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Abstract

In vibrational microscopy, it is often necessary to distinguish between chemically distinct microscopic objects and to highlight the
‘‘chemical interfaces’’ present in the sample under investigation. Here we apply the concept of focus engineering to enhance the sensitivity
of coherent anti-Stokes Raman scattering (CARS) microscopy to these interfaces. Based on detailed numerical simulations, we show that
using a focused Stokes field with a sharp phase jump along the longitudinal direction leads to the suppression of the signal from bulk
regions and improves the signal contrast from vibrational resonant interfaces oriented perpendicular to the axis of beam propagation.
We also demonstrate that the CARS spectral response from chemical interfaces exhibits a clean, Raman-like band-shape with such a
phase-shaped excitation. This phenomenon of interface highlighting is a consequence of the coherent nature of CARS signal generation
and it involves a complex interplay of the spectral phase of the sample and the spatial phase of the excitation fields.
� 2007 Elsevier B.V. All rights reserved.

PACS: 42.65.�k (Nonlinear optics); 42.65.Dr (CARS); 87.64.Vv (Multiphoton microscopy); 41.85.Ct (Beam shaping)
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1. Introduction

CARS microscopy exhibits excellent sensitivity [1] and
high chemical selectivity [2] to a variety of bio-molecular
compounds and hence has been used as a non-invasive
chemical imaging tool for analyzing biological cells and
tissues [3–6]. On the engineering side, several signal gener-
ating and detecting configurations such as polarization-
sensitive CARS [7], epi-CARS [8,9], heterodyne CARS
[10] and frequency-modulation CARS [11] have been devel-
oped to reduce the deleterious effects of the non-resonant
background in CARS images. Among these techniques,
the epi-detection method is particularly attractive because
of its experimental simplicity. The inherent large phase-
mismatch in the epi-direction naturally suppresses the con-
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tribution from the bulk, while highlighting sub-wavelength
objects as a result of incomplete destructive interference.

It was recently proposed that the suppression of the bulk
contribution can be achieved even in the forward direction
by employing CARS excitation profiles with alternative
spatial phase distribution. In this approach, an engineered
p-phase step is introduced in the excitation field so that the
oscillators in one region of the focal volume are out of
phase with respect to those from another region. For
instance, the use of higher order Hermite–Gaussian focal
Stokes fields enables the suppression of the homogeneous
background while selectively highlighting ‘‘v(3)-interfaces’’
or ‘‘chemical edges’’ [12]. It was also shown that the mere
modification of the spatial phase of the excitation beams
favorably influences the spectral characteristics of the
CARS output. While the previous analysis was concerned
with v(3)-interfaces in the lateral plane, in the current
work we investigate the possibility of detecting longitudinal
v(3)-interfaces – interfaces that are perpendicular to the
a, Chem. Phys. (2007), doi:10.1016/j.chemphys.2007.06.004
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Fig. 1. Sketch depicting the binary phase plate configuration to generate
an optical bottle beam. The optical bottle beam excitation in CARS
microscopy is obtained by using a Stokes beam with bottle beam field
distribution and a pump beam with a Gaussian wavefront. The inset
shows a representative sketch of the double-humped intensity distribution
in the focal volume; the two intensity humps are out-of-phase by p-
radians.
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direction of propagation of the beams – in the forward
detection mode. The simplest way to detect longitudinal
interfaces is to suppress the bulk signal from either side
of the interface by engineering a CARS excitation focal
field that undergoes a p-phase jump along the optical axis.
To achieve this, we employ a Gaussian beam as the pump
beam and an ‘‘optical bottle beam’’ as the Stokes beam for
CARS signal generation.

