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a b s t r a c t

Total Internal Reflection Microscopy (TIRM) is an effective technique to measure weak

interaction forces between colloidal particles in solution and a flat surface. In this paper

the Discrete Sources Method has been applied to model different measuring schemes

for TIRM to find the most appropriate one for the determination of the distance

between a particle and the filmed surface. It has been found that the placing of a light

collector beneath the prism gives a considerable advantage compared with a conven-

tional TIRM design, where the collector is situated above the surface.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Total Internal Reflection Microscopy (TIRM) appeared
in the eighties as an effective technique for measuring
particle-wall interaction forces. Due to the use of the
Brownian fluctuations of a free colloidal particle for
obtaining the interaction potential, TIRM allows to mea-
sure forces with a resolution up to 1 nm [1,2], which is
advantageous compared to other techniques similar to
Atomic Force Microscopy [3]. In contrast to Photonic
Force Microscopy (PFM) [4,5], which is able to measure
femtonewton forces as well, TIRM allows measurements
close to a surface [6–8], while the PFM is applicable just to
bulk measurements far from surfaces. Recently TIRM has
been extended for measurements of van der Waals [9],
Casimir [10], magnetic [11], depletion [12,13] and elec-
trostatic [14] forces.

In the beginning of TIRM measurements the recon-
struction of the interaction potential was based on the
simple assumption that the intensity of the field scattered
by a particle is proportional to the intensity of an
evanescent exciting field in the particle domain. Later
ll rights reserved.

: +7 495 939 1776.
measurements showed disagreement with the behavior
predicted by this simple model [15]. Recently, the simple
assumption has been corrected by using a rigorous
scattering model, based on the Discrete Sources Method
(DSM) [16]. It has been proved that employing the DSM
model allows reconstruction of the potential with high
precision [15,17,18]. In a particular case the reconstruc-
tion of the interaction potential has been done by com-
paring the measured results with the simulated results
computed by the DSM model.

In conventional TIRM setups the colloidal particle is
situated above the glass prism. The laser beam propagat-
ing from the prism to the surface with an angle slightly
above the angle of total internal reflection generates an
evanescent field in the area above the prism. In the TIRM
schemes the scattered light is collected by the objective
placed above the particle in the far zone (Fig. 1A).
Recently it has been suggested to place the light collector
in the area beneath the glass prism. In this case the
collecting objective is oriented toward the beam, which
is reflected from the prism surface (Fig. 1B). To reduce the
intensity of the reflected beam the effect of Plasmon
Resonance (PR) in a thin gold film, deposited on the prism
surface, can be employed [19].

In the present paper the DSM has been applied to
model suggested TIRM schemes and to compare their
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Fig. 1. Model geometry: objective disposition for the case of conven-

tional setup (A); alternative setup (B).
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Fig. 2. Model geometry: particle deposited on a filmed prism surface.
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efficiency. The direct comparison allows choosing the
scheme that is more appropriate for the determination
of the particle–film distance.
2. Discrete sources method outlines

In this section the DSM model for the evanescent wave
scattering analysis is considered. We start with the
mathematical statement of the polarized light scattering
problem. Consider an axial symmetric penetrable particle
with an interior domain Di and a smooth boundary qDi

that is deposited above the plane surface S1 (z=d) (Fig. 2).
We denote the prism domain by D0 and an ambient

space exterior to the particle by D2. Let us introduce a
Cartesian coordinate system Oxyz by choosing its origin O
at the intersection point of the axis of symmetry of the
particle and the plane S0 (z=0). The Z-axis coincides with
the axis of symmetry of the particle and is directed into
the domain D2. A noble metal film occupying domain D1

with upper boundary S1 (z=d) is located on a planar
surface S0 of a glass prism. We assume that the exciting
field {E0, H0} is a linear polarized plane wave propagating
inside the glass prism at angle y0 with respect to the
z-axis. According to Snell’s law the wave fEi

