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Abstract. Transverse “chemical” interfaces are revealed with a conventional two beam narrowband coherent
anti-Stokes Raman scattering microscopy setup in a collinear configuration. The exciting “pump” and “Stokes”
beams are focused on the sample in two opposite directions. The subtraction of the two generated anti-Stokes
signals gives rise to a signal that is directly proportional to the pure Raman spectrum of the resonant medium. This
property is used to highlight an interface between glass and N,N-dimethylformamide (DMF) and recover the pure
Raman spectrum of DMF around its 1408 cm− 1 vibrational band. C©2011 Society of Photo-Optical Instrumentation Engineers
(SPIE). [DOI: 10.1117/1.3606574]
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1 Introduction
Coherent Raman microscopy has proved to be a valuable con-
trast for fast label-free chemically resolved analysis of biological
samples.1, 2 Coherent anti-Stokes Raman scattering (CARS)3, 4

and stimulated Raman scattering (SRS)2, 5–7 are now two com-
mon nonlinear contrasts for probing vibrational resonances.
CARS and SRS are two third-order nonlinear processes whereby
two so-called pump and Stokes frequency-shifted waves interact
into the sample. In SRS, the molecular vibrations specific to the
sample induce loss and gain over the pump and Stokes beams,
respectively. In CARS, these vibrations enhance the blueshifted
so-called anti-Stokes signal. While the CARS signal detection
is made easier due to this frequency-shift, its molecular speci-
ficity is affected by the presence of a nonresonant electronic
background that interferes coherently with the resonant vibra-
tional signal. Time-resolved8 and optical heterodyne9 detec-
tion schemes, as well as spectral phase control,10, 11 frequency-
modulation,12 or vibrational phase contrast13 have proved as
valuable background-free techniques, nonetheless at the price
of increased experimental complexity. On the other hand, polar-
ization sensitive14 and Epi-CARS15 detection schemes suppress
efficiently this nonresonant background at the price of far re-
duced detected signal. The interplay between the resonant and
coherent nature of CARS makes the signal formation a com-
plex process.16 Recent works have been devoted to the study of
CARS signal generation near interfaces and to the development
of techniques sensitive to “chemical” edges.17–20 In a previous
work, we demonstrated background-free CARS spectroscopy of
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†Current address: Université de Bourgogne, Institut Carnot de Bourgogne, UMR
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a sample when it makes an interface with a nonresonant medium
perpendicular to the optical axis (transverse interface).21 For this
task, one has to acquire two CARS spectra, the former at the
original interface, the latter after permutation of the two media.
This technique has mainly been limited by its poor signal-to-
noise ratio (SNR) due to the successive acquisition of spectra
and restricted to symmetrical samples.22 In this letter, we give
at first a simple explanation of the underlying physics at work in
term of two-wave interferences. This simple view is supported
by full three-dimensional computation. We then extend the ca-
pability of this technique to CARS microscopy without the need
of permuting the two media. Instead we use a mirror to reflect the
excitation CARS beams (that have already crossed the sample)
to focus them back on the sample itself. With this simple scheme,
we demonstrate experimentally highlighting of transverse chem-
ical interfaces and background-free Raman spectroscopy of test
samples with an improved SNR as compared to our previous
work.21

2 From CARS to Raman Spectrum
The situation that will be studied through the paper is shown
in Fig. 1(a) as a reminder. Two resonant and nonresonant
medium are separated by a transverse interface. Their third-order
nonlinear susceptibilities are given by χ

(3)
1 = χ

(3)
1R + χ

(3)
1NR and

χ
(3)
2 = χ

(3)
2NR, respectively. In a first configuration (α-problem),

the resonant medium (medium 1) lies in the upper half-space
(z > 0) and the nonresonant medium lies in the lower one
(z < 0). In a second configuration the relative positions of
medium 1 and 2 are flipped (β-problem). In both configura-
tions, the pump and Stokes beams are focused on the interface.
As a result, the CARS active volume overlap both with medium
1 and 2. The anti-Stokes (CARS) signals I Fwd