An optical bottle beam has a dark focus surrounded by
regions of higher intensity [13]. Such a beam shape has
been effectively employed in generating optical traps for
atoms [14]. Recently, it has found applications in light
microscopy as well. For instance, in stimulated emission
depletion (STED) microscopy [15–18], an optical bottle
beam is utilized to quench the fluorescence in the regions
above and below the plane of focus, which improves the
resolution of fluorescence microscope substantially
[19,20]. In addition to the unique focal intensity distribu-
tion, an optical bottle beam also exhibits an on-axis p-
phase jump at the focus. This particular characteristic,
which has received little attention so far, has important
consequences in coherent techniques, such as CARS. In
this article, we demonstrate, based on numerical simulation
results, that the use of an optical bottle beam for the Stokes
radiation in a CARS microscope setup enhances the signal
sensitivity to longitudinal v(3)-interfaces. This effect, analo-
gous to the case of Hermite–Gaussian excitation [12], is a
direct consequence of the coherent nature of CARS and
can be explained by invoking the phenomenon of spatial
interference among the CARS waves generated at various
points in the excitation volume [21,22].

In the following section, we provide a qualitative
description of the phase characteristics of an optical bottle
beam and discuss how longitudinal v(3)-interfaces can be
detected when such a field is employed in a typical CARS
setup. In Section 3, we review the basic vectorial theory
of beam focusing, CARS excitation field generation and
far-field intensity detection. In Section 4, we present the
numerical results and compare the CARS radiation pat-
terns, CARS intensity line scans of longitudinal interfaces,
and the spectral dependence of the CARS output under
conventional and optical bottle beam excitations. We also
show that the intensity profiles obtained by scanning the
CARS excitation across longitudinal edges display a strong
dependence on the orientation of the interface.

2. Optical bottle beam and CARS microscopy – a qualitative

discussion

There are two ways of generating an optical bottle
beam: (a) by diffraction from an appropriately designed
hologram [13] or (b) by employing a binary phase plate
with the central portion of the plate being p-phase shifted
with respect to that of the outer portion [14] (see Fig. 1).
Focusing a beam that is diffracted from or transmitted
through either of these phase plates generates a dark focus
surrounded by regions of higher intensity. The holographic
Please cite this article in press as: V.V. Krishnamachari, E.O. Potm
technique leads to steeper intensity gradients in the lateral
plane and hence is preferred in applications involving opti-
cal beam traps. On the other hand, a binary phase plate is
experimentally simpler to realize and its corresponding
focal field distribution is mathematically easier to model.
Hence, in this article, we choose the binary phase plate
for generating an optical bottle beam. A typical experimen-
tal configuration is shown in Fig. 1.

The three-dimensional vectorial focal amplitude distri-
bution of arbitrary input fields can be calculated based
on the angular spectrum formalism introduced by Richards
and Wolf [23]. Figs. 2a and b show the x–z intensity cross
section of the x-polarization of a focused Gaussian input
wave front and a focused phase aberrated (bottle beam)
input wavefront using a high numerical aperture objective
with an acceptance angle of hmax = 60� (corresponding to
a numerical aperture of 1.1 for water-immersion objective).
The half-angle subtended by the p-shifted portion of the
phase plate at the focal plane is calculated to be
hmid � 38.02� [24]. This leads to zero on-axis intensity for
the optical bottle beam as shown in Fig. 2b. The corre-
sponding on-axis phase profiles after subtracting the linear
phase of propagation are plotted in Fig. 2c and d. Fig. 2e
shows the phase variation at the focal region of the optical
bottle beam along the optical axis after subtracting the lin-
ear phase and the Gouy phase shift. Clearly, there appears
a p-phase discontinuity at the focal plane, which ensures
that the portions of the focused field above and below
the plane of focus are out-of-phase with respect to each
other.