2, Hi
2g

refracted into D2 propagates at angle y2 to the Z-axis.
Then the mathematical statement of the scattering pro-
blem can be formulated in the following form:

r �Hl ¼ jkelEl, r � El ¼�jkmlHl, in Dl, l¼ 0,1,2,i

ni � ðEi�E2Þ ¼ 0 ni � ðHi�H2Þ ¼ 0 at @Di

ez � ðElþ1�ElÞ ¼ 0 ez � ðHlþ1�HlÞ ¼ 0 at Sl where l¼ 0,1

ð1Þ

plus radiation conditions at infinity in D2 and attenuation
conditions in D1.
Here, ni is the outward unit normal vector to qDi, k=o/c
and {El, Hl} stand for the total field in the corresponding
domain Dl, ez is the unit vector along Z-axis. Note that the
total field in D2 is a superposition of the refracted exciting
field and the scattered one, that E2 ¼ Es

2þEi
2, H2 ¼Hs

2þHi
2. If

Imel,mlr0 (time dependence for the fields is chosen as
expfjotg) and the particle surface is smooth enough,
qDiCC(2,a), then the above boundary-value problem is
uniquely solvable.

The solution of the boundary value problem is con-
structed following the DSM scheme [16]. First the trans-
mission problem of the plane wave on the layered
interface is solved. The resulting field fEi

l , Hi
lg satisfies

the transmission conditions at S0,1. Then we construct an
approximate solution to the scattering problem (1) via the
DSM by representing the electromagnetic fields as a finite
linear combination of the fields of dipoles and multipoles,
which satisfy analytically the transmission conditions
enforced at the plane interfaces S0,1 [16]. The approx-
imate solution satisfies the Maxwell equations in the
domains Dl, l=0,1,2, infinity conditions and the transmis-
sion conditions at the interfaces S0,1. Thus, the scattering
problem is reduced to the problem of approximating the
exciting field at the particle surface qDi. The amplitudes of
the discrete sources (DS) are determined from the bound-
ary conditions at the particle surface, which can be
rewritten as

ni � ðEi�Es
2Þ ¼ni � Ei

2, ni � ðHi�Hs
2Þ ¼ ni �Hi

2 at @Di,

ð2Þ

To construct the fields of dipoles and multipoles that
analytically satisfy the transmission conditions at the
plane interfaces S0,1 we incorporate the Green’s tensor
for a stratified interface [16].

The approximate solution of the scattering problem is
constructed fulfilling the transmission conditions and the
plane interfaces S0,1 taking into account the rotational
symmetry of the scattering problem geometry (particle
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plus layered interface) and the polarization of the exciting
field [20].

Now let us consider a P-polarized exciting plane wave.
In this case, the refracted plane wave in D2 accepts the
following form:

Ei
2ðrÞ ¼ TP

2 ð�ex cosy2þez siny2Þexpf�jk2ðxsiny2þzcosy2Þg,

Hi
2ðrÞ ¼ TP

2 n2ey expf�jk2ðxsiny2þzcosy2Þg, ð3Þ

where (ex, ey, ez) are unit vectors of the Cartesian coordinate
system, n2 ¼

ffiffiffiffiffiffiffiffiffiffie2m2
p

is the refractive index of the ambient
space, k2=kn2 and TP

2 is the transmission coefficient for
P-polarization associated with the multi-layered interface.
Following Snell’s law: n0 siny0 ¼ n2 siny2. If y04yc ¼

arcsinðn2=n0Þ the exciting wave is totally reflected from the
plane S1 and only an evanescent wave propagates along the
surface S1 and damped by the ez direction is presented in

D2. In this particular case cosy2 becomes purely imaginary.

We must choose its value as cosy2 ¼ �j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2y2�1

q
, other-

wise the amplitude of the refracted wave would tend to
infinity with increasing distance from the interface S1. So, the

plane wave amplitude takes the form expf�jk2xsiny2g

expf�k2z
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2y2�1

q
g.

As mentioned above, the approximate solution of the
scattering problem is constructed by taking into account
not only the rotational symmetry of the scattering pro-
blem geometry, but the polarization of the external
excitation as well [20].

