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Dipole radiation in and near planar stratified dielectric media is studied theoretically within the context of
fluorescence microscopy, as fluorescent emitters are generally modeled by electric dipoles. Although the main
emphasis of this study is placed on the closed-form representations of the field components of fluorescent emit-
ters in layered environments in near- and far-field regions, the underlying motive is to understand the limits
of spectral self-interference fluorescence microscopy in studying the dipole orientation of fluorophores. Since
accurate calculations of the field components of arbitrarily polarized electric dipoles in layered environments
are computationally very time-consuming, a method for finding their closed-form representations is proposed
using the closed-form potential Green’s functions previously developed for microwave applications. The method
is verified on typical geometries used in spectral self-interference microscopy experiments, where a dipole
emitter is positioned over a slab of SiO, on top of a Si substrate. In addition to facilitating efficient calculation
of near and intermediate fields of fluorescent emitters, closed-form Green’s functions for fields would also play
a crucial role in developing efficient and rigorous computational analysis and design tools for optical passive
devices such as optical antennas by significantly improving the computational cost of the numerical solution of

the integral equation. © 2009 Optical Society of America

OCIS codes: 260.2510, 260.2110, 260.3160, 350.5500, 350.5610.

1. INTRODUCTION

For more than a century, it has been known that fluores-
cence emission is modified by the presence of dielectric
and metal surfaces near fluorescent emitters [1]. Drex-
hage studied fluorescence emission and lifetime near
metal and dielectric surfaces [2]. Later, modified fluores-
cent emission was utilized, which led to the development
of a technique called fluorescence light intensity contrast
microscopy (FLIC), which determines the position of fluo-
rescent dyes with respect to reflecting surfaces by analyz-
ing the intensity of the fluorescence signal [3]. This tech-
nique enabled the study of various biological structures
and processes on oxidized silicon substrates, such as cell
adhesion [4,5], cellular membranes [6], and molecular mo-
tors [7]. A similar technique, spectral self-interference
fluorescence microscopy (SSFM), which uses spectral
modifications of the fluorescence emission, has also been
introduced for subnanometer position determination of
fluorescent emitters above dielectric surfaces [8]. Using
the SSFM technique in the far field, DNA conformation on
surfaces was studied [9].

In all of the applications mentioned, in order to draw
conclusions from the fluorescence measurements, it is
crucial to model the fluorescence signal detected at a cer-
tain observation point for a given position of the emitter
in a given material system and geometry. A comprehen-
sive electromagnetic model for SSFM has previously been
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introduced with the far-field approximations since fluo-
rescence emission is detected at distances much larger
than the wavelength of the radiation from the dipoles
[10]. However, since the definitions of near- and far-field
zones for radiators in or near layered media are not as
clear as those of a free-standing radiator in free space,
having a computational tool that could provide the fields,
and in turn power density and intensity, accurately and
efficiently would eliminate any uncertainties about the
resulting intensity distributions from SSFM. In addition,
such an accurate and efficient calculation of the fields and
radiation intensity may provide additional information
about the radiator and its environment, such as the po-
larization of the emitter and the layer profile.

In this paper, the discussion is extended to developing a
robust and comprehensive yet efficient algorithm for the
calculation of closed-form electric and magnetic fields not
only in the far field but also in the near and intermediate
fields of radiating dipoles near dielectric stratified media.
Initially, in Section 2, the formulation of the dipole radia-
tion problem is introduced for a general planar stratified
dielectric medium, and closed-form electric and magnetic
field Green’s functions are given in terms of vector and
scalar potential Green’s functions. Then, in Section 3, an
efficient method of finding potential Green’s functions is
summarized, and in Section 4 electric and magnetic field
Green’s functions are found in terms of complex image
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terms. Finally, in Section 5, several field and intensity cal-
culation examples are given for typical SSFM substrate
geometries, and dipole polarization determination is dis-
cussed.

2. FORMULATION OF THE PROBLEM

Radiation from infinitesimal dipoles, horizontal and ver-
tical with respect to the layer interface, has attracted a
great deal of interest for a long time, starting in early
1900s [11]. This interest was initially directed toward un-
derstanding the physical mechanisms of the wave con-
stituents of electromagnetic wave propagation in layered
structures [12,13] and then to rigorous analysis of electro-
magnetic waves in microwave circuits, antennas, and op-
tics [14-22]. However, as stated above, the main goals of
this work are (1) to derive accurate closed-form expres-
sions for the fields of dipoles in layered media that are
valid not only in the far-field but also in the near- and
intermediate-field regions, (2) to facilitate an efficient and
accurate modeling of fluorescent emitters in layered envi-
ronments, and (3) to provide a computational tool for the
analysis of optical circuits.