α and I Fwd
β gen-

erated in the direction of propagation of the pump and Stokes
beams (forward direction, noted Fwd) in both configurations
result from the interference of the anti-Stokes fields generated
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Fig. 1 (a) CARS signal generation near a transverse interface between a
resonant and a nonresonant medium. α-problem: the resonant medium
lies in the upper half-space (z > 0); β-problem: the resonant medium
lies in the lower half-space (z < 0). (b) Analogy with a two-wave inter-
ference experiment.

by medium 1 and 2. Due to the vibrational resonance induced in
medium 1, the anti-Stokes field generated by this medium is out
of phase with the excitation23 by a phase shift of φ. The situa-
tion is in fact analogous to the two-wave interference problem
depicted in Fig. 1(b) whereby an observer detects the interfer-
ence pattern generated by two coherent sources separated by a
distance d. The value of d has little importance on the physical
effect highlighted here excepted it has to be nonzero (the two
sources are not superimposed since they are located in medium
1 and 2, respectively). In the first case (α-problem), the intensity
Iα detected by the observer equals

Iα = |E1|2 + |E2|2 + 2|E1||E2| cos

(
2πd

λ
− φ

)
, (1)

where E1 and E2 are the fields (with wavelength λ) generated
by sources 1 and 2, respectively, and φ is the phase shift of
source 1 with respect to source 2. The additional phase shift
term 2πd/λ accounts for geometrical effects. In the second
case (β-problem), where the roles of sources 1 and 2 have been
permuted, the detected intensity Iβ writes

Iβ = |E1|2 + |E2|2 + 2|E1||E2| cos

(
2πd

λ
+ φ

)
. (2)

Only the phase shift φ introduces a difference in the interference
terms in Eqs. (1) and (2). To go further, we proceed to the
intensity difference between the Fwd-CARS signals generated
at the interfaces for the α and β problems. In the simple two-
wave interference model, the intensity difference �I = Iα − Iβ
writes

�I = −4|E1||E2| sin

(
2πd

λ

)
sin(φ) . (3)

If one notes that |E1| sin (φ) = Im [E1], it can be readily seen
that the intensity difference is proportional to the imaginary part
of the field emitted by source 1 (the resonant medium). It can be
shown22 that this simple property can be directly transposed to
the anti-Stokes signal difference �Ias = I Fwd

α − I Fwd
β following

�Ias ∝ 4χ
(3)
2NR Im

[
χ

(3)
1R

]
. (4)

According to our previous study, this expression shows that the
anti-Stokes signal difference is proportional to the pure Raman
spectrum of the resonant medium.21 Similar conclusions have
been drawn in the case of an axial “chemical” interface.20

3 Numerical Simulations
We illustrate this basic property of two-wave interferences in
the case of the CARS imaging using a three-dimensional full-
vectorial model of the CARS emission.16, 22 In the following
numerical examples, the pump and Stokes lasers are focused
into the sample through a 1.2 numerical aperture (NA) objective
lens and the sample, consisting of a resonant and a nonreso-
nant medium, is raster-scanned. The resonant medium is ex-
cited around a unique vibrational resonance with a Lorentzian
lineshape χ

(3)
1R = a/[ωp − ωs − 
R + i�], where a denotes the

oscillator strength of the resonance,
(
ωp − ωs

) − 
R the de-
tuning to the vibrational resonance, and � the half width at half
maximum of the vibrational resonance. We assume that the non-
resonant part χ (3)

1NR of χ
(3)
1 has the same amplitude as its resonant

part χ
(3)
1R (χ (3)

1NR = −a/�). Finally, the nonresonant medium is
assumed to be strongly nonresonant (χ (3)

2NR = 2χ
(3)
1NR). Although

quite unusual, this assumption is made to stress the robustness
of the method to a strong nonresonant environment.