CARS is a third-order nonlinear process in which two
photons of a pump beam of angular frequency xp and a
photon of a Stokes beam with angular frequency xS inter-
act with the third-order susceptibility, v(3)(�xas; xp,
xp, �xS), of the medium to generate an anti-Stokes photon
at an angular frequency of xas = 2xp � xS. The anti-
Stokes signal is enhanced if the frequencies of the pump
and the Stokes beams are such that their difference
a, Chem. Phys. (2007), doi:10.1016/j.chemphys.2007.06.004
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Fig. 2. The x component of the focal field intensity of (a) a Gaussian
beam and (b) an optical bottle beam and the on-axis phase after
subtracting the linear propagation phase of (c) a Gaussian beam and (d)
an optical bottle beam. For clarity, the on-axis intensity profiles of the
corresponding beams are plotted in (c) and (d) in arbitrary units. (e) Plot
of residual phase, obtained by subtracting the phase profile shown in
Fig. (c) from that in Fig. (d), as a function of the longitudinal coordinate.
The dotted line corresponds to the on-axis intensity profile of the optical
bottle beam in arbitrary units. The calculations correspond to the Stokes
wavelength of 1064 nm.
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(xp � xS) is equal to a vibrational transition, xR, of the
medium. The phase, /as, of the emitted anti-Stokes signal
is intricately related to the phases of the incident pump
and the Stokes beams through the expression /as =
2/p � /S.

If the input Stokes beam is an optical bottle beam, then
the emitted CARS signals from either side of the focal
plane are out-of-phase by p-radians. Note that this phase
difference is the residual phase discontinuity after taking
into account the accumulated phase due to linear propaga-
tion and the Gouy phase shift. As a consequence, the for-
ward propagating CARS signal from the bulk is
significantly reduced, due to destructive interference among
the signals generated from the regions above and below the
focal plane. However, in the presence of an interface in the
excitation volume, the destructive interference is offset,
leading to a non-zero forward propagating signal. This
phenomenon of incomplete destructive interference is most
prominent when the medium on one side of the interface is
vibrationally resonant, because the resonant spectral phase
cancels out the engineered phase shift of the excitation
field. The objective of this article is to investigate this phe-
Please cite this article in press as: V.V. Krishnamachari, E.O. Potm
nomenon of longitudinal interface highlighting in forward
CARS.

3. Optical bottle beam and CARS microscopy – theoretical

description

The general theory of CARS generation, field propaga-
tion, and net CARS intensity detection using high numer-
ical aperture objectives has been discussed in the
literature [21,22]. Our calculations follow the angular spec-
trum approach introduced by Richards and Wolf [23].
Based on the numerical strategy presented in Ref. [12],
we assume no index mismatch [25] and neglect linear dis-
persion. Following the approach used by Novotny and
Hecht [26], the focal field of a bottle beam can be written
to within a complex multiplicative factor as

Eðq; zÞ ¼ eip

I ð1Þ00 þ I ð1Þ02 cos 2/

I ð1Þ02 sin 2/

�2iI ð1Þ01 cos /

0
BB@

1
CCAþ

I ð2Þ00 þ I ð2Þ02 cos 2/

I ð2Þ02 sin 2/

�2iI ð2Þ01 cos /

0
BB@

1
CCA
ð1Þ

In the above equation, x, y and z are the cartesian coordi-
nates with the coordinate origin at the focal plane on the
optical axis, / is the azimuthal angle, q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
, and

the quantities I ðpÞmn ; ðp ¼ 1; 2; m ¼ 0; 1; n ¼ 0; . . . ; 4Þ are
one-dimensional integrals with respect to the polar angle,
h, and are given by

