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1 Introduction

Predicted in 1965 by Maker and Therune [1], coherent anti-
Stokes Raman scattering (CARS) was first used in mi-
croscopy as a contrast mechanism in 1982 by Duncan et al. [2].
It has revealed to be a powerful non-invasive tool to probe
the chemical composition of microscopic objects. Since its re-
newal in 1999 under collinear configuration [3], it has been
considered as valuable to image biological samples. CARS
is a third-order nonlinear effect in which two beams at op-
tical pulsations w, and ws mix in the studied medium to
give rise to the so-called anti-Stokes radiation at pulsation
wWas = 2wp — ws. When wp — ws equals a vibrational pulsa-
tion of the medium, the anti-Stokes signal is enhanced and
vibrational contrast is thus generated. CARS is classically
described by the third order nonlinear tensor X(3)~ As a co-
herent process, CARS efficient generation is very sensitive
to the phase-mismatch Ak = 2k, — ks. Several geometries
have been proposed to relax the phase-matching condition,
among them collinear geometry under tight focusing condi-
tion [4] and BOXCARS geometry [5], the former being the
most implemented nowadays. To provide good axial and lat-
eral resolutions, microscope objectives with high numerical
apertures (NA) are commonly used [6]- [8].

As a coherent process, CARS generation is very sensitive to
both size and shape of imaged objects. Image formation pro-
cess in CARS microscopy is thus narrowly bound to the far-
field CARS radiation pattern of studied samples, so that im-
ages are not the simple convolution of the object with the mi-
croscope point spread function as in fluorescence microscopy.
Moreover, under tight focusing condition, the commonly used
paraxial approximation breaks. Hashimoto and al. [9] first
derived the coherent transfer function and the optical trans-
fer function of a CARS microscope under scalar assumption.
Based on the framework developed by Richards and Wolf to
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treat the problem of tightly focused beams [10], Volkmer and
al. solved the problem introducing Hertzian dipoles [11] and
later, Cheng and al. used a Green’s function formalism [12].
These two studies took into account (i) the vectorial nature
of the pump and Stokes exciting fields and (ii) both the size
and the shape of the imaged object. However, assumptions on
the exciting fields polarisation near the objective focus were
made. In particular, their longitudinal components (along the
optical axis) were neglected, neglecting in the same time the
longitudinal component of the nonlinear polarisation respon-
sible for CARS radiation.

As we will show in this paper, the relative amplitude of this
component is a function of (i) the way the incident beams are
focused into the sample and (ii) the Raman depolarisation ra-
tio (pr) of the probed medium. In other circonstances, this
ratio is found to play an important role in elimination of the
non-specific signal in polarisation CARS spectroscopy [13,14]
and microscopy [15]. The nonlinear polarisation acting as a
source for the anti-Stokes CARS generation, introducing its
longitudinal component potentially affects the far-field radi-
ation pattern of the studied sample.

This paper starts with some CARS basics and expressions of
the induced nonlinear polarisation as a function of the Ra-
man depolarisation ratio are derived. In a second part, the
computation method used in this paper is briefly described,
acompanied by a description of the simulated physical sit-
uation. Then, exciting fields and nonlinear polarisations are
computed for different focusing conditions and different val-
ues for the Raman depolarisation ratio. Finally, the influence
of these parameters on far-field CARS radiation patterns, for
different classes of objects, are presented.
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2 RAMAN
GROUND

AND CARS BACK-

CARS is governed by the third order nonlinear tensor X(S)- It
is the superposition of a vibrational resonant term, referred
as )(%3) and an electronic nonresonant term denoted Xﬁl)i [16].
At exact vibrational resonance, the former is a purely imag-
inary number while the latter can be considered as real [17].
In the case of an isotropic medium, x® depends on three in-
dependent components ch)yw )(g)xy and x,(fy)yx. Typical CARS
experiments involving only two input beams, the pump field
is frequency-degenerated. As a consequence, the number of

its independent components reduces to two so that [18]

3 3 3
X,«(]»k)l = chx)yy(‘sij‘skl +6ixdjr) + Xg(y)yx‘sil‘sjk (1)

where subscripts 4, j, k and [ refer to cartesian coordinates z,
y or z, and ¢ refers to the Kronecker delta function.