First, in Fig. 2 we consider a resonant bead surrounded by a
nonresonant medium. In this example, the Fwd-CARS signal is
collected with a 0.5 NA objective lens. The bead locally makes
transverse interfaces with the surrounding nonresonant medium
on positions marked as “α” and “β.” On resonance [Fig. 2(a)],
the Fwd-CARS signals generated at the lower (α mark) and up-
per (β mark) interfaces are asymmetric. This asymmetry is better
viewed in Fig. 2(c), (upper curve). The profile of the bead is de-
formed due to interference effects between the resonant bead
(whose nonlinear susceptibility χ

(3)
1 carries a phase shift φ as

compared to the surrounding nonresonant medium’s χ
(3)
2 ), and

the surrounding nonresonant medium. On the other hand, the
Fwd-CARS image of the bead taken off resonance [Fig. 2(b)]
is symmetric. The Fwd-CARS signals generated at the lower
(α mark) and upper (β mark) interfaces are identical as the
phase shift vanishes (φ = 0). The profile of the bead is now
symmetric, as shown in Fig. 2(c), (blue curve). The bead
z-profile asymmetry observed at resonance is the key effect that
makes the α and β interface CARS responses different.

As a second example, we reconsider the initial problem of
a transverse interface that separates a resonant and a nonreso-
nant medium. The particular configuration depicted in Fig. 3(a),
whereby the β-problem is reached from the α-problem by
switching the direction of propagation of the pump and Stokes
beams without flipping the sample, is compatible with mi-
croscopy applications. In Fig. 3(b), where we have reported
data from Ref. 21, are shown the spectral evolution of the Fwd-
CARS signals for the α- and β-problems, together with their
difference, as a function of the normalized Raman resonance
detuning ζ = (

ωp − ωs − 
R

)
/�. As previously reported in

Ref. 21, the difference recovers the imaginary part of the nonlin-
ear susceptibility χ

(3)
1 of the resonant medium (being its Raman

spectrum). In addition, in Fig. 3(c) are shown the evolution of the
Fwd-CARS signals for the α- and β-problems when the excita-
tion scans the interface. The difference of signals highlights the
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Fig. 2 Fwd-CARS images of a 3 μm bead embedded in a purely nonresonant medium. The bead is on (a) or off (b) Raman resonance. For the bead,
the probed Raman line is assumed to be Lorentzian following χ

(3)
1R = a/[ωp − ωs − 
R + i�] and χ

(3)
1NR = −a/�. For the nonresonant surrounding

medium, χ
(3)
2NR = 2χ

(3)
1NR. NA of the objectives: 1.2 for the excitation and 0.5 for the collection.

interface, thus emphasizing the applicability of this technique to
microscopy.

4 Experiments
In order to apply this property in CARS microscopy, and thus
to be able to highlight transverse chemical interfaces, one has to
switch between the α- and β-problems. A first solution consists
in imaging the interface once, then flipping the sample before
acquiring a second image. In practice, this solution is incompat-
ible with most samples and is handicapped by a low SNR due
to two successive image acquisitions.21 A more elegant solution
consists in switching the excitation beams, as already mentioned
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Fig. 3 (a) Scheme of the α- and β-problems when the excitation is
reversed. [(b) and (c)] CARS signals emitted for the α (Iα , squares) and
β (Iβ , triangles) problems versus (a) the normalized Raman resonance
detuning ζ for a centered focus (z = 0) and (b) the focus shift z to the
interface for Raman peak (ζ = 0). �I (black dots): signal difference
Iα − Iβ ; solid line in (b) is Im[χ (3)

1R ]. The numerical parameters are
the same as in Fig. 2.

in Sec. 3. As depicted in Fig. 4(b), this is achiveable in a sym-
metric configuration where the excitation beams are focused first
under a collinear geometry on the interface (α-problem), before
being reflected by a mirror to be re-focused a second time on the
interface in the opposite direction (β-problem). Such a scheme
leaves the sample fixed and insures the simultaneous acquisition
of the I Fwd