I ðpÞmnðq; zÞ ¼
Z bp

ap

fwðhÞ
ffiffiffiffiffiffiffiffiffiffi
cos h
p

gmnðhÞJ lðkq sin hÞeikz cos h sin hdh

ð2Þ
where Jl’s are Bessel functions of the first kind, k is the
amplitude of the wave-vector of the field and fw(h) is the
apodization function which is equal to one (corresponding
to complete illumination of the entrance pupil of the
objective). The function gmn(h) and the indices m, n and l

are related as follows: l = n if n 6 m, and l = n � m if
n > m and g0n = 1 + cosh, sinh, 1 � cosh for n = 0,1,2
and g1n = sin2h, sinh(1 + 3cosh), sinh(1 � cosh), sin2h,
sinh(1 � cosh) for n = 0,1,2,3,4, respectively. The limits
of integration are a1 = 0, b1 = a2 = hmid, and b2 = hmax.
The first term on the right-hand side in Eq. (1) corresponds
to the contribution of the p-phase shifted central portion of
the phase plate and the second term corresponds to that of
the 0�-phase shifted annular outer region of the phase
plate. To account for the case when there is no phase plate
in the input Gaussian beam, the p-phase factor in the first
term on the right-hand side is set to 0�.

The induced nonlinear polarization density, Pas(r), in
the material at the CARS wavelength can be written as

P asiðrÞ ¼
X
j;k;l

vð3ÞijklðrÞEpjðrÞEpkðrÞE�SlðrÞ ð3Þ

where Ep and ES correspond to the focal fields of the pump
and the Stokes beams, respectively, and v(3) is the third-or-
der nonlinear susceptibility tensor of the medium. The ele-
a, Chem. Phys. (2007), doi:10.1016/j.chemphys.2007.06.004



 

    

Fig. 3. The x–z cross section of the x component of the amplitude of the
focal CARS polarization in the presence of a non-resonant bulk with (a)
Gaussian excitation and (b) optical bottle beam excitation. (c) Plot of the
on-axis residual phase discontinuity in the CARS polarization under OBB
excitation as a function of the longitudinal coordinate. The dotted line
corresponds to the on-axis CARS polarization amplitude plotted in
arbitrary units.
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ments of the susceptibility tensor can be written as a sum of
resonant (vR

ijkl) and non-resonant (vNR
ijkl ) contributions:

vð3Þijkl ¼ vR
ijkl þ vNR

ijkl . These tensor elements can be expressed
in terms of a single component [27]:

vR;NR
ijkl ¼ vR;NR

xxxx dijdkl þ dikdjl þ
2qR;NR

CARS

1� qR;NR
CARS

dildjk

 !
qR;NR

CARS ð4Þ

where

qR;NR
CARS �

vR;NR
ijji

vR;NR
iiii

¼
vR;NR

ijji

ðvR;NR
ijji þ 2vR;NR

ijij Þ
ð5Þ

are the resonant/non-resonant CARS depolarization ra-
tios. Under the assumption of no electronic resonances,
the non-resonant depolarization ratio, qNR

CARS ¼ 1=3. How-
ever, the resonant depolarization ratio lies between 0 and
0.75. Without any loss of generality, we assume that
qR

CARS ¼ 1=3 which implies the Raman modes that are
being investigated are isotropic. This assumption does
not change the physics of the phenomenon being described
below. (A more detailed study of the influence of Raman
depolarization ratio on the CARS output can be found
in Ref. [27].) Hence, considering a sample with a single
vibrational resonance, vð3Þxxxx can be expressed as

vð3Þxxxx ¼ vnr þ
G

xp � xS � xR þ iCR

ð6Þ

where the first term is the vibrationally non-specific, elec-
tronic background contribution and is assumed to be con-
stant in the spectral range of interest. The second term is
the resonant contribution consisting of a vibrational reso-
nance at the angular frequency xR with a transition half-
width of C = 10 cm�1. The factor G is chosen such that
at resonance (i.e. xp � xS = xR), the resonant amplitude
contribution is 2.5 times the non-resonant contribution.

The nonlinear polarization density generated in the
medium due to the focusing of the pump and the Stokes
beams can be considered as a collection of coherent dipoles
radiating at angular frequency xas = 2xp � xS. The result-
ing radiation intensity at any far-field coordinate point, R,
is obtained by integrating the propagating fields from all
these dipoles:

EðRÞ ¼ �
Z
V

eikasjR�rj

4pjR� rj3
ðR� rÞ � ½ðR� rÞ � PasðrÞ�d3r

ð7Þ
where kas is the magnitude of the wave-vector of the CARS
signal. The forward CARS intensity profile is generated by
summing the far-field CARS intensity within the accep-
tance angle of the collecting lens system.