The link between the two components Xﬁﬁ’)yy and )(g)yx is not
straightforward and it is useful to connect their values with
experimental data obtained with spontaneous Raman spec-
troscopy. It is well known that in spontaneous Raman spec-
troscopy, a depolarisation ratio pg can be defined. It refers
to the faculty of the probed Raman line to depolarise the
polarised excitation beam. It is defined by

PR= 1T @

where L(]|) and I;(L) refer to Stokes intensity respectively
polarised parallel and perpendicular to the excitation polari-
sation. pr is specific to both the probed Raman line and the
excitation conditions so that it can be expressed as a function
of intrinsic parameters of the Raman line [19]

572432

_ 20+ 3
PR = 4502 1 472 (3)

where a, s and 7y, respectively refer to the isotropy, and the
symmetric and antisymmetric parts of the anisotropy of the
usual Raman tensor. By analogy, &, ¥s and -y, coefficents can
be defined for CARS scattering [19].

In the same way, a CARS depolarisation ratio pcars is de-
fined by [19]

(3) 3)

Xxyyx Xaxyyx
PCARS = ) = 3) @) - (4)
Xxxxx 2Xxxyy + Xxyyx

PcARs is simply related to the &, s and 7y, coefficients by the
relation

—57,2 4+ 3720

4502 + 47,2

()

locars|® = '

In the case when no direct electronic absorption occurs, 7,
equals zero and both & and s are real. Moreover & and s
can be safely identified to their spontaneous counterparts (ie
& = a and s = 7s) [20]. Therefore pcars can be assumed
to equal pr. When a equals zero, the Raman line is told to
be depolarised and pcars equals 0.75. In the opposite case
(vs = 0), the Raman line is totally polarised so that pcars
equals 0. Finally, under the assumption of no electronic ab-
sorption from the medium, pcgrs lies between 0 and 0.75. In
the particular case of nonresonant CARS, )(S{?yy equals ngy)yx
in virtue of Kleinman’s symmetry [21], and pcars equals 1/3.
Expressing xl(]i)l as a function of ch)yy and pg, it is straight-
forward to write

3 3 2
X;jk)l = chx)yy(‘sij‘skl + dikdji + %‘Sil‘%k)' (6)

The local third-order nonlinear polarisation induced, at the
point r, by the pump and the Stokes fields E, and Es is ex-
pressed by

P(3>(rr *was) = X(S)(*was} Wp, Wp, *ws)Ep(r/ (Up)
tEp(r,wp)  Eg(r, —ws) (7)

where w), ws and wgs are the respective angular frequencies
of the pump, Stokes and anti-Stokes fields, the symbol * is
used for the complex conjugation and the symbol : indicates
tensorial product. This nonlinear polarisation is the source of
the anti-Stokes field.

Taking into account the pump field frequency-degeneracy and
omitting frequency arguments wp, ws and wgs, the i-th com-
ponent (i=z,y,z) Pl.(3) of the nonlinear polarisation P can
be expressed as

P (x) = 3 Y X Ep, (1) Ep, (1EX, (1) (8)
jkl1

where the subscripts j, k, [ run over z, y, 2.

3 COMPUTING METHOD AND
SIMULATED PHYSICAL SITUA-
TION

We have investigated the effects of tightly focused excitation
beams on CARS generation with a fully vectorial model. The
full description of this model can be found in reference [22].

06013- 2



Journal of the European Optical Society - Rapid Publications 1, 06013 (2006)

D. Gachet, et. al.

For convenience, we briefly sum up its main features. It bases
on the framework developped by Richards and Wolf [10] to
treat cases when the paraxial approximation breaks. Exciting
pump and Stokes beams are assumed to be gaussian and are
described as a superposition of plane waves that are focused
through a high numerical aperture (NA) microscope objec-
tive. The finite size of the back aperture of the objective was
also taken into account via a parameter B. First proposed
by Hess et al. [23], it equals the ratio of the back aperture
radius 7 to the half width at half maximum (HWHM) o of
the gaussian incident beams. The resultant electric fields Ep
and Eg, considered as vectorial, are then computed in the
vicinity of the focal plane. They induce dipoles in the active
medium (ie the medium emitting CARS radiation), which
orientation, phase and strenght are determined by the mean
of Eq.(7). These dipoles act as sources for CARS radiation,
which far-field radiation pattern is finally computed.