α and I Fwd
β signals, a feature that greatly enhances the

SNR. A schematic of our CARS microscopy setup is depicted in
Fig. 4(a). Briefly, two picosecond (3 ps) pump (λp = 726 nm)
and Stokes (λs ranging between 804 and 813 nm) beams, pro-
vided by two pulsed picked (3.8 MHz) synchronized Ti:sapphire
oscillators, overlap in a collinear geometry. Two similar objec-
tive lenses (then referred as “objective 1” and “objective 2”) are
disposed before and after the sample of interest, respectively. In
the α-problem, objective 1 focuses the pump and Stokes beams
on the sample and objective 2 collects the Fwd-CARS signal
generated into the sample and collimates the transmitted pump
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Fig. 4 Experimental scheme. (a) Objectives 1 and 2 are disposed in
a symmetric configuration. α-problem: Objective 1 focuses the pump
and Stokes beams on the sample and objective 2 collects the Fwd-
CARS signal and the pump and Stokes beams. β-problem: Objective
2 focuses the pump and Stokes beams reflected by the mirror on the
same point in the sample and objective 1 collects the Fwd-CARS signal
generated into the sample. (b) APD properties of the sample. DMF is
embedded between two microscope cover slips (glass). The mirror is
transparent for the CARS signal but reflects the pump and Stokes beams.

Journal of Biomedical Optics August 2011 � Vol. 16(8)086006-3



Brustlein et al.: Transverse chemical interface detection with coherent...

30

20

10

0

20151050

20

10

0

(d)

120

80

40

0

20151050

20

10

0

(c)

120

80

40

0
20151050

20

10

0

(b)

α  β  Diff.

140

120

100

80

60

40

20

0

C
A

R
S

 in
te

ns
ity

 (
kc

ps
)

1480146014401420140013801360

Raman shift (cm-1)

4

3

2

1

0
C

A
R

S
 intensity difference (norm

.)

(a)

CARS DMF

CARS glas s

Interface α

Interface β
CARS diff.

Raman

Fig. 5 (a) Raw CARS spectra in bulk DMF (open circles) and glass (squares) and CARS spectra acquired at the DMF/glass interface (α-problem;
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excitation at 633 nm). [(b)–(d)]z-scans (α-problem; β-problem) of the DMF/glass interface together with their difference (bottom curve black) before
(b), on (c), and after (d) Raman resonances of the DMF. For CARS experiments pump and Stokes power are 10 mW, integration time 10 ms, Stokes
wavelength is scanned manually.

and Stokes beams. An interference mirror (R = 96% on the
700 to 800 nm range) reflects the pump and Stokes beams, and
transmits the anti-Stokes signal that is detected by an avalanche
photodiode (APD) working in photon counting regime. In the
β-problem, the roles of objectives 1 and 2 are swapped. Ob-
jective 2 focuses the reflected pump and Stokes beams on the
same focal point in the sample, and objective 1 collects the Fwd-
CARS signal generated in the sample, that is then detected by a
second APD. We found that the time overlap between the pump
and Stokes beams are not changed between the first focusing by
objective 1 and the second one by objective 2 after reflection by
the interference mirror.

5 Results
As a proof-of-principle experiment, we have studied a sample
consisting of N,N-dimethylformamide (DMF) sandwiched be-
tween two microscope cover slips [Fig. 4(b)]. The frequency
difference between the pump and Stokes lasers was tuned over
the 1350 to 1480 cm− 1 region. In this spectral range, DMF
exhibits a vibrational band while the microscope cover slips
are purely nonresonant [Fig. 5(a)]. The interface between the
lower microscope cover slip and the DMF was scanned in the
z-direction on the 1350 to 1480 cm− 1 region, and the α and β