4. Longitudinal interface detection: numerical results

Assuming the wavelengths of the pump and the Stokes
beams to be 800 nm and 1064 nm, respectively, and that
both the beams are initially polarized along the x-direction,
the focal field distributions of the individual fields, the
Please cite this article in press as: V.V. Krishnamachari, E.O. Potm
induced CARS polarization density and the far-field CARS
intensity are derived using Eqs. (1)–(7). To provide a better
appreciation of the effects due to longitudinal phase shap-
ing, we compare all the results using optical bottle beam
excitation (where the input pump beam is Gaussian and
the Stokes beam is a bottle beam) with those obtained
employing conventional excitation (where the input pump
and the Stokes beams are Gaussian). Figs. 3a and b show
the x-component of the CARS polarization density under
both the excitations in the presence of a bulk non-resonant
medium. The phase profile of the CARS polarization den-
sity (see Fig. 3c) clearly shows a p-phase discontinuity at
the plane of focus – a direct consequence of the engineered
phase jump in the Stokes beam. Thus the signals emanating
from any two points such as A and B (shown in the inset of
Fig. 1) which are equidistant from the focal plane, would
interfere destructively at a far-field point along the optical
axis.

In the following sections, we provide numerical results
of detecting simple longitudinal interfaces depicted in
Fig. 4a–c. In particular, we investigate the CARS radiation
pattern and the intensity profiles along the edges I1

(Fig. 4a) and I2 (Fig. 4b) formed between a resonant med-
ium and a non-resonant bulk whose third-order nonlinear
susceptibilities are v1 and v2, respectively. Note the only
difference between these two interfaces is their orientation:
the former corresponds to a resonant-to-non-resonant
transition and the latter corresponds to a non-resonant-
to-resonant transition. We also briefly consider the situa-
tion in which a layer of the resonant medium is sandwiched
a, Chem. Phys. (2007), doi:10.1016/j.chemphys.2007.06.004



Fig. 4. Sketch of the longitudinal interfaces being investigated: (a)
resonant to non-resonant interface, denoted as I1 (b) non-resonant to
resonant interface, denoted as I2 and (c) double interface with the
resonant medium being sandwiched between the non-resonant medium;
the thickness of the resonant medium is 1.5 lm. v1 and v2 are the third-
order nonlinear susceptibilities of the resonant and the non-resonant
media respectively. (d) Assumed spectral dependence of v1 – the solid
curve: CARS spectrum, and the dashed curve: Raman spectrum.

Fig. 5. Comparing the far-field CARS radiation pattern from the bulk: (a)
and (b); the I1 interface: (c) and (d); and the I2 interface: (e) and (f) under
conventional excitation (left column) and OBB excitation (right column).
h and / are the polar and the azimuthal angles, respectively. The
directions / = 0 and / = 90� correspond to positive x and y directions.
The acceptance angle of detection is 10� and is indicated in (b). The
absolute values of the far-field intensity pattern under OBB excitation is
generally lower than that under conventional excitation. The scaling
factors of the radiation patterns under OBB excitation for the bulk, the I1

interface and the I2 interface are 26.7, 5.6 and 22.2, respectively.
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between the non-resonant bulk (Fig. 4c). Regarding the
susceptibility, v1, of the resonant medium, we make the fol-
lowing two assumptions: (a) the non-resonant part of v1 is
equal to v2 and (b) the excitation frequency is at resonance,
i.e. xR = xp � xS = 3101.5 cm�1 except in Section 4.4
where we discuss the spectral dependence of the CARS out-
put. With these assumptions, we plot the Raman and the
CARS spectral dependence of v1 in Fig. 4d.

