PRL 109, 093902 (2012)

PHYSICAL REVIEW LETTERS

week ending
31 AUGUST 2012

Wide-Field Vibrational Phase Imaging
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We propose and implement a wide-field microscopy method to retrieve the real and imaginary part of a
field emitted by coherent and resonant molecular scatterers. The technique is based on wave-front sensing
and does not require the use of any reference beam. We exemplify its ability in wide-field coherent anti-
Stokes Raman scattering imaging and retrieve the complex anti-Stokes field while spectrally scanning a
molecular vibrational resonance. This approach gives access to the background-free Raman spectrum of

the targeted molecular bond.
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Retrieving the weak complex field emitted by coherent
molecular scatterers is always a difficult task in the optical
domain as it generally relies on performing interference
between the field emitted by the molecule and a reference
field. By contrast, wave-front sensors give access to both
the field amplitude and phase without the use of a reference
beam as they are able to determine the wave-front curva-
ture at any spatial location in the measured area.
Nevertheless, wave-front sensors are usually not compat-
ible with molecular spectroscopy and microscopy as they
exhibit a poor spatial resolution and are mostly imple-
mented on cameras with sensitivities that are not compat-
ible with weak field measurement. Molecular spectroscopy
and its extension to microscopy would greatly benefit from
a pure physical and simple complex field retrieval tech-
nique as both the real and imaginary parts of the scattered
field are necessary to fully describe the light-matter inter-
action. This is indeed the case in coherent Raman spec-
troscopy (CRS) that aims at capturing the vibrational
signature of molecular scatterers. CRS implemented in
microscopy is nowadays a mature field aiming at pro-
viding to the biologist a label-free molecular imaging
technique [1]. Whereas most of the efforts have been
concentrated to point-scanning approaches, wide-field
CRS has received less attention although it has several
benefits for applications. Wide-field coherent anti-Stokes
Raman scattering (CARS) microscopy has the ability to
image a large field of view in a single shot scheme as
demonstrated by pioneer works in the field [2]. Both phase-
matching [3] and non—phase-matching [4,5] illumination
conditions can be used in wide-field CARS.

As in point-scanning CARS, wide-field CARS is not
background-free and a CARS image remains visible
when the frequency difference between the incoming
pump and Stokes beams is tuned far from the vibrational
resonance. This is intrinsically due to the CARS
intensity detection scheme that mixes both the real
and the imaginary parts of the nonlinear susceptibility
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X (@45) = Re[ YV (@4,)] + ilm[ ¥ (w,,)] together with
the additional significant contribution of nonresonant four-
wave mixing to Re[ y®(w,,)]. Various approaches have
been implemented in CARS to circumvent the undesirable
effects of this nonresonant background, including Epi [6],
polarization sensitive [7], and time-resolved [8] detection
modes that mostly filter out the nonresonant nonlinear
susceptibility. Optical heterodyne detection schemes have
also been proposed [9-12] and are of particular interest
because they have the ability to retrieve Im[ y'¥(w,,)], a
quantity that is proportional to the spontaneous Raman
signal [13]. Wide-field CARS holography has been re-
cently proposed by mixing the generated CARS signal
with a reference beam coming from an optical parametric
oscillator [14] or a nonlinear layer set in front of the
specimen [15]. Wide-field second-harmonic generation
holography has also been reported using a reference
beam generated in a frequency doubling crystal [16].
Such heterodyne schemes are not artifact-free as they
rely on stabilizing an interferometer with long arms and
dealing with the scattering of the reference beam through
the sample itself. To circumvent these effects the “cas-
caded phase-preserving chain’ implemented in CARS [11]
is particularly interesting because the phase of the excita-
tion fields that have crossed the sample is actually mea-
sured and subtracted from the phase of the CARS signal to
correct de facto changes in refractive index in the sample,
phase curvature over the field of view, and interferometric
instabilities in order to retrieve the vibrational phase. The
latter approach requires three incoming beams and can be
implemented in point-scanning microscopy.

In this work we propose and demonstrate a completely
different scheme to measure the phase of the CARS signal
in a wide-field configuration and with two quasicollinear
incoming pump and Stokes beams.