Fluorescence is a spontaneous process, and thus fluo-
rescence emission from fluorescent emitters within an ex-
citation volume is incoherent. So, in determining the total
fluorescence intensity, the contribution from each emitter
should be integrated incoherently; that is, the integration
should be performed at the intensity level rather than at
the field amplitude level. However, even so, the calcula-
tions should be done at the single molecule level. That is
why, in the study of materials with the use of fluorescence
microscopy, the radiation from excited fluorophores, each
of which is modeled as an electrical dipole, is of primary
interest. Since the emitters are several orders of magni-
tude smaller than the wavelength of the radiation, they
can be considered to be point sources, and Green’s func-
tion formalism can be used, because the Green’s function
is the solution to inhomogeneous differential equations
where the source term is a delta function.

Before concentrating on the specific material systems,
it would be instructive to formulate the problem in a more
general setting: a planar multilayered dielectric medium
with a dipole, as shown in Fig. 1. The dipole is positioned
in layer i and is represented by an associated current dis-
tribution vector, J. The electromagnetic properties of the
isotropic layers, namely, magnetic permeability u and
electric permittivity e, vary in one direction only; that is,
the direction of stratification is assumed to be the z direc-
tion, and the geometry has a cylindrical symmetry. In this
general setting, the vector potential Green’s function can
be represented by a dyad defined as

GA = 22G, + 399G, + 535G, + 23GA, + 29 G2, (1)

with the associated scalar potential Green’s functions due
to the horizontal and vertical components of the dipole,
Gg and G?, respectively. The first subscripts in the vector
potentials show the polarization of the observed field, and
the second subscripts denote the direction of the dipole
source.
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Fig. 1. Radiating dipole in planarly layered media.

For the sake of clarifying the notation used throughout,
the current density J is written as J=all(r) due to a
point dipole source with arbitrary orientation a and the
current moment I, which is assumed to be unity without
loss of generality. The linearity of Maxwell’s equations
and the medium allows one to decompose the electric di-
pole into two orthogonal components: a vertical electric
dipole (VED), =%, and a horizontal electric dipole (HED),
a1 z. Since the planar geometry stratified in the z direc-
tion is cylindrically symmetric around the z axis, the di-
rection of the HED can be assumed to be along the x axis,
again with no loss of generality. Therefore, any field com-
ponent due to such a dipole source can be obtained from
the three components of the vector potential Green’s func-
tions, Gfx, GAx, G‘ZAZ, and the two scalar potential Green’s
functions, chj and G?, which are due to the horizontal and
vertical components of the dipole, respectively. Once the
Green’s functions of scalar and vector potentials are de-
fined in layered media, the Green’s functions for the field
components can be expressed in terms of those of the po-
tentials, as given below for the field components due to an
HED as an example.

Electric field components for an HED:

N T o
Gxx =—-Jjw Gxx + F@Gx , (23)
1 &
Gh.=———G?, (2b)
Jw dyox
GE =—jo| G2 l-if—GQ 2
= JO 2x+§&zﬁx x| (2¢)
Magnetic field components for an HED:
1/ G4
GE = — , (3a)
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where the projection of the dipole on the plane of the lay-
ers (x—y plane) has been set arbitrarily to the x direction.
Once the Green’s functions of the potentials are written in
closed forms as the explicit functions of the space coordi-
nates, the field Green’s functions can also be obtained in
closed forms just by analytical differentiations, as seen
from Egs. (2) and (3). Therefore, it would be instructive to
review briefly the method of obtaining the closed-form
Green’s functions of potentials via the discrete complex
image method (DCIM).