4.1. CARS radiation pattern

Before considering the longitudinal interface detection,
we first compare the far-field CARS radiation patterns
from the bulk under conventional and OBB excitations.
Fig. 5a shows the well-known angular dependence of the
far-field CARS intensity from the bulk using conventional
excitation. Along the optical axis (h = 0�), the CARS waves
emanating from different points in the focal volume inter-
fere constructively. On the other hand for larger angles,
due to varied optical path lengths traversed by these sig-
nals, the condition for constructive interference is no longer
optimal and hence the far-field CARS intensity gradually
reduces.

Fig. 5b shows the influence of OBB excitation on the
radiation pattern. Note that the intensity along the optical
axis is negligibly small in contrast to the case of conven-
tional excitation. This can be explained by invoking the
coherent nature of the CARS field. Let us consider two
points A and B (as shown in the inset of Fig. 1) along
the optical axis that are located at equal distances on either
Please cite this article in press as: V.V. Krishnamachari, E.O. Potm
side of the plane of focus. Under OBB excitation, the
CARS signals generated at these points are not in phase.
Though the actual value of the phase difference varies with
the location of the points with respect to the focal plane (as
indicated in Fig. 3c), it is approximately equal to p-radians.
Once again we emphasize that this phase difference is the
residual phase shift after subtracting the Gouy phase shift
and the linear phase. Hence, at any far-field point along the
optical axis, these two signals interfere (almost) destruc-
tively. However, for non-zero polar angles, the destructive
interference is not as complete due to unequal optical path
lengths traversed by the waves from the points A and B. As
a consequence, for larger angles the detected CARS signal
is more intense and it reaches a maximum at an angle at
which the optical path length difference compensates for
the phase shift introduced by longitudinal phase shaping.
A second aspect that is evident in this radiation pattern is
that it is not rotationally symmetric about the optical axis.
This arises because of the particular choice of the incident x

polarization of the beams. By integrating the far-field
intensity over the cone angle of the detection aperture
(which is assumed to be 10� as depicted in Fig. 5b), the
net CARS intensity is obtained for a given position of
the sample with respect to the excitation volume. Thus
a, Chem. Phys. (2007), doi:10.1016/j.chemphys.2007.06.004
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under OBB excitation, the net CARS intensity from a
homogeneous medium is negligibly small even though the
medium could be highly resonant.

Figs. 5c and e show the far-field CARS radiation pat-
terns under conventional excitation in the presence of the
interfaces I1 and I2, respectively. Though these patterns
are different in shape compared to that of bulk radiation,
they still show the essential feature of stronger CARS
intensity along the optical axis. On switching to OBB exci-
tation, the radiation patterns (Fig. 5d and f) from the inter-
faces are significantly different. Most importantly, the
intensity along the optical axis is stronger compared to
the off-axis points. This is a direct consequence of incom-
plete destructive interference among the signals from the
points such as A and B due to the presence of two spectro-
scopically different materials across the focal plane. Hence
the net CARS intensity obtained by integrating over the
cone of the detection aperture is stronger. Consequently,
under OBB excitation, as the focal spot is scanned across
the sample along the z-direction, a strong net CARS signal
is expected whenever a longitudinal v(3)-interface is encoun-
tered in the excitation volume.

A careful examination of the two sets of radiation pat-
terns shown in Figs. 5c and e, and 5d and f reveals one
of the interesting aspects of CARS imaging – the direc-
tional dependence. These different patterns are obtained
from identical interfaces with only their sense of orienta-
tion being opposite. This clearly demonstrates that the
CARS signals from the focal volume add up differently
for different orientations of the sample and it emphasizes
the complex nature of CARS signal generation in
which the phases of the optical beams are intricately cou-
pled to the spectral phase of the sample. This asymmetry
and the directional dependence of the CARS output disap-
pears if the media on either side of the interface are both
non-resonant.