For P-polarized excitation we will use the Fourier
series for the plane wave with respect to the azimuth
angle j:

expf�jk2rsiny2 cosjg ¼
X1

m ¼ 0

ð2�d0mÞð�jÞmJmðk2rsiny2Þcosmj

Here Jm is a cylindrical Bessel function of m-th order,
d0m is the Kronecker delta symbol. For the Fourier har-
monics of the tangential t,j-field components we get

Ei
2Us¼ eP

m,tðZÞcosðmþ1Þj, Ei
2Uej ¼ eP

m,jðZÞsinðmþ1Þj,

Hi
2Us¼ hP

m,tðZÞsinðmþ1Þj, Hi
2Uej ¼ hP

m,jðZÞcosðmþ1Þj,

where s is a tangential vector to the generatrix I and ej is
a unit vector of the cylindrical coordinate system.

According to this for the P-polarized exciting plane
wave (3) we use the following electric and magnetic
vector potentials corresponding to the multipoles

Ae,l
mnðrÞ ¼ fg

e
mðZ,znÞcosðmþ1Þj; �ge

mðZ,znÞsinðmþ1Þj;
�fmþ1ðZ,znÞcosðmþ1Þjg,

Ah,l
mnðrÞ ¼ fg

h
mðZ,znÞsinðmþ1Þj; gh

mðZ,znÞcosðmþ1Þj;
�fmþ1ðZ,znÞsinðmþ1Þjg,

Ae,h,l
0n ðrÞ ¼ f0;0; g

h,e
0 ðZ,znÞg; z¼ 0,1,2; ð4Þ

here ge,h
m ,fm are the Fourier harmonics related to the Green

tensor components, which takes the form of Weyl–
Sommerfeld integrals

ge,h
m ðZ,znÞ ¼

R1
0 JmðlrÞve,h

11 ðz,zn,lÞl1þm dl,

fmðZ,znÞ ¼

Z 1
0

JmðlrÞv31ðz,zn,lÞl1þm dl: ð5Þ
where (r,j,z) are the cylindrical coordinates, point
Z=(r,z) belongs to the semi-plane j=0. Here fzng

1
n ¼ 1 is

a dense set of DS coordinates distributed over a segment
G0

z 2 Di of the axis of symmetry and ve,h
11 ðz,zn,lÞ, v31ðz,zn,lÞ

are the corresponding spectral functions, which provide
the continuity of the tangential field components at the
interfaces S0,1 and can be represented as follows

ve,h
11 ¼

expf�Z29z�zn9g
Z2

þAe,hþ
2 ðl,znÞexpf�Z29z�d9g,zZd, zn4d

Ae,h�
1 ðl,znÞexpf�Z19z�d9gþAe,hþ

1 ðl,znÞexpf�Z1zg, dZzZ0;

Ae,h�
0 ðl,znÞexpfZ0zg, zr0

8>>><
>>>:

ve,h
31 ¼

Be,hþ
2 ðl,znÞexpf�Z29z�d9g, zZd, zn4d

Be,h�
1 ðl,znÞexpf�Z19z�d9gþBe,hþ

1 ðl,znÞexpf�Z1zg, dZzZ0

Be,h�
0 ðl,znÞexpfZ0zg, zr0

;

8>><
>>:

where Z2
z ¼ l2

�k2
z . The spectral coefficients A and B can be

determined from the one dimensional transmission con-
ditions at z=0,d, which takes the following form [20]:

ve
11

� �
¼ 1

m
@ve

11
@z

h i
¼ 0, ve

11

� �
¼ 1

e
@vh

11
@z

h i
¼ 0,

1

m
ve

31

� �
¼ 0,

1

em
@ve

31

@z

� �
¼�

1

em

� �
ve

11,

1

e vh
31

� �
¼ 0,

1

em
@vh

31

@z

" #
¼�

1

em

� �
vh

11:

Where [] is a jump of values. In particular, the equality
ve

31 ¼ vh
31 holds under zZd.