3. CLOSED-FORM GREEN’S FUNCTIONS OF
POTENTIALS IN THE SPACE DOMAIN

In the previous section, fields are expressed in terms of
potentials for a general stratified geometry. In this sec-
tion, the method of getting the vector potential and scalar
potential Green’s functions, as well as some key issues,
will be briefly discussed, with a view of employing the
method in self-interference fluorescence microscopy. Al-
though the method is applicable for any number of layers
with any type of material, the discussion here is pre-
sented for a three-layer medium commonly employed in
the experimental setup of self-interference microscopy:
fluorophore (modeled as an electric dipole in this study)
on top of SiO4/Si substrate, i.e., a thin SiOy slab sand-
wiched between free space and a thick Si layer. For the
sake of presentation of the formulation, the source is as-
sumed to be an HED and located, together with the obser-
vation points, in the top semi-infinite free space, denoted
by layer i in the following discussions. Note that the
Green’s functions for a VED can also be obtained by fol-
lowing the same arguments to be discussed.

The method for finding the scalar and vector potential
Green’s functions can be outlined as follows:

(1) Spectral-domain Green’s functions in the observa-
tion layer are obtained analytically.

(2) Spectral-domain Green’s functions are approxi-
mated in terms of exponentials.

(3) Spatial-domain Green’s functions are obtained in
closed forms by taking the inverse Hankel transforms of
their spectral-domain counterparts analytically, with the
use of the Sommerfeld identity.

Since some of the work related to these steps has already
been presented in detail elsewhere at microwave frequen-
cies [23-25], for the sake of brevity, the steps are not go-
ing to be repeated here unless some modifications become
necessary due to the application of the approach at higher
frequencies, namely, at optical frequencies. As is stated in
the first step, the Green’s functions of the vector and sca-
lar potentials in the spectral domain can be obtained in
closed forms analytically, and their derivations and steps
have been detailed in [24]. Therefore, using the expres-
sions from the reference, two relevant Green’s functions
necessary for the x component of the electric field due to
an HED are tailored for the geometry and given as
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where the tilde over Green’s functions denotes the
spectral-domain representation, tilde over the reflection
coefficients denotes the generalized reflection coefficients,
which account for the multiple reflections from all inter-
faces in the geometry, and k,; is the wavenumber in the
axial direction for the ith layer. In the above expressions,
the first terms in the square brackets represent the direct
waves from the source point to the observation point,
while the second terms represent the reflected waves at
the observation plane due to the incident waves imping-
ing upon the interface between the semi-infinite free
space and the slab. Since the spatial-domain Green’s
functions are defined as the inverse Hankel transforms of
their spectral-domain counterparts, Eqs. (4a) and (4b)
need to be transformed either numerically or analytically
if possible. However, it is a well-known fact that the
spectral-domain Green’s functions of potentials and fields
cannot be analytically transformed in general, except for
a rather trivial geometry of homogenous unbounded me-
dium, and that their numerical transformations are ex-
tremely time-consuming due to the oscillatory and slow-
decaying nature of the integrands. The whole idea of
getting the closed-form Green’s functions in the spatial
domain is based on the Sommerfeld integral identity,

ki

e/ e_jkzi‘z‘

-J
=5 f dk & H (k ,p) — (5)
SIP 20

r

which provides a pair of Hankel transformable functions
in closed forms. Using this information together with the
generic form of the spectral-domain Green’s functions as
given in Eq. (4), it would be sufficient to approximate the
reflected wave terms in the spectral-domain expressions
of the Green’s functions in terms of complex exponentials
[23—25]. As a result of this procedure, the reflected waves
in the spectral domain are approximated as the sum of
spherical waves with complex distances r in the spatial
domain, because the Sommerfeld identity in Eq. (7) can
result only in spherical waves. Because of this, the
method is commonly referred to as the DCIM, and cannot
properly approximate other wave natures, such as cylin-
drical and conical waves, also known as surface and lat-
eral waves, respectively, if not properly handled [26].
However, since both the source and observation planes
are away from the major reflecting surface for the self-
interference experiment, the surface and lateral waves
would have negligible contributions at the observation
plane. Having briefly introduced the procedure and the
underlying idea of the method, we now discuss its imple-
mentation and critical issues with a view to extending the
method to optical frequencies and to field components.
In the implementation of the DCIM for the analytic
evaluation of the inverse Hankel transformation of Eqgs.
(4a) and (4b), there are two important steps that would
have significant effects on the accuracy and robustness of



Dogan et al.