' Objective

FIG. 1 Schematic of the simulated configuration. f’: focal distance of the objective; Fy:
objective’s focus; rg: radius of the back aperture of the objective; o: incident gaus-
sian beam half-width at half-maximum; n: immersion liquid refractive index ; 6: angle
made by extreme rays with the optical axis. The incident beam is linearly polarised

(blue arrow) along the x-axis. The parameter B is defined by p = ro /0.

CARS generation is studied when the whole vectorial compo-
nents of the electric fields E, and Es are taken into account in
the active medium, which is assumed to be isotropic so that
Eq.(1) holds. As shown on Figure 1, the incident pump and
Stokes beam (associated respectively to electric fields Ep and
Es) are focused in the active medium through a microscope
objective (NA=1.2 in water). They are supposed to follow a
gaussian spatial distribution, to propagate along the z-axis
and to be linearly polarised along the z-axis (blue arrows
on Figure 1) so that they are polarised along the z- and z-
axes (the component along the y-axis vanishes following [10])
in the vicinity of the focal plane. The higher the angle 0 (see
Figure 1), and hence the numerical aperture, the stronger the
fields components along the z-axis. The induced third order
nonlinear polarisations along z- and z-axes equal

P = 3 [ ES, (0EL (1) + X\ B () EL, (1)
+2x(3ke By, (1)Ep. (1) EZ, (1)] (9)
PP = 3 [xELEL (EL () + X2, (1) EL ()

+20(PhxEp. (1) Ep, (1) EZ, (1)] (10)

The pump and Stokes beams wavelengths are assumed to be
respectively 750 nm and 830 nm. These values match most
of the recent CARS microscopy experiments, where near in-
frared (NIR) lasers are used [24]. Such wavelengths prevent
most active media from one and two-photon electronic ab-
sorption, so that identification of pcars to pr holds and
Eq.(6) is valid. Therefore, Pf)(r) and PZ(3> (r) can be recast
under the more convenient form

o) = ol d T (B 0+ prE (0] £
HE (O (DEL (1) . (11)
P = o1l { 1 (B0 + xR (0] ELD)
+E, (D (DEL (1)} (12)

Given X,(Ci%/y, P,(C3> (r) and PZ(3)(r) are now functions of r, and

pr only. Their dependence on r relies on the E,_, E;_, Es, and
E;, field maps while pgr only depends on the active medium.

Eventually, throughout this paper, we assume no refractive
index mismatch between the active medium and its environ-
ment (although it has been recently shown that refractive in-
dex mismatch can distort CARS radiation pattern [25]) while
the active medium dispersion is assumed to be negligible (ie
n(wp) = n(ws) = n(wes) = 1.33).

4 MAPPING THE COMPONENTS
OF THE NONLINEAR POLARISA-
TION

As shown by Eqgs.(11) and (12), the polarisations P3§3) (r) and
PZ(3) (r) tightly depend on (i) the spatial distribution of the
fields components Eyp,, Ep,, Es, and Es_ and (ii) the depolari-
sation ratio pr. We will be, first, interested in the behaviour
of the exciting beams near the focal plane. Then, we will
describe the induced nonlinear polarisation as a function of
the focusing conditions and the depolarisation ratio pr of the
active medium.