This so called ‘“vibrational phase” is due to the phase
shift (or time lag) associated with the vibrational resonance
and is directly linked to Im[ ®(w,,)]. Using an optimized
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wave-front sensor located in the image plane, we map here
the phase of the CARS signal generated by polystyrene
beads when spectrally scanning a molecular resonance
around 1000 cm ™! in a collinear CARS excitation configu-
ration. Far from resonance, the wide-field CARS signal is
mostly due to the surrounding nonresonant background
and its phase only reflects the refraction from the sample.
This “refractive phase” ¢rppracT COnstitutes a phase off-
set. On resonance, the wave front experiences an additional
vibrational phase ¢cagrg that is the very signature of the
targeted vibrational bond (Fig. 1).

In order to get more insight into the proposed vibrational
phase measurement, we have performed numerical calcu-
lations based on a three-dimensional vectorial model that
takes into account the focusing of the incoming fields and
the CARS signal generation by a set of discrete induced
nonlinear (polarization) dipoles that mesh the bead sample
in three dimensions [17,18]. This model has been further
developed to include the CARS field propagation down to
the image plane. We consider here a 2, 4 X 2,4 X 20 um?
rectangular bulk volume along the x, y, and z directions
filled with a nonresonant medium with nonlinear suscepti-

bility ,\/{i)lll\(] R In the defined bulk volume is located a 1 pm

diameter bead whose nonlinear susceptibility is XﬁLIXR +
GR s BIR — o, BINR (INR _ _(3NR
Xbeads WIth Xiead = 2Xpead A4 Xpead: = Xouie S Ob-

tained from a fit to the experimental measured CARS
spectra of a polystyrene bead embedded in an index match-
ing oil. The weakly focused pump and Stokes beams
(NAcxcitation = 0.1) propagate along the z axis and define
an 8 um diameter active CARS area. For the sake of
simplicity and to understand how the vibrational phase
acts on the CARS field, these simulations do not take into
account the refractive index mismatch between the bead
and its surrounding. We will see later that this is not detri-
mental as it can be experimentally achieved by performing
an adequate wave-front subtraction to cancel out the refrac-
tive phase @rgrract- Figures 2(a) and 2(b) present simu-
lated wide-field CARS images of the described sample
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FIG. 1 (color online). Principle of the spatial phase alteration
in wide-field CARS microscopy. Off resonance, the shape of the
CARS wave front reflects the refractive index of the sample
whereas on resonance an extra phase shift alters the wave-front
shape.

obtained with a NA_gjection = 0.8 objective lens. In the
intensity image [Fig. 2(a)], the bead is not visible due to
the strong nonresonant contribution of the bulk medium.
On the contrary, the phase image [Fig. 2(b)] clearly high-
lights the bead. In this case, the phase shift is found to be
|@cars| = 8°. This weak phase shift, that is far from the
90° value expected on resonance, takes its origin in the
nonresonant contribution to the total CARS field [Fig. 2(c)]:
Ecags * Nyge'#e + Npe'#t = Nyg + Nge '(7/?) = Ny —
iNg, where Nyr and Ny are the number of nonresonant and
resonant scatterers in the active CARS volume, respec-
tively. The phase shift ¢cars = — arctanlf,v—lf;2 of the CARS

field scales inversely with the nonresonant contribution. To
show the relevance of this simple analysis, we compare in
Fig. 2(d) the phase shift ¢cagrg, retrieved from the full
vectorial simulation, with the above simple analytical
formula.

To measure the phase of the CARS field, we have
implemented a wide-field CARS imaging experiment
in a quasicollinear geometry [Fig. 3(a)]. The pump
(730 nm) and Stokes (780 nm) beams are generated by
two synchronized mode locked Ti:Saph lasers (3 ps,
76 MHz) that overlap in space and time at the sample
location [19]. This particular pair of wavelengths matches
the 1000 cm™! band of polystyrene. The two laser beams
are weakly focused into the sample through an achromatic
doublet (f = 35 mm, NA = 0.1) As such, they define a
9 pum diameter CARS interaction volume at the center of
which is located a 3 um diameter polystyrene bead
(Sigma-Aldrich, n = 1.6). The bead is embedded in a
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FIG. 2 (color online). Simulated CARS field in the image
plane generated by a bead embedded in a nonresonant bulk
medium. (a) CARS intensity with the overlaid bead location.
(b) Phase ¢cars of the CARS field. (c) Scheme of the interfer-
ence between the resonant and nonresonant fields.
(d) Vibrational phase ¢cars versus the ratio of the nonresonant
to the resonant field.
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FIG. 3 (color online). (a) Experimental setup. (b) P-CARS
scheme. (c) Spatial phase as measured by the wave-front sensor
in the P-CARS and R-CARS schemes together with their dif-
ference off resonance (1058 cm™!) and on resonance
(1003 cm™'). A vibrational phase shift of 60° is visible on
resonance.