For the total field inside particle Di we choose the
following vector potentials [16]

Ae,i
mnðrÞ ¼ fJ

i
mðZ,znÞcosðmþ1Þj; �Ji

mðZ,znÞsinðmþ1Þj;0g,

Ah,i
mnðrÞ ¼ fJ

i
mðZ,znÞsinðmþ1Þj; Ji

mðZ,znÞcosðmþ1Þj;0g,

Ae,h,i
n ðrÞ ¼ f0;0; J

i
0ðZ,znÞg; ð6Þ

where Ji
mðZ,znÞ ¼ jmðkiRZzn Þðr=RZzn Þ

m, and jm are the sphe-
rical Bessel functions. Let us introduce the following
notations:

~D
l

1 ¼
j=kelmlr �r�

�1=mlr�

 !
, ~D

l

2 ¼
1=elr�

j=kelmlr �r�

 !
:

Now we can represent the approximate solution of the
scattering problem for the P-polarized excitation [16]:

El
N

Hl
N

0
@

1
A¼ XM

m ¼ 0

XNl
m

n ¼ 1

pl
mn
~D

l

1Ae,l
mnþql

mn
~D

l

2Ah,l
mn

� �

þ
XNl

0

n ¼ 1

rl
n
~D

l

1Ae,l
n ; l¼ 2,i: ð7Þ

The last term in (7) is associated with vertical electric
dipoles. Here, N is a complex index incorporating M and
Nl

m. We emphasize that in frame of the DSM, the
scattered field fEl

N , Hl
Ng in domains D0,1,2 can be repre-

sented in terms of the unitary set of amplitudes
fp2

mn, q2
mn,r2

ng due to the fact that the transmission



N. Grishina et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 112 (2011) 1825–18321828
conditions at the interfaces S0,1 are satisfied by incorpor-
ating the Green’s tensor components (5) [16].

Let us next consider S-polarization of the exciting
plane wave

Ei
2ðrÞ ¼ TS

2ey expf�jk2ðxsiny2þzcosy2Þg,

Hi
2ðrÞ ¼ TS

2n2ð�ex cosy2þez siny2Þexpf�jk2ðxsiny2þzcosy2Þg, ð8Þ

where the TS
2 transmission coefficient associated with

interfaces S0,1

The Fourier components are taking the form

Ei
2Us¼ eS

m,tðZÞsinðmþ1Þj, Ei
2Uej ¼ eS

m,jðZÞcosðmþ1Þj:

Hi
2Us¼ hS

m,tðZÞcosðmþ1Þj, Hi
2Uej ¼ hS

m,jðZÞsinðmþ1Þj:

To take into account the polarization of the external
excitation in S-case (8) the following electric and mag-
netic potentials are used

Ae,l
mnðrÞ ¼ fg

e
mðZ,znÞsinðmþ1Þj; ge

mðZ,znÞcosðmþ1Þj;
�fmþ1ðZ,znÞsinðmþ1Þjg,

Ah,l
mnðrÞ ¼ fg

h
mðZ,znÞcosðmþ1Þj; �gh

mðZ,znÞsinðmþ1Þj;
�fmþ1ðZ,znÞcosðmþ1Þjg

Ae,h,l
0n ðrÞ ¼ f0;0;g

h,e
0 ðZ,znÞg: ð9Þ

So, for S-polarization the approximate solution accepts
the following form:

El
N

Hl
N

0
@

1
A¼ XM

m ¼ 0

XNl
m

n ¼ 1

pl
mn
~D

l

1Ae,l
mnþql

mn
~D

l

2Ah,l
mn

� �

þ
XNl

0

n ¼ 1

rl
n
~D

l

2Ah,l
n ; l¼ 2,i: ð10Þ

The last term in (10) is associated with vertical
magnetic dipoles [20]. The difference between (7) and
(10) is caused by the fact that for S-polarization vector Hi

2

belongs to the incident plane.
The completeness of the system of lowest-order dis-

tributed multipoles used in (7) and (10) guarantees the
convergence of the approximate solution to the exact one
in any closed subset of D2 [21].
3. Numerical scheme