4.1 Exciting fields

Given the high numerical aperture of the objective, the excit-
ing beams are diffraction-limited in the vicinity of the focal
plane, following an Airy pattern. The spatial distribution of
the fields components Ej., Ep., Es, and Es, only varies with
the parameter 8. As schematized on Figure 1, for any value of
B, the depolarisation of the incident electric fields is maximal
in the (zz)-plane and null in the (yz)-plane, so that both the
pump and Stokes exciting fields along the z-component are
stronger in the former plane than in the latter. Consequently,
for clarity, the study of the exciting fields (and a fortiori the
induced nonlinear polarisation) will be restricted to the (xz)-
plane (although it is computed everywhere).
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Following Ref. [10], the exciting fields are, excepted in some
particular planes, elliptically polarised near the focus. How-
ever, throughout this part, we will only be interested in the
amplitudes of the E, , E,,, Es, and E;, components of the
fields, as computed in Ref. [22]. The spatial distribution of
the Ep, and Ep, components amplitude of the pump excit-
ing field, near the focal plane, for different values of B are
depicted in Figure 2. The E, component is rigorously null
in the (yz)-plane, in agreement with Richards and Wolf [10].
Moreover, it is antisymmetric with respect to the focal point
(Ep.(r) = E;_(—1)). When B varies from 0.1 (a,d) to 1 (c,f),
the tightness of the focusing decreases so that both the lat-
eral and axial dimension of the focal volume increases (this
effect is prevailing along the axial dimension). In parallel, the
axial component Ej,_ gets lower. Such a behaviour can be eas-
ily explained by the “filling” of the objective back aperture
by the incident pump beam. When B equals 0.1, the inci-
dent pump beam overfills the microscope back aperture, so
that it can be considered as a plane wave. On the contrary,
when B equals 1, it underfills the objective back aperture.
B equalling 0.5 (b,e) can be considered as realistic when the
incident beam matches the objective back aperture, what is
fulfilled in most experiments. The same conclusions can be
drawn to the Stokes exciting field.

1 1.0 =~ 10 .
E (a) =0.1 = () 0.5 E
205 08 =05 8 =
< =
200 06 .2 0.0 6 .
8-05 04 8.05 -
N N

1.0 02 .10 .

-1.0 0.0 1.0 0.0 1.0 0.0 1.0 00 -1.0 0.0 1.0 0.0
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FIG. 2 Normalised x- (a-c) and (d-f) z-component amplitude maps of the pump exciting
field in the vicinity of the focal plane. The paprameter  equals 0.1 (a,d), 0.5 (b,e), and
1 (c,f). For each value of B, the amplitude of each component is normalised relative

to the maximum of the total amplitude of the pump exciting field.

4.2 Nonlinear polarisations

As shown previously, the parameter § influences the exciting
fields spatial distribution, and, therefore, the induced non-
linear polarisation. Furthermore, the observed medium itself
influences the nonlinear polarisation via the Raman depolar-
isation ratio pg.

To study the influence of the observed active medium, we
have considered three values for pg (0, 0.33 and 0.75). When
PR equals 0, the Raman line is told to be totally polarised. In-
deed, from Egs.(11) and (12), and the symbol - denoting the
complex scalar product, the induced nonlinear polarisation is
expressed by

PO (r) = 2%, (Ep - Es) Ep (13)

so that the induced nonlinear polarisation is oriented in the
exciting pump field direction. pgr equalling 0.33 corresponds
to a midly polarised Raman line, where Xii)w = g)yx Even-
tually, in the case where pgr equals 0.75, the Raman line is
depolarised. Following Egs.(11) and (12), a modification of
the pr value affects the respective contributions of the Ej_,
Ep., Es, and E;, fields to the z- and z-components of the in-
duced nonlinear polarisation. To make comparison between
cases where pr varies, it is necessary to normalise the nonlin-
ear polarisation distribution maps for each value of pg.

To fully understand the normalisation procedure, it is impor-
tant to note that, at the focus, the pump and Stokes exciting
fields are only polarised along the z-axis, ie Ep, and Eg, are
rigorously null. Thus, following Egs.(11) and (12), the in-
duced nonlinear polarisation is oriented along the z-axis too,
so that at this point, it does not depend on pg.