150 wm thick refraction index matching oil (Cargille Labs,
Cargille Immersion Liquid Code OHZB, n=1.556 at
25°C) and sandwiched between two glass cover slips
(thickness 150 um). The anti-Stokes signal generated by
the bead is imaged (NA gjeciion = 0.65) in the forward
direction onto a two-dimensional wave-front sensor that
can record both the amplitude and the phase of the anti-
Stokes image field. This wave-front sensor is based on
quadriwave lateral shearing interferometry (QWLSI)
[20], a technique that does not require any mobile element
and proves to be superior in terms of lateral resolution than
Shack-Hartmann based sensors [21].

Briefly, QWLSI [22] uses a two-dimensional grating
(modified Hartman mask) that generates four orders of
diffraction which interfere on a CCD camera. If the in-
coming wave front is a plane wave, the interference pattern
detected on the camera is a rectangular grid. Any local
curvature in the wave front will distort the shape of this
grid. The analysis of these distortions retrieves the phase
gradient and the wave-front relative phase at any position
in the image field. We have implemented a custom QWLSI
sensor sensitive to the relatively weak anti-Stokes signal. It
is based on an electron-multiplying CCD (EMCCD) cam-
era and a grating initially designed for a commercially
available QWLSI sensor (SID4Bio, Phasics, Palaiseau,
France). Here, we use two different detection schemes
sensitive to the wave-front curvature related either to the
bead refractive phase ¢rgpracT, OF to the vibrational phase
at resonance @cags- In the first, so called P-CARS scheme,
we adopt the classical polarization CARS arrangement
[23], where an angle of 71.6° is set between the pump

and Stokes’ linear polarization states. This configuration
sets an angle of #WR = 45° between the CARS nonreso-
nant background and the pump’s linear polarization state
[Fig. 3(b)]. Any Raman mode with depolarization ratio pg
gives rise to a resonant anti-Stokes field which linear polar-
ization makes an angle 8% = arctan[p tan(71.6°)] with
the pump’s polarization state. In the present experiment,
pr = 0 for the targeted 1000 cm™! and 1030 cm™' lines
of polystyrene [24], setting #®) =~ 0. A polarizer, oriented in
the vicinity of §?) = —45° [Fig. 3(b)], permits us to sup-
press most of the nonresonant background Fine tuning its
angle subsequently adjusts the rat10 (and therefore the

CARS phase shift ¢cprg—see [Fig. 2(d)]) In this P-CARS
configuration, the total phase shift is thus given by ¢cars +
@rerracT- 10 the second, so called R-CARS scheme, the
same 71.6° relative angle is kept between the pump and
Stokes beams’ polarization while the anti-Stokes signal is
now detected without polarizer. The weakly focused pump
and Stokes beams define a CARS interaction volume far
larger than the bead (L/d > 100—see [Fig. 2(c))).
Consequently, most of the CARS signal comes from the
surrounding medium. A part of this strong nonresonant
CARS signal is generated before the beam crosses the bead
itself (Fig. 1). This specific signal imprints on the wave front
a spatial phase shift ¢rgrract solely due to the refractive
index mismatch between the medium and the bead. The final
subtraction of the two phase shifts measured in the P-CARS
and R-CARS schemes gives access to the vibrational phase
shift PCARS-

Our EMCCD-based QWLSI sensor can record phase
and amplitude images of a 3 wm polystyrene bead within
100 ms and 40 s in the R-CARS and P-CARS schemes,
respectively (on resonance, with 100 mW incoming pump
and Stokes average powers).