As mentioned above the representations (7) and (10)
satisfy all the conditions of the scattering problem (1)
except the transmission conditions at the particle surface
(2). These conditions are employed to determine the
unknown amplitudes of the DS fp2,i

mn, q2,i
mn,r2,i

n g. Because the
scattering problem geometry is axially symmetric with
respect to the Z-axis and the DS are distributed along the
axis of symmetry, the problem of fulfilling the transmission
conditions (2) at the surface qDi can be reduced to the
sequential solution of the transmission problems for the
Fourier harmonics of the fields. Thus, instead of matching
fields at the scattering surface, we can match their Fourier
harmonics. Reducing the approximation problem on the
surface leads to a set of problems enforced at the particle
surface generatrix I. The unknown vector of DS amplitudes
fp2,i

mn, q2,i
mn,r2,i

n gcan be determined as a pseudo solution of an
over-determined system of linear equations

Bmpm ¼ qm, m¼ 0,. . .,M,

here Bm is a rectangular matrix Bm ¼ ½Bm
kku�, k=1 ,y, 4L,

ku¼ 1,. . .,2ðNm
i þNm

2 Þ. It was found that the reasonable ratio
between number of matching points and the number of DS is
2oL=ðNm

i þNm
2 Þo4. In this case the vector of unknown

amplitudes pm has the length of 2ðNm
i þNm

2 Þ and the vector
in the right-hand side can be represented as 4L vector in the
following form:

qm ¼ ðe
t
mðZkÞ,e

j
mðZkÞ,h

t
mðZkÞ,h

j
mðZkÞÞ

T :

The components of the vector for the P-polarized
excitation can be written as:

eP
m,tðZÞ ¼�ð�jÞmTP

2 facosy2½Jmðk2rsiny2Þ�Jmþ2ðk2rsiny2Þ�

þ2jbsiny2Jmþ1ðk2rsiny2Þg � expf�jk2zcosy2g,

eP
m,jðZÞ ¼�cosy2ð�jÞmTP

2 ½Jmðk2rsiny2Þ

þ Jmþ2ðk2rsiny2Þ�expf�jk2zcosy2g,

hP
m,tðZÞ ¼�að�jÞmTP

2 n2½Jmðk2rsiny2Þ

þ Jmþ2ðk2rsiny2Þ�expf�jk2zcosy2g,

hP
m,jðZÞ ¼�ð�jÞmTP

2 n2 Jmðk2rsiny2Þ
�

�Jmþ2ðk2rsiny2Þ
�

expf�jk2zcosy2g:

where TP
2 is

TP
2 ¼

tP
01tP

12 expð�jk1 cosy1dÞ

1þrP
01rP

12 expð�2jk1 cosy1dÞ
,

Here y1 is the angle of refraction inside D1 following to
Snell’s law, and

tP
in ¼

2ni cosyi
ni cosynþnn cosyi

,rP
in ¼

ni cosyn�nn cosyi
ni cosynþnn cosyi

,

are the corresponding coefficients of transmission and
reflection at the interface between the Di and Dn domains.

In case of S-polarized excitation the components
accept the following form:

eS
m,tðZÞ ¼ að�jÞmTS

2½Jmðk2rsiny2Þþ Jmþ2ðk2rsiny2Þ�expf�jk2zcosy2g,

eS
m,jðZÞ ¼ ð�jÞmTS

2½Jmðk2rsiny2Þ�Jmþ2ðk2rsiny2Þ�expf�jk2zcosy2g,

hS
m,tðZÞ ¼�ð�jÞmTS

2n2facosy2½Jmðk2rsiny2Þ�Jmþ2ðk2rsiny2Þ�

�2jbsiny2Jmþ1ðk2rsiny2Þg � expf�jk2zcosy2g,

hS
m,jðZÞ ¼�cosy2ð�jÞmTS

2n2½Jmðk2rsiny2Þ

þ Jmþ2ðk2rsiny2Þ�expf�jk2zcosy2g

TS
2 ¼

tS
01tS

12 expð�jk1 cosy1dÞ

1þrS
01rS

12 expð�2jk1 cosy1dÞ
,

and

tS
in ¼

2ni cosyi
ni cosyiþnn cosyn

, rS
in ¼

ni cosyi�nn cosyn
ni cosyiþnn cosyn

,

here (a, 0, b) is a vector, tangential to the particle meridian
at Z-point and (r, z) are cylindrical coordinates of the
matching points. Because the Fourier harmonics do not
depend on the j-angle, the linear system corresponding to
vertical electric or magnetic dipoles for both polarizations can
be written as