Therefore, the expressions of the normalised components
P,Ea,)loym(r) and Pz(3r>,orm(r) are given by

Plom(®) = PP/ 0)]
Plam(®) =[PP )/PP0)] . (14)
A simple derivation of Egs.(11) and (12) gives
)
8P§3)(r) o 2X§c?;cyy 2 2 *
v B +E(m]EL(m),  (15)
P (1) _ 228 [ 2 .
v (B2, (r) + E2.(v) | EL(n). (16)

From Eqgs.(15) and (16), it can be straightforward written

9P (r) 0P (r)
8pR 8pR

. (17)

_ ‘ Es, (r)
Es, (r)

In the vicinity of the focal plane, the E;, amplitude being of-
ten stronger than the Es, amplitude, the left side of Eq.(17)
often lies between 0 and 1. In other words, the amplitude of
the P,EE’) component, at a given point r, varies more quickly
than the PZ(3) one with pgr. On Figure 3, P,E?’,)Wm and PZ(ZQW are
mapped in the (zz)-plane for § = 0.5 and increasing values of
Or- While Pf)mrm does not show any significant modification
when pgr varies from 0 (Figure 3a) to 0.75 (Figure 3 c), the
maximum of Pz(31lorm decreases from 0.22 (Figure 3d) to 0.07
(Figure 3f).

This decay is accompanied by a deformation of the PZ(3ZOW
spatial distribution. Starting with two regular side lobes (Fig-
ure 3d), it exhibits four lobes (Figure 3e) and is finally
butterfly-like-shaped (Figure 3f).
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FIG. 3 Normalised x- (a-c) and (d-f) z-component amplitude maps of the nonlinear
polarisation in the vicinity of the focal plane for B = 0.5. The depolarisation ratio pr
equals o (a,d), 0.33 (b,e), and 0.75 (c,f). For each value of pg, the amplitude of each
component is normalised relative to the amplitude of the nonlinear polarisation at the

focus.

To illustrate the influence of B on the induced nonlinear po-
larisation, on Figure 4 are dislayed Pz(s)
profiles along the z-axis, for different values of p and pr (the
same profiles relative to the P£3)
due to the weak influence of § and pgr). This axis corresponds
to the dashed lines on Figure 3(d-f). It can be noted that

in the case where incident plane waves are focused on the

normalised amplitude

component are not plotted

sample (smallest value of B), pr has only little influence on
the induced nonlinear polarisation (Figure 4a). However, this
influence gets stronger as B grows (Figures 4b and 4c), al-
though exciting fields intensity maps (see Figure 2) exhibits
only few modification.
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0.10

B o.10 3 0.10 3
£ 2 2005
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FIG. 4 Normalised amplitude profiles of the nonlinear polarisation z-component along
the x-axis when B equals 0.1 (a), 0.5 (b) and 1 (c), for pr equaling o (dark traces),
0.33 (blue traces) and o.75 (red traces). These profiles are taken along the dashed

lines in Figure 3.

5 CONSEQUENCES ON CARS FAR-
FIELD RADIATION PATTERNS

The previous study has shown the dependency of the spatial
evolution of the nonlinear induced polarisation to both the
parameter B and the Raman depolarisation ratio. Of course,
as a coherent process, CARS generation is very sensitive to
changes to the nonlinear polarisation. We show, in this part,
how far-field radiation paterns are modified with pr. As de-
picted in Figure 4, the nonlinear polarisation only slightly
changes with pr when the incident exciting beams behave
as plane waves (f = 0.1). Therefore, the influence of the Ra-
man depolarisation ratio to CARS radiation patterns has only

been achieved for § equalling 0.5 (the case where f equals 1
seems to us quite far from usual experimental conditions).

Two kinds of objects have been investigated: thick and thin
objects. The first class is predicted to only radiate in the for-
ward (same direction of propagation as exicitng beams) direc-
tion while the second class also radiates in the epi direction
(opposite direction of propagation to exciting beams) [12].
Of course, fine features of these patterns depend on the exact
shape of the objects. Following Figure 3 , the nonlinear polar-
isation is appreciable in the focal plane only in a 1um X lum
wide square. For this reason, we find it relevant to assign
this transverse dimension to both objects. They are taken
as parallepipeds which axial extent (along the z-axis) can be
varied. The z-component of the nonlinear polarisation being
rigorously null at the exact focus, much smaller objects could
not experience any modification of their radiation pattern
with changing pg. On the contrary, larger objects have their
emitting area limited by the size of the excitation volume.

To simplify the problem, we will first neglect the nonreso-
nant part of the 7((3) tensor. In a second part, we will take
into account this contribution and show how it modifies the
radiation patterns.