4.2. Line scan of an edge

Fig. 6 compares the z-intensity scan across I1 and I2

interfaces under conventional excitation. In both the
curves, the net CARS intensity in the region of the resonant
medium is larger and gradually reduces to a lower value in
the region of the non-resonant bulk. However, as discussed
in the previous section, even under conventional excitation
the directional dependence of the CARS output is obvious
in the profiles of the two curves. The curve corresponding
to I1 interface – resonant to non-resonant transition –
has a lower value at the v(3)-discontinuity and also exhibits
a dip around z = 0.47 lm. This dependence on the interface
orientation vanishes when the frequency difference of the
pump and Stokes approaches zero. This effect also dimin-
ishes when lower numerical aperture lenses are used for
focusing the incident beams. These observations suggest a
prominent role of the Gouy phase mismatch defined as
D/g � j/g

as � 2/g
p þ /g

Sj, where /g
p;/

g
S and /g

as are the Gouy
phases of the pump, the Stokes and the CARS beams,
Please cite this article in press as: V.V. Krishnamachari, E.O. Potm
respectively. The propagation direction of the pump and
the Stokes beam imposes a directional dependence on the
net CARS signal generation process through the unambig-
uous Gouy phase jump in the individual beams. Hence, the
generated CARS waves in the focal volume add up differ-
ently depending on whether the excitation beams encounter
the resonant material before the non-resonant medium or
vice-versa. Note that the Gouy phase mismatch is zero only
when the frequencies of the incoming beams are identical
or when the incident beams are plane parallel waves.

Fig. 7 shows the equivalent intensity line scans under
OBB excitation for the two interfaces. Though the absolute
output intensity is lower by an order of magnitude, the pro-
files of the line scan show significant differences from the
conventional case. The most evident features are (a) the
curves peak near the interface, (b) the CARS output in
the homogeneous regions is suppressed, and (c) the curves
are asymmetric about the v(3)-discontinuity. The first two
effects, as explained in the previous sections is a conse-
quence of spatial interference among the signal waves
a, Chem. Phys. (2007), doi:10.1016/j.chemphys.2007.06.004
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generated in the focal volume. The asymmetry in the pro-
files emphasizes the directional dependence of CARS signal
generation. For good imaging contrast of the interface with
OBB excitation, ideally the intensity away from the inter-
face should be negligibly small. However with the current
choice of longitudinal phase step, as shown in Fig. 2e,
the phase jump introduced due to the spatial phase shaping
gradually reduces from p-radians away from the focal
plane and hence leads to non-zero intensity in the regions
away from the interface. Comparing the curves in Figs. 6
and 7, it is seen that the intensity ratio between the curves
at z = 0 corresponding to the two interfaces is reversed –
under conventional excitation, the output from the I1

interface is stronger whereas under OBB excitation, the
intensity from I2 interface is stronger.

4.3. CARS image of a double-edge

Fig. 8a shows the simulated x–z CARS image of the
double-edge depicted in Fig. 4c under conventional excita-
tion. As expected, the central resonant region of the sample
is brighter compared to the outer non-resonant regions.
For convenience, the location of the v(3)-edges are indi-
cated with dashed lines. Note the asymmetry in the inten-
sity variation – at the non-resonant to resonant interface
the transition from darkness to brightness is smooth
whereas at the resonant to non-resonant interface, the
intensity drops down abruptly. The corresponding CARS
image under OBB excitation is shown in Fig. 8b. Clearly
the output intensity at interfaces is larger; the bulk infor-
mation from both the resonant and the non-resonant
regions is suppressed. Once again, we notice the difference
in the output intensity at the two interfaces. As indicated in
Fig. 7, the output intensity is about two times larger at the
resonant to non-resonant transition. This directional
dependence can be used to characterize the nature of v(3)

interfaces and thus to discriminate a resonant-to-non-
resonant transition from a non-resonant-to-resonant
transition.