B�1p�1 ¼ q�1,
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where matrix B�1 has twice smaller dimension 2L�

ðNm
i þNm

2 Þ, the right-hand side vector has the length of 2L

and the vector of amplitudes has the length of ðNm
i þNm

2 Þ.
Then for P-polarization we have

eP
�1,tðZÞ ¼ TP

2 ½jacosy2J1ðk2rsiny2Þ

þbsiny2J0ðk2rsiny2Þ�expf�jk2zcosy2g

hP
�1,jðZÞ ¼ jTP

2 n2J1ðk2rsiny2Þexpf�jk2zcosy2g:

And for S-polarization:

eS
�1,jðZÞ ¼ �jTS

2J1ðk2rsiny2Þexpf�jk2zcosy2g,

hS
�1,tðZÞ ¼�TS

2n2½jacosy2J1ðk2rsiny2Þ

þbsiny2J0ðk2rsiny2Þ�expf�jk2zcosy2g:

As the DSM is a direct method it allows solving the
scattering problem for the entire set of the incident angles
y0 and both polarizations (P and S) at once. Besides, the
numerical scheme provides an opportunity to control the
convergence of the approximate solution by the posterior
error estimation [20].

After the amplitudes of the DS have been determined, one
can compute the far field pattern F(y,j) of the scattered field,
which is determined in the upper O={01ryo901,01
rjr3601} or lower O={901ryo1801,01rjr3601}
parts of the unite semi-sphere and is given by

Es
2ðrÞ=9E

0
ðz¼ 0Þ9¼

expf�jk0rg

r
Fðy,jÞþOðr�2Þ z40, r-1,

Here

Fðy,jÞ ¼ FP,S
y eyþFP,S

j ej:

By asymptotical estimation of the Weyl–Sommerfeld
integrals involved in (5) the representation of the ele-
ments of the far field pattern takes the form of a finite
linear combination of elementary functions [20]

FP
0,2ðyÞðy,jÞ ¼ jk

XM
m ¼ 0

ðjk0,2 sinyÞm cosðmþ1Þj
XN2

m

n ¼ 1

(
p2,P

nm geð0,2Þ
nm cosy

h

þ jk0,2 sin2yf
eð0,2Þ

nm

i
þ

ffiffiffiffiffiffiffiffiffi
m0,2

e0,2

s
q2,P

nmghð0,2Þ
nm

)

�jksiny
XN2

0

n ¼ 1

r2,P
n ghð0,2Þ

n0 ,

FP
0,2ðjÞðy,jÞ ¼�jk

XM
m ¼ 0

ðjk0,2 sinyÞm sinðmþ1Þj�
XN2

m

n ¼ 1

(
p2,P

nmgeð0,2Þ
nm

þ

ffiffiffiffiffiffiffiffiffi
m0,2

e0,2

s
q2,P

nm ghð0,2Þ
nm cosyþ jk0,2 sin2yf

hð0,2Þ

nm

h i)
:

ð11Þ

For S-polarized external excitation the components of
the far field pattern components accept the form

FS
0,2ðyÞðy,jÞ ¼ jk

XM
m ¼ 0

ðjk0,2 sinyÞm sinðmþ1Þj

XN2
m

n ¼ 1

p2,S
nm geð0,2Þ

nm cosyþ jk0,2 sin2y f
eð0,2Þ

nm

h i
�

ffiffiffiffiffiffiffiffiffi
m0,2

e0,2

s
q2,S

nmghð0,2Þ
nm

)
:

(

FS
0,2ðjÞðy,jÞ ¼ jk

XM
m ¼ 0

ðjk0,2 sinyÞmcosðmþ1Þj
XN2

m

n ¼ 1

(
p2,S

nmgeð0,2Þ
nm
�

ffiffiffiffiffiffiffiffiffi
m0,2

e0,2

s
q2,S

nm ghð0,2Þ
nm cosyþ jk0,2sin2yf

hð0,2Þ

nm

h i)