5.1 Purely resonant sample

Neglecting the nonresonant part of 7((3), we start with a
500nm thick object. Its forward radiation patterns, in the re-
ciprocal space (ky,ky), are displayed on Figure 5, for pg lying
between 0 (a) and 0.75 (c). In this case, the Raman depolar-
isation ratio has little effect on the far-field CARS radiation
pattern. The only feature to be noted is the slightly decreas-
ing divergence of the anti-Stokes beam in the (yz)-plane as
PR increases.

IR (b) =0.33
08 o5 08
-
08 300 06
04 05 0.4
-1.0
02 02
00 10 00 10 00
Kk, Kk,

FIG. 5 Far-field radiation pattern in the reciprocal space (kx,ky) from a thick-shaped
object (1m x 1pm, 500nm thick) centered in the (xy)-plane when pr equals o (a,d),
0.33 (b,e) and 0.75 (c,f), for B = 0.5. Each diagram corresponds to forward-emitted

signal. kg = 27t/ A. Each radiation pattern is normalised.

The forward and epi radiation patterns of a slice-shaped ob-
ject, for various values of pg, in the (zz)-plane and in the
reciprocal space (ky,k;) are shown on Figures 6 and 7. The
object is now an infinitely thin slice of dipoles. It is mor-
phologically identical to biological membranes found in cells.
Following Figure 6, the radiation pattern tends to be sym-
mmetrical when pr approaches 0.75 (Figure 6¢). Remind-
ing previous results obtained for the induced nonlinear po-
larisation (Figure 3), the observed symmetry conveys the z-
orientation of the dipoles. Further information is drawn from
Figure 7 . First, as in the case of the thick medium, a very
slight change in the forwardly-emitted anti-Stokes beam di-
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vergence is observed (Figure 7a-c). Then, a more important
change in the divergence of the epi-emitted anti-Stokes beam
occurs in the (zy)-plane (Figure 7d-f). Contrarly to the case
of the forwardly-emitted beam, the divergence increases with
pr. Figure 8 displays the ratio of forward to epi-collected in-
tensity as a function of the forward-collection NA (noted F/E
ratio). The epi-collection NA is supposed to be constant and
to equal the excitation NA, ie 1.2, and the forward-collected
intensity is normalised relative to the epi-collected intensity.
Naturally, for any value of pg, the F/E ratio is an increas-
ing function of the forward-collection NA. Moreover, for any
value of the forward-collection NA, the higher the pr value,
the smaller the F/E ratio. A further analysis shows a relative
variation of the F/E ratio lying between 26% and 36% when
pr varies from 0 to 0.75. It lies around 26% for low NA (typ-
ically less than 0.3). For commonly used 0.5 NA condensors,
it equals 28% and when the collection is insured by another
high NA objective (1.2 in water for example), it reaches 35%.

04 00 04 0.0 04 00 04 00 04 00 04 0.0
X position (um) x position (pum) X position (um)

FIC. 6 Far-field radiation pattern in the (xz)-plane from a slice-shaped object (1pm x
1pum) located in the (xy)-plane when pr equals o (a), 0.33 (b) and o0.75 (c), for

B = 0.5. Each radiation pattern is normalised.

1.0 (€} -=0
05 08
o
> 0.0 0.6
05 0.4
-1.0
F 02
10 00 1.0 00
kKo
10 1.0
1.0 (d)
05 08 08
o
> 0.0 06 0.6
0.5 04 0.4
-1.0
E 0.2 02
10 00 10 00 00
kdko

FIG. 7 Far-field radiation pattern in the reciprocal space (kx,ky) from a slice-shaped
object (1pm x 1um) located in the (xy)-plane when pg equals o (a,d), 0.33 (b,e) and
0.75 (¢,f), for B = 0.5. (a-c) forward-emitted signal (F); (d-f) epi-emitted signal (E).
ko = 27t/ A. For each value of pg, each radiation pattern is normalised relative to the
forward intensity at (ky = 0,ky = 0).