Figure 3(c) shows the results of the P-CARS and the
R-CARS spatial phase measurements together with their
difference (average of 30 images). Far from the vibrational
resonance (1058 cm™!), the P-CARS and R-CARS phases
are similar and are attributed to ¢@rgpract Only. This is not
the case on resonance (1000 cm™!), where a clear @cags is
retrieved by the signal difference. The value of the vibra-
tional phase ¢carg = 60° corresponds to the awaited
NN—NRR = 1.9 [see Fig. 2(d)] as settled in the experiment.
The positive value of ¢carg is a consequence of the
P-CARS projection on the polarizer and is further de-
scribed in the Supplemental Material [25].

From ¢carg and the P-CARS intensity Icags, it is easy to
retrieve the real and imaginary parts \/Tcars COS(@cars)
and /Toags sin(@cars) of the complex CARS field. They
are proportional to the real and imaginary parts of the third
order nonlinear susceptibility y', respectively. Figure 4
shows the evolution of the imaginary [Fig. 4(b)] and real
[Fig. 4(c)] parts of the complex CARS field when the vibra-
tional resonance is scanned from 950 cm ™! to 1100 cm™!
(open circles). On the same graph are plotted the theoretical
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FIG. 4 (color online).
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Evolution of the complex CARS field when spectrally crossing a molecular resonance: measurements (red

circles) and simulation (blue solid curves). (a) Three-dimensional representation, (b) imaginary part (proportional to the spontaneous

Raman spectrum), and (c) real part.

curves (solid lines) expected from the spontaneous Raman
spectrum of polystyrene and a ratio Nz/Nyg = 1.9. The
real part adds up the dispersive line shape of the resonant
contribution and a constant nonresonant contribution. On
the other hand, the imaginary part follows the expected
polystyrene Raman spectrum, with its two characteristic
resonances at 1003 cm ™! and 1034 cm™!. Interesting is the
complex spectral volume representation of the data de-
picted in Fig. 4(a) where any molecular resonance defines
a loop. These loops are here again the signature of the
vibrational phase ¢cars- This “molecular roller coaster,”
as described in Ref. [26], is the very signature of the
resonance and contains the information carried by both
the real and imaginary parts of the field.

Similar to P-CARS spectroscopy, in our P-CARS con-
figuration the transmitted signal through the polarizer
depends on the depolarization ratio of the probed Raman
line. As a consequence, the recovered Raman spectra might
have the amplitude of their peaks modulated as compared
to spontaneous Raman spectra. However, this effect is only
marginal when a specific vibrational mode is targeted as
performed in CARS imaging applications. We note that the
quasicollinear geometry used here is interesting for the
vibrational phase measurement because it (i) fulfills
CARS phase matching, (ii) generates a strong nonresonant
background required in R-CARS to retrieve ¢rgpract, and
(iii) produces a nonresonant background area in the re-
corded image which is necessary for the sensor to ade-
quately reconstruct the absolute phase map. As a
consequence, the field of view must be larger than the
CARS targeted specimen and the available laser power
will fix its maximal dimensions.

In conclusion, we have proposed and implemented a
wide-field microscopy method to retrieve the real and
imaginary parts of a field emitted by coherent molecular
scatterers. The technique is based solely on a wide-field
wave-front analysis. We illustrate the technique in the
CARS context and measure the vibrational phase that is
imprinted on the wave front when crossing the Raman
molecular resonance. Spectrally, this vibrational phase
fully maps the resonance in the complex plane, the

projection of which, along the imaginary axis, is the
background-free Raman spectrum. We note that the pro-
posed method is purely physical and does not require any
phase retrieval algorithm [27,28]. Spatially, this vibrational
phase is compatible with three-dimensional CARS imaging
that can be realized by the digital propagation of the com-
plex anti-Stokes field in a way similar to what is done in
digital holography [14]. The presented approach is not
limited to nonlinear processes and applies to any process
exhibiting both coherent and resonant features (resonant
scattering in atoms, molecules, and dielectric or metallic
micro- or nanoresonators, for instance); it has the advantage
over classical wide-field heterodyne techniques to be self-
referenced and to not require the use of any reference beam.
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