the method: the choices of (i) the sampling path and (ii)
the exponential approximation method. The former is
rather important for the cases where the surface waves
and lateral waves are significant contributors of the
fields; otherwise the path proposed in the two-level algo-
rithm would be quite satisfactory [25]. For the exponen-
tial approximation, the generalized pencil-of-function
method has been used because of its robustness and less
noise sensitivity [27] in comparison with other methods,
such as various versions of Prony’s method. Based on
these choices of the sampling path and the exponential
approximation method, the second terms in the square
brackets, excluding the exponential parts, in Eq. (4) are
sampled and approximated by complex exponentials, re-
sulting in explicit functions of the source and observation
points, 4 and z, respectively, in addition to the lateral dis-
tance, p. Note that having the source and observation
points explicit in the closed-form expressions is important
for this application in order to be able to cast the Green’s
functions of the fields in closed forms, as they are ob-
tained by the spatial differentiations of the Green’s func-
tions of the potentials; see Eqs. (2) and (3). Moreover, this
form of the Green’s functions would also be advantageous
in inverse problems, since the main goal in fluorescence
experiments, where the fluorophore is located in the vicin-
ity of dielectric materials, is to determine the axial loca-
tion and the orientation of the dipole.

As a result of the outlined procedure, the spectral-
domain Green’s functions for the potentials are obtained
as

Ny
G - .,U«i le_jkziz + ay, et i)
J2kzi n=1
Ny
+ 2 o e—jkzi(z+2h—ja2n)] , (62)
n=1
N3
G? = - lejkzilzl + E bln e’jkzi(z+2h’j/31n)
J2k.;€; n=1
Ny
+ E b, e_iji(2+2h_jﬁ2")i| , (6b)
n=1

where the two sums in the approximations are due to the
two-level approach [25]. Hence, with the help of the Som-
merfeld identity (5), the corresponding spatial-domain
Green’s functions are simply written as

—jkir N1+Ng —jk;r
Ml e J 15 e U an
A
G4 = 4—[ + > a, ] (7a)
™ r n=1 an
1 e ki N3+Ny e ki
G9= + > b, , (7b)
4re; r el Tgn

where the distances between the source (real or images)
and the observation points r, r,,, and r, are expressed in
terms of the axial coordinate z and the lateral coordinate
p, as r=[p?+2%]V2 for the direct term and as r,,=[p*+(z
+2h—jy,)2]V2, y=a, B, for the complex images.
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4. ANALYTICAL DERIVATION
OF ELECTRIC AND MAGNETIC FIELD
GREEN’S FUNCTIONS

Analytical expressions relating the field Green’s functions
to the potential Green’s functions and also the closed-form
expressions of the potential Green’s functions have been
derived and presented in Egs. (2) and (3) and Eq. (7), re-
spectively. Since the former involves spatial derivatives
and the latter involves explicit functions of z and p, it
would be a simple matter to get the field Green’s functions
in closed forms, as the magnetic field Green’s functions
contain only the first-order spatial derivatives of the vec-
tor potentials, and the electric field Green’s functions con-
tain the vector potentials and the second-order deriva-
tives of the scalar potentials. For the sake of
completeness, a few steps of this derivation and one of the
resulting field Green’s functions are provided in this sec-
tion.

In order to facilitate the differentiations of spherical
waves in the approximations of the potential Green’s
functions (7), it would be instructive to state the forms of
the three types of the derivatives involved in the expres-
sions:

() alox,alay,dloz,
(ii) Plox2, P ay?, Pl a=2,

(iii) Ploxay,Ploxoz,d* dyde.

So the first-order derivatives of the spherical waves with
complex distances r, are simply written as

J e'jer) e“*re [ (jhr,+ 1)y
(9_77 == 2 ) (83-)

Te re r,

where 7 could be any of x, v, or z. By using the results of
the first-order derivatives, the second order derivatives on
the same variables and on the two different variables are
obtained as

52<e_jkrc> e'jkrc( k(LR 3kt 3772)
R = - - + L
T

T, T, T, rc2 rc3 rc4
(8b)
# (e ke eFre pi 1 3
2 .
= ) -k +\]3k—+—2 , (8(3)
andl\ r. r. 1, re T,

respectively, where two distinct variables 7 and ¢ could be
replaced by any two of x, y and z. Note that the complex
nature of the distance r, is due mainly to a complex shift
in the z variable as in the cases of r,,, and r,; as a result,
when the z derivative is performed for the dummy vari-
ables, 7 and/or £, the corresponding variable(s) in Egs.
(8a)—(8¢c) need to be replaced by z, z+2h—ja,, or z+2h
~JjBy, depending on the form of r.=r, r,,, or rg,, respec-
tively. As an example, the explicit form of the x component
of the electric field Green’s function due to the x directed
electric dipole is given as
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5. RESULTS AND DISCUSSION