5.2 Influence of the nonresonant

part

The previous investigation presented the advantage to physi-
cally highlight the main modifications of the raditaion pattern
with the parameter pr. However, it failed to depict a realistic
CARS experiment as it neglected the nonresonant part Xﬁl)(
of the nonlinear tensor. To take it into account, we have con-
sidered the previous “thin” object, located in the (zy)-plane,

whose third order nonlinear polarisation is now given by

PO (r) = a-PO®(r,0r =1/3)+ (1—a)

PO (r, pr = 0) - exp(i7/2) (18)

where P (r,pr) is defined by its 2- and z-components in
Eqgs.(11) and (12) and a is a weighting coefficient.

P®)(r,og = 1/3) stands for the nonresonant contribution
while P®)(r,og = 0) stands for the resonant contribution
(note the 71/2 dephasing, with respect to the nonresonant
contribution, at resonance). pr = 0 was chosen for the reso-
nant contribution since it exhibits the strongest F/E asym-
metry.

Starting with only the resonant part (a = 0), the nonreso-
nant part was increased from a tenth of the resonant part
(a = 1/11) to twice (a = 2/3). The intensity ratii F/E, for
these values of the nonresonant part (NR), as a function of
the numerical aperture of the forward collection are plotted
on Figure 9. As expected, the epi and forward radiation pat-
terns of this object come closer to those of a “purely non-
resonant object” (ie which Raman depolarisation ratio equals
1/3) with increasing contribution of the nonresonant part.
The nonresonant part thus attenuates the slight differences
observed in radiation patterns for changing values of the Ra-
man depolarisation ratio. This is also true for objects with
various shapes and Raman depolarisation ratii.

In biological samples, where the imaged samples are sur-
rounded by solvent such as water, we predict (for thin objects)
that the forward radiation pattern is governed by the Raman
depolarisation 1/3 of the nonresonant surrounding medium
while the epi radiation pattern is driven by both the Raman
depolarisation ratio of the object and the relative strength of
its nonresonant part.

6 Conclusion

Through this paper, a further investigation of far-field CARS
radiation patterns under tight focusing conditions has been
lead through a full-vectorial study. It has revealed the con-
joined role of focusing conditions (through the parameter
B) and the Raman depolarisation ratio pr of the studied
medium, in addition of those, already known, of the size and
shape of imaged objects. While the far-field radiation pat-
tern of thick object is not affected by changes in value of
and pg, those of thin objects are slightly modified, concerning
both the anti-Stokes beam divergence and the ratio of epi to
forward-generated power. Such effects cannot be seen when
neglecting the longitudinal components of the exciting fields.
However, they might be only observable for strong Raman
lines (such as the relative nonresonant part is weak) which
is not always the case, specially when working with biologi-
cal samples. In most cases, this study validates the treatment
of the problem previously proposed by Cheng and al. [12].
However, in the case of thin objects, it brings some correc-
tions. Such objects are encountered when imaging biological
samples, cellular membranes being a few nanometers thick.
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FIG. 8 Forward on epi detected intensity ratio (F/E ratio) as a function of the numerical
aperture of the forward collection for pg equalling o (black), 0.33 (red) and 0.75 (blue).
For each value of pg, the ratio is normalised with respect to the epi-emitted signal

intensity collected with a 1.2 NA objective.
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FIG. 9 F/E intensity ratio as a function of the numerical aperture of the forward col-
lection for pr = 0. The relative nonresonant part of the nonlinear tensor varies from
o (black) to 2 (orange). In red, the case of a thin object with pg which value equals
1/3. For each value of the nonresonant part NR, the ratio is normalised with respect

to the epi-emitted signal intensity collected with a 1.2 NA objective.

We have restricted the analysis to the case of isotropic media,
excited with collinearly polarised exciting beams. Further-
more, the non-resonant surrounding solvent or matrix has
been neglected in the computations but its effect can be eas-
ily predicted from the nonresonant contribution analysis (see
section 5.2). The situation is far more complex when taking
into account the anisotropy of studied media as well as the
possible ellipticity of the exciting beams polarisations. It can
be, of course, modelled, following the same electromagnetic
treatment. For the case of electronically resonant CARS [26],
the Raman depolarisation ratio no longer lies between 0 and
0.75 and varies on a larger range [20], so that the situation
must be reexamined very carefully.
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