.
Moreover, if spectra are measured simultaneously, inco-
herent backgrounds (such as two-photon fluorescence) and
any variation of the real components of the CARS signal
are common mode in S; and S_ and are automatically
subtracted out. This is essentially a balanced homodyne
detection scheme, except that in this case, the signal arises
in the low noise difference channel rather than the sum
channel.

At the focus of a high NA lens, it is easier to control the
circular polarization of a narrow-band beam rather than a
broadband one, and, commonly, the pump and probe fields
are supplied by the same beam, so E,,. = E,. To address
this, we can generalize Eq. (4) to the case of arbitrary
ellipticity of both Stokes and pump beams (see the
Supplemental Material [38]),

AS < C(0, )12 I5(1 = 3p) xneImixyy 1 5

where
C(6, ¢) = Asin(4¢) + sin(26) + sin(26) cos(4)].  (6)

6 and ¢ characterize the ellipticity of the Stokes and
pump-probe fields, respectively, and are defined as the
angle between the fast axis (set parallel to the x axis) of
a quarter wave plate and an input linear polarization. For
the experimentally practical situation where the polariza-
tion of the broadband Stokes field is constrained to be
linear [i.e., C(0, ¢)], the difference signal AS is maxi-
mized for an elliptical pump polarization with ¢ = 7/8,
37/8. The signal-to-noise ratio can be shown to be highest
for ¢ = 37/8 (see the Supplemental Material [38]), cor-
responding to the major axis of the ellipse being orthogonal
to the Stokes polarization: this arrangement was used for
the measurements shown in Figs. 2 and 3. Significantly, AS
retains the same spectral form, regardless of the ellipticity
of the excitation beams. In general, the NRB will be
removed as long as the polarization ellipses are symmetric
with respect to the measurement axes, while the ellipticity
determines the amplitude of AS. This decoupling of NRB
removal and signal amplitude simplifies the alignment
under tight focusing conditions or in the presence of sam-
ple window birefringence [6]. Polarization can be set
in situ at the focus by iteratively minimizing the NRB
and maximizing the difference signal at resonance.
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FIG. 2 (color online). (a) Interferometric correction of the
NRB in toluene. S and S_ are the raw CARS spectra measured
along the i, and n_ directions of Fig. 1(b) (10 ms exposure).
The difference spectrum AS = S, — S_ contains nondispersive
line shapes at the correct Raman shifts [cf. (c)] (red line, 10 ms;
blue line, 100 ms). (b) Close-up of the region around 786 cm ™!
showing the AS peak shifted with respect to the dispersive
CARS peaks (100 ms; lines are to guide the eye). (c),
(d) Comparison of normalized SIP CARS to the spontaneous
Raman spectrum formed by R — 3R, (R, parallel polarized,;
R |, perpendicular polarized). Curves are offset for clarity [(c),
toluene; (d), cyclohexane]. The SIP CARS and spontaneous
Raman spectra agree closely, to within the resolution of the
SIP CARS measurement. Average powers are at the focus;
pump, 14 mW; Stokes, 25 mW.

Experiments with an elliptical pump and broadband lin-
ear Stokes beam were performed with the apparatus
detailed in Fig. I(c), and described in detail in the
Supplemental Material [38]. Both beams were derived
from a Ti:sapphire oscillator (785 nm, 2 ps, 76 MHz):
10% of the output was used as the pump-probe field, while
the remaining power was passed through a PCF to generate
the Stokes field (800—1040 nm). A forward detection ge-
ometry was used, with illumination and collection by
1.3NA objective lenses, and with a Wollaston prism placed
after the collection objective to separate the two detection
polarizations on the CCD. Aberrations in the spectrometer
limited the spectral resolution to 30 cm ™!,

Correction of Raman line shapes and removal of the NRB
in SIP CARS are shown for toluene in Fig. 2(a). The two
CARS spectra S, and S_ exhibit the asymmetric dispersive
line shapes and spectrally varying NRB, which is character-
istic of CARS measurements. The difference spectrum AS
shows no NRB, and Raman peaks are symmetric and occur
at the correct vibrational energy. Figure 2(b) shows this in
greater detail for the mode at 786 cm™! [39].