In this context it is important to discuss the advantages
or disadvantages of the technique of longitudinal interface
detection by spatial phase shaping and interface detection
using the epi-CARS detection scheme. Epi-CARS, similar
to the technique discussed here, highlights sub-wavelength
sized v(3) inhomogeneities by suppressing the bulk informa-
Fig. 8. The x–z CARS images of the double-edge: (a) with conventional
excitation and (b) with OBB excitation. The image size is 3 lm along x-
direction and 6 lm along z-direction. The thin dotted lines indicate the
location of the interface. The CARS image under OBB excitation is about
20 times weaker in intensity than that under conventional excitation.

Please cite this article in press as: V.V. Krishnamachari, E.O. Potm
tion. However, in turbid samples the detected the epi-signal
is contaminated with strongly backward reflected forward
CARS signal and thus it is very difficult to distinguish
the origin of the detected output intensity. On the contrary,
the current technique of longitudinal phase shaping does
not suffer from this problem; here, the longitudinal inter-
face information is detected in the forward direction and
the origin of this forward-propagating signal is well-
defined. Although systematic experimental investigations
are required to provide a quantitative comparison between
the two techniques, at least from a theoretical point of view
it is evident that the current technique offers interface infor-
mation devoid of spurious signals.

4.4. Spectral dependence

To investigate the spectral dependence of the CARS
output from interfaces, we vary the resonance frequency
xR of the resonant medium by keeping the excitation fre-
quency, xex = xp � xS, constant. By choosing a constant
xex, we avoid the effects of focal spot variations (which
are less than 1% in the desired spectral range of
±100 cm�1) due to changes in the wavelengths of the pump
or the Stokes beams. This enables us to focus only on the
effects originating from the spectral characteristics of the
sample. Fig. 9 compares the spectral variation of the far-
field CARS intensity from longitudinal interfaces I1 and
I2 under conventional and OBB excitations obtained by
fixing the CARS excitation volume at the interface. The
spectral variation of the CARS output from either interface
exhibits dispersive behavior under conventional excitation.
On switching to OBB excitation, the output from both
interfaces are Lorentzian-like and closely resemble the
Raman spectrum of the resonant medium as shown in
Fig. 4d. The difference in the output intensities from I1

and I2, arises due to different ways in which the signals
add up at a far-field point. This Lorentzian-like result,
analogous to that described in Ref. [12], clearly demon-
strates that spatial phase shaping, apart from interface
highlighting, can be used as a versatile technique for
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improving the spectral characteristics of the CARS output
(see Fig. 10).

5. Conclusion

In this article, we applied the concept of focus engineer-
ing in narrowband CARS microscopy to detect chemical
interfaces in the longitudinal direction. By employing an
optical bottle beam as the Stokes radiation field, we dem-
onstrated, based on qualitative arguments and rigorous
numerical simulations, that it is possible to highlight v(3)-
interfaces that are perpendicular to the direction of beam
propagation. We also showed that the radiation patterns
and the intensity line scans of the CARS output are differ-
ent depending on whether the excitation beams propagate
from a resonant to a non-resonant medium or vice versa.
We compared the spectral dependence of the CARS output
under both conventional and optical bottle beam excita-
tions and established that the spectral characteristics of
the CARS output can be improved by the spatial phase
shaping technique.

The results and the discussions presented in this article
clearly bring forward the complex interplay of the spectral
phase of the sample and the spatial phase of the excitation
fields. Though the analysis presented here pertains to sim-
ple and ideal interfaces with the assumptions of no index
mismatch and zero linear dispersion, we believe that
employing the technique of focus engineering in various
coherent nonlinear microscopic techniques holds consider-
Please cite this article in press as: V.V. Krishnamachari, E.O. Potm
able potential for providing useful insights about the
chemical and/or the structural properties of the sample
and can complement those obtained under conventional
excitation.
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