The closed-form field expressions presented so far can be
used as the starting point for any further calculations to
determine the collection efficiency function (CEF) of a
fluorescence-based optical system. The details of the
treatment would depend on the specifics of the collection
system. For example, in his work, Enderlein [28] consid-
ers a confocal pinhole and calculates the energy flux
through the pinhole in a confocal system, while Vamiva-
kas et al. [28] find the CEF by calculating the overlap in-
tegral of the focused field with the fiber mode where a
fiber-based confocal microscopy system is considered.

In the next set of examples, typical SSFM geometries
are considered, where a dipole emitter is placed 5 nm
above a 5-um-thick SiO4 that is situated on top of a thick
(semi-infinite) Si substrate. The refractive indices of Si
and SiO, are determined by wavenumber-dependent
polynomials valid in the 17,000—20,000 cm™! spectral
range. Si is absorptive in this range and is assumed to
have a complex refractive index profile. The real part is
given by ny(¥)=a+bv+ci?+d7°, where 7 represents the
wavenumber. The coefficients are a=2.946, b=1.157
x107% cm, ¢=-7.961x10"9 cm?, and d=2.773
%X 10713 ¢cm3. The imaginary part is described by ky(7)=e
+fo+g7+h7® with e=-0.1354, f=3.149X10°cm, g=
-2.506 X 1072 cm?, and A=7.172 %X 10~1* cm3. The SiOy, re-
fractive index has only a real part given as n{(V)=p+q7v
+r72, where the coefficients are p=1.445 ¢=4.151
X107 em, and 7=2.370x 10711 cm?. The wavelength of
the radiation was assumed to be 500 nm for monochro-
matic calculations, and corresponding refractive indices
are determined from the polynomial forms. Green’s func-
tions are calculated for this material system by following
the procedure described in the previous sections. A total of
26 complex images are used in determining each one of
five potential Green’s functions in terms of complex expo-
nentials. Fifteen of the complex exponentials are deter-
mined by the first step of the two-level approach de-
scribed in [25], and eleven of them are determined by the
second step. Therefore, Ny=N3=15 and Ny=N,=11in Eq.
(6) and (7).

When the observation points are assumed to be at the
front surface of a microscope objective, the axial distance
from the objective to the dipole emitter is the working dis-
tance of the objective. For the 0.12 numerical aperture
(NA), 5X magnification objective used in the previous
SSFM experiments, the working distance is 14 mm. In
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Fig. 2, the normalized magnitude of the x components of
the electric fields due to an HED, a dipole with 60 deg po-
lar angle, and a VED are shown at the axial observation
distance of z=14 mm along the x axis. The plots give the
values of the electric fields for as large as x=8 mm, corre-
sponding to an observation polar angle of about 30 deg to
present the spatial variations due to the interference ef-
fects created by the interfaces. In the typical SSFM ex-
periments, where the spectral variations are used for de-
termining the axial position of emitters, small-NA
objectives are preferred to minimize the signal collection
to the first lobe. Limiting the NA to small values is cru-
cial, because the spectral modulations are diminished if
the spatially varying signal from larger angles is collected
as well [30]. Both in the previous experiments and in the
calculations [8,9], the maximum polar angle of the objec-
tive was chosen to be about 6.9 deg and the cutoff for the
signal collection along the x axis then corresponds to
1.68 mm.