Direct comparison to spontaneous Raman spectra can be
made by equating the depolarization ratio in Eq. (4)
with the spontaneous Raman depolarization ratio [37,40]
p =R, /Ry, where R and R, are spontaneous Raman
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spectra with incident and scattered polarizations mutually
parallel and perpendicular, respectively. Then, R =
Im{x,;;1} and R > Im{y 5}, and from Eq. (4),

AS
TOCR” - 3RJ_. (7
N

Note that the normalization of the difference spectrum
by Ig¢ corrects the peak amplitudes for variation in the
Stokes spectrum to allow comparison with the spontaneous
Raman spectrum; it is not necessary for removing the NRB
or for quantitative measurements. For a nonresonant sam-
ple, X111 = xnr and X120 = xnr/3, and Eq. (2) reduces
to P, = wrEXE;/V2 and P, = —ix\gEZEL/3\2
(where we have set E,, = E,). The sum spectrum 38 is
then

38 o P.PL+ PP Plgxe. (8)

The spectral form of I can therefore be determined from
that of .S, obtained from a nonresonant medium; we have
employed a glass coverslip for this purpose, as the glass
resonant response is slowly varying and weakens towards
higher wave numbers. We find agreement between SIP
CARS and spontaneous Raman spectroscopy in terms of
both spectral position and relative peak heights [shown for
cyclohexane and toluene in Figs. 2(c) and 2(d)]. As
expected from Eq. (5), the amplitude of each Raman line
is scaled by the depolarization ratio, with peaks going
negative for resonances with p > 1/3, providing a power-
ful approach for the differentiation of otherwise similar
spectra on the basis of mode symmetry (as demonstrated
for imaging in Sec. IV of the Supplemental Material [38]).

As the nonresonant response ynr amplifies the resonant
CARS signal, quantitative measurements in heterogeneous
media require an account to be taken of any variation of
XNR» for example, as density changes across a sample. SIP
CARS is self-calibrating, in that y\g can be monitored in
the same measurement if a spectrum contains a nonreso-
nant region (such as the “quiet” spectral region exhibited
by biological samples). From Eq. (8), measuring .S at a
reference frequency away from resonances gives a quantity
SSnr © x&r- The difference spectrum can therefore be

normalized by /2 S\g to give a signal which is linear in
concentration and independent of the strength of the non-
resonant response, verified experimentally from measure-
ments of samples with strongly varying NRB (see the
Supplemental Material [38]).

To demonstrate that SIP CARS is suitable for a wide
range of laser systems, the method was also implemented
using a commercial supercontinuum source (detailed in the
Supplemental Material [38]). In this system, both pump
and Stokes beams were seeded by the same low-power
fiber laser oscillator and then amplified independently. One
amplified output generated the Stokes beam via a long
PCF, while the other was used directly as the pump field.
This system served as a rigorous demonstration of the

SIP-CARS (a.u.)

2800 3000
Energy (cm™1)

2800 3000
Energy (cm™1)

FIG. 3 (color online). Hyperspectral imaging of a sample
containing both polystyrene (PS) and polymethylmethacrylate
(PMMA) beads of 1 um diameter (100 ms/pixel; 64 X 64 pix-
els; 300 nm step size. Scale bar 5 pm). Multivariate analysis was
performed using Pearson clustering, and the component spectra
are shown next to their corresponding intensity maps. The
temporal delay between the pump and Stokes beams was chosen
to maximize power in the C-H spectral region. The two bead
populations can be clearly distinguished; left panel: PMMA
beads; right panel: PS. Also shown for PS is the spectrum R —
3R, (green). Note the SIP-CARS spectra have not been normal-
ized by the Stokes spectrum Ig; hence, peak amplitudes differ
from the spontaneous Raman measurements (larger images
(126 X 126 pixels) taken with 10 ms exposure are shown in
the Supplemental Material [38]).

robustness of the technique, as the amplified beams contain
more noise and amplified spontaneous emission than the
Ti:sapphire oscillator, and the PCF generated Stokes beam
has relatively low spectral coherence. Single-exposure
broadband interferometric NRB removal for this system
would not be possible by any other optical technique.

Hyperspectral imaging was demonstrated on a sample
containing both polystyrene (PS) and polymethylmetha-
crylate (PMMA) beads of 1 um diameter. The polarized
spectra S and S_ were acquired simultaneously at each
pixel, and the difference spectrum AS was then scaled by
the square root of XS integrated over the nonresonant
region 20002450 cm™!. Pearson-based cluster analysis
[41] was performed on this hyperspectral data set; the first
two component spectra and their intensity maps are shown
in Fig. 3. The component spectra contain all the features of
the spontaneous Raman spectra of polystyrene and
PMMA, and the two bead populations can be clearly
distinguished.

In summary, by exploiting the third-order polarization
response, SIP CARS allows acquisition of CRS spectra
free of NRB, with complete agreement to spontaneous
Raman measurements. Spectra are amplified by the
nonresonant response and are quantitative, with a linear
concentration dependence, making the technique suitable
for hyperspectral imaging. The method uses only passive
polarization optics, has low stability requirements, and is
suitable for any laser system capable of generating CARS,
permitting single-exposure interferometric NRB removal
with broad PCF generated supercontinua.
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