anti-Stokes signals were acquired simultaneously [Figs. 5(b)–
5(d)]. We have calibrated the response of the two APDs by
acquiring the CARS signals in bulk DMF. When the pump and
Stokes beams are focused on the interface, we have checked in
the case of the α-problem that the backward emitted CARS sig-

nal is 2 orders of magnitude lower than the Fwd-CARS signal.
It thus insures that the signals detected by both APDs are the
Fwd-CARS signals generated in the α- and β-problems. When
the frequency difference is tuned before the DMF vibrational
resonance, the detected α and β CARS signals smoothly change
across the interface between the highly emissive DMF (left part)
and the glass (right part). However, for each z-position both sig-
nals are identical and the signal difference fluctuates around zero
so that the interface is not highlighted [Fig. 5(b)]. The situation
is different on DMF resonance (1355 cm− 1). The detected α and
β CARS signals are identical only far away from the interface.
In the vicinity of the interface, they split and their difference
is nonzero, thus highlighting the interface [Fig. 5(c)]. The half-
width at half-maximum of the signal difference is around 6 μm,
a value compatible with the axial extension of an excitation vol-
ume generated after focusing through a 0.6 NA objective lens.
After the DMF resonance (1355 cm− 1), the CARS signals gen-
erated in the DMF and the glass are the same and the signal
difference is zero all along the z-scan. The drift of the interface
during the experiment is due to mechanical instabilities in the
setup.

For each Raman shift, the α and β CARS signals, together
with the CARS signal difference, have been integrated over
3 μm around the interface. This operation allows us to recon-
struct the spectra plotted in Fig. 5(a). As expected, the α and
β spectra are similar far away from the DMF resonance but
exhibit a difference on resonance. The CARS signal difference
spectrum (filled circles) can be superimposed on the pure Raman
spectrum of DMF (dashed lines) perfectly. For comparison, the
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Fig. 6 Comparison between the Raman spectra of DMF, on the 1350
to 1480 cm− 1 region, recovered by the beam reversal scheme (present
work, squares) and our previous sequential spectral acquisition scheme
(Ref. 21, dots).

CARS spectra of the DMF (open circles) and the glass (open
squares) obtained in the bulk have been plotted. They allow to
appreciate the ability of our technique to recover pure Raman
spectra with a good SNR. The DMF Raman spectrum found here
almost perfectly matches the Raman spectrum, a situation that
was far to be reached in Ref. 21 where the α and β signals were
recorded sequentially at two distinct interfaces. To appreciate the
SNR improvement introduced by this beam reversal scheme, we
plot in Fig. 6 the recovered Raman spectra obtained here and
with the sequential spectral acquisition scheme introduced in
our previous work.21

6 Conclusion
The beam reversal technique we have presented in this work
allows to highlight transverse chemical interfaces and to per-
form background-free Raman spectroscopy of transparent and
nonscattering media with a conventional narrow band CARS
microscope. Compared to the first realization of this concept,21

the simultaneous acquisition of the two signals makes this differ-
ential approach far less noisy and compatible with microscopy
applications. The very origin of the method has been simply
interpreted in terms of two-wave interferences between the res-
onant and the nonresonant media, and the full electromagnetic
calculation at the bead interface illustrated in Fig. 2 gives a
clear view of the effect. The presented scheme has the ability
to generate a background-free CARS signal with the surprising
ability of performing an heterodyne detection (with the non-
resonant medium) through a simple intensity subtraction. In
particular, when implemented in multiplex CARS24 the method
has a strong potential for fast chemical analysis in microfluidic
devices.25 When combined with our recently published method
to detect background free axial interface,20 the present technique
shows potential to image biological samples featuring both axial
and transverse interfaces.26 The present technique and the one
reported in Ref. 20 use interference between the resonant sam-
ple and the nonresonant surrounding medium when the active
CARS spot is located right at the interface. As demonstrated for
axial interfaces, such techniques are viable for interfaces with
small refractive index mismatch as the ones encountered in cell
imaging.
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