For large axial observation values, the electric fields
calculated by introducing the far-field approximations
overlap the values determined by the rigorous method ex-
plained in this work and thus are not plotted in Fig. 2. It
was also shown in [31] that the far-field approximations
are valid and sufficient when the fluorescence signal is
collected in the far field of the emitters. Thus, in conven-
tional microscopy systems utilizing an objective for light
collection, the far-field approximation would suffice. How-
ever, far-field approximations start to fail for observation
distances that are comparable to the physical size of the
reflecting structures. In the substrates used for SSFM,
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Fig. 2. Normalized magnitude of the x component of the electric
fields along the x axis at an observation height of z=14 mm due
to (a) HED, (b) dipole with a polar angle of 60 degrees, and (c)
VED for 500 nm.
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the nominal thickness of the SiO4 layer is 5 um, and at
the distances above the top surface comparable to 5 um,
the field values cannot simply be calculated using far-field
approximations. Such an experimental configuration
would arise if an optical fiber is used for light collection in
fluorescence spectroscopy. A typical fiber collection utiliz-
ing NA values compatible with SSFM would require
placement of the fiber in the middle field to conserve col-
lection efficiency. In Fig. 3, the rigorous results are com-
pared with the results determined using far-field approxi-
mations for two dipole orientations: HED and VED. The
field values are calculated at z=5 um along the x axis.
The plots show that for both dipole orientations, the far-
field approximations do not properly explain the field dis-
tributions. While the far-field approximations show larger
spatial variations, the rigorous calculations predict
smaller depths in the spatial modulations correctly. The
smaller depths are expected because as the observation
point becomes closer to the source, the field distribution
converges to the free-space radiation pattern, which is
free of spatial modulations. Simply stated, the contribu-
tions from the direct radiation start dominating in com-
parison with the complex image contributions, namely,
contributions from the reflections.

The intermediate region between the far field and the
near field is referred to as middle-field region in the lit-
erature [32,33]. The rigorous method presented here
could be a useful tool in the analysis of optical signals col-
lected in the middle-field region since the far-field ap-
proximations fail to explain the radiation pattern in this
intermediate regime.

In the optical experiments, the directly measured
quantity is the optical power, rather than the fields them-
selves. The collected optical power is a function of the ap-
erture size of the collection system and the projection of
the Poynting vector on the aperture. In the most practical
applications, the signal collecting objective lens (or optical
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Fig. 3. Normalized magnitude of the x component of the electric
fields due to (a) HED and (b) VED. Calculations are done for z
=5 um along the x axis for 500 nm. Solid curves, results for the
rigorous calculations presented in this work; dashed curves, re-
sults for the far-field approximations.
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fiber) is placed on top of the source with the objective’s
axis being parallel to the optical axis z. So only the axial
component of the Poynting vector S, over the objective
clear aperture perpendicular to the optical axis would be
sufficient to calculate the optical energy collected by the
objective. Ultimately, the field components transverse to
the optical axis, that is, E,, E,, H,, and H,, are required
for determining S,. In Fig. 4, the normalized axial compo-
nent of the Poynting vector generated by a VED is pre-
sented as a function of transverse radial direction for sev-
eral axial observation positions. The Poynting vector plots
also show that when the signal is probed near the source,
the direct radiation term dominates and the resulting sig-
nal profile resembles the free-space source [Fig. 4(a)].
Again, similar to the fields, the spatial oscillations in the
Poynting vectors in the middle-field region start to appear
[Figs. 4(b) and 4(c)]. In the far field, the contributions
from the direct and the reflected waves are comparable
and there are deeper spatial modulations of the optical
signal.

The presence of reflecting dielectric interfaces in the vi-
cinity of dipole sources introduces structures to the spa-
tial radiation profiles, as can be seen in Figs. 2—4. Modi-
fication of the dipole radiation pattern depends on the
properties and the physical size of the substrates, which
can in turn be determined by measuring either the spatial
or the spectral profile of the radiation. Furthermore, di-
pole radiation is directional and the radiation profile also
depends on the orientation of the dipole. Similarly to find-
ing the position of the emitters, one can find ways to de-
termine the orientation of the emitters by exploiting the
structured emission pattern. Several techniques have
previously been introduced for orientation determination
[34-36]. Utilizing spectral acquisition for determining ori-
entation could be another approach since the structures
in the emission pattern are scaled by wavelength. As long
as the axial positions of the emitters are fixed and known,
orientation of the dipole emitters can be estimated by
analyzing the shifts in the spectral fringes in the collected
emission spectrum. In the analysis, the rigorous method
developed here could be useful.

As an example, two spectral responses are given in Fig.
5(a) for two orientations of a dipole emitter with polar
angles of 10 deg and 60 deg. The maximum collection
angle of the objective is assumed to be 19 deg, and the ob-
servation points are again 14 mm above the source, so the
maximum radial distance for the collection is 4.8 mm at
the collection plane. This radial limit corresponds to the
peak of the first side lobe for HED and the minimum be-
tween the main lobe and the side lobe for VED as can be
seen in Fig. 2. In the calculations, the axial component of
the Poynting vector is integrated over the lens aperture to
find the optical power for each wavelength component.
The optical power calculations are repeated for each
wavelength within the desired bandwidth to generate the
spectral plots. The change in the spectral response is
rather drastic for two orientations of the dipole, and the
shifts in the spectral fringes are clearly visible when the
spectral response of dipole emitters with polar angles of
10 deg and 60 deg are compared.

Quantifying the spectral shifts for various polar angle
values is crucial to understand the effects of dipole polar-
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Fig. 4. Vertical component of the Poynting vector as a function of the x axis due to a VED for 500 nm. Axial components of the obser-
vation points are (a) 500 nm, (b) 5 um, (¢) 10 um, (d) 14 mm. The transition from the smooth to a structured profile is observed as the

detection points are moved away from the source.

ization on the spectral emission patterns. Figure 5(b)
shows the differential spectral shift referenced to the
VED spectrum, as a function of the polar angle of the di-
pole. Several polar angles are given for three maximum
collection angle values of 15 deg (NA=0.26), 19 deg (NA
=0.33), and 22 deg (NA=0.37). The spectral shifts reveal
that the spectrum is more sensitive to the changes of di-
pole orientation for lower dipole polar angles, since the
curves are steeper. As the dipole polar angle approaches

z f
g
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Fig. 5. (a) Spectral response of two dipoles oriented at a polar
angle of 10 deg (solid curve) and 60 deg (dashed curve) as a func-
tion of the wavenumber of the dipole emission within in a band-
width of 16,667—20,000 cm™ (500—600 nm). The collection angle
of the objective is assumed to be 19 deg. (NA=0.33). (b) Spectral
shift of fringes in the emission spectrum of dipoles with various
polar angles referenced to the spectral fringes due to a VED
(polar angle=0 deg). The three curves are for objective collec-
tion angles of 15 deg (triangles), 19 deg (squares), and 22 deg
(circles).

to 90 deg (HED), the spectrum becomes less sensitive to
the changes in dipole angles. The loss in the sensitivity
starts to appear at about 20 deg for the objective collec-
tion angle of 15 deg. The plateau, after the onset, in the
curves shifts to larger dipole angles as the objective col-
lection angle increases: 30 deg dipole angle for 19 deg
maximum collection angle of the objective and about
60 deg dipole angle for 22 deg collection angle. Depending
on expected dipole angles, the objective collection angle
can be adjusted to the optimum value. A set of measure-
ments by varying the objective NA might also be advan-
tageous in determining the dipole orientation. Optimiza-
tion of the collection angles and development of aperture
filters might further increase the sensitivity of the spec-
tral shifts to the changes in the dipole orientation, and po-
tentially SSFM could reveal the orientation of dipoles.

6. CONCLUSION

A method for finding closed-form electric and magnetic
field Green’s functions is presented for point dipole emit-
ters in multilayered dielectric media using the closed-
form potential Green’s functions previously developed for
microwave applications. With the method proposed in this
work, it is possible to determine the fields produced by
arbitrary-oriented electric dipoles in or near isotropic
multilayered media in a computationally efficient and ro-
bust way due to the reduction of numerical calculations in
finding the potential Green’s functions. Far, near, and
middle fields of radiating dipoles near dielectric interfaces
can be calculated within the same scheme. Thus, the pro-
posed method is useful both in verifying the validity of
far-field approximations and providing tools for middle-
field calculations where far-field approximations fail. In
general, the approach demonstrated in this work can be
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applied to electromagnetic systems, including optical mi-
croscopes in biological imaging, to find fluorescence inten-
sity at desired detection points and can also be used to
test the validity of the approximations. Closed-form
Green’s functions for fields not only facilitate efficient cal-
culation of near and intermediate fields of fluorescent
emitters but also play a crucial role in developing efficient
and rigorous computational analysis and design tools for
passive optical devices such as optical antennas. Since
Maxwell’s equations are linear equations if the involved
media are linear, the governing equations of electromag-
netic waves can be written in the form of integral equa-
tions with the Green’s functions as their kernels. Hence,
having a closed-form kernel rather than an integral over
an infinite domain significantly improves the computa-
tional cost of the numerical solution of the integral equa-
tion.
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