þ jk

ffiffiffiffiffiffiffiffiffi
m0,2

e0,2

s
siny

XN2
0

n ¼ 1

r2,S
n geð0,2Þ

nm , ð12Þ

here fp2,ðP,SÞ
nm ,q2,ðP,SÞ

nm ,r2ðP,SÞ
n g are the Fourier harmonics of the

DS amplitudes corresponding to P/S polarizations and the
associating spectral functions ge,h

nm,f nm can be written as

ge,hð2Þ
nm ðyÞ ¼ expfjk2zn cosygþ jk2 cosyexpfjk2dcosygAe,hþ

2 ðk2 siny,znÞ,

f
e,hð2Þ

nm ðyÞ ¼ jk2 cosyexpfjk2dcosygBe,hþ
2 ðk2 siny,znÞ:

ge,hð0Þ
nm ðyÞ ¼ jk0 cosyAe,h�

0 ðk0 siny,znÞ,

f
e,hð0Þ

nm ðyÞ ¼ jk0 cosyBe,h�
0 ðk0 siny,znÞ:

Hence, after the unknown amplitudes of the DS are
determined, the far field patterns for P and S-polarized
excitation are represented as the finite linear combina-
tions of elementary functions. This circumstance ensures
fast and effective computer analysis of scattering char-
acteristics in the far zone.
4. Results and discussion

In this section we present some computer simulation
results for the conversion of evanescent waves into the
scattered ones by a particle deposited above a metal-
filmed glass prism. We consider the Differential Scattering
Cross-Section (DSC), which is given by

DSCP,S
0,2ðy0,y,jÞ ¼ FP,S

0,2ðyÞðy0,y,jÞ
			 			2þ FP,S

0,2ðjÞðy0,y,jÞ
			 			2 ð13Þ

Here the components of the far field pattern are given
by (11)–(12). The dimension of DSCP,S

0,1 is mm2 units. In this
part we also examine the objective response as a function
of height of the particle above the surface. It represents
the integrated intensity scattered into the prescribed solid
angle O

sP,S
0,2ðy0Þ ¼

Z
O

DSCP,S
0,2ðy0,y,jÞdo, ð14Þ

where O corresponds to the numerical aperture of the
objective lens. The integral response is used to evaluate
the scattered intensity captured by the objective lens [15].

Let us consider a P or S-polarized plane wave with a
wavelength of l=658 nm. The prism is made of
N-LASF46A glass with a refractive index for this wave-
length of n0=1.8951. We consider polystyrene latex (PSL)
particles with a refractive index ni=1.59 and diameters of
D=300 nm, 600 nm and 1.2 mm, which are deposited in
water with n2=1.3306 on a gold film with n1=0.1425–
3.6821j of thickness d=51 nm. The refractive indices were
taken from [22]. The deposition of the gold film on the
prism surface enables to increase the penetration depth
(up to 720 nm) and a light reflectivity [6]. The critical
angle for this system at which the evanescent waves
appear is 44.61. Scattered fields are captured by objectives
with a collecting angle of 301. For technical reasons, the
collector situated beneath the prism has a central cut of 51
to avoid the specular beam.
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In this particular case it is easy to estimate that PR
related to the minimum value of the reflection coefficient
for P-polarized excitation has the form

RP
02ðy0Þ ¼

rP
01þrP

12 expf�2jk1 cosy1dg

1þrP
01rP

12 expf�2jk1 cosy1dg
, ð15Þ

which corresponds to the incident angle y0=48.961. Here
r01,r12 are the reflection coefficients from the boundaries
S0,S1 and y1 is the angle of refraction into the film. The
behavior of the reflection coefficient (15) can be observed
in Fig. 3.

In the following figures the results of computer simu-
lation analysis are presented. The incident angle
y0=48.961 has been chosen to reduce the plane wave
reflection in the specular direction. In Fig. 4 the objective
response sP,S

0,2 versus particle–film distance h is presented
for PSL particle of D=300 nm for both polarization of the
incident light and for two positions of the collector: above
(conventional TIRM scheme) and beneath the prism. From
the behavior of the curves one can see that the intensity
of P-polarized light is several orders higher than for the
S-polarized one. Another observation is that both curves
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Fig. 3. Reflection coefficient (15) from prism-film interface for

P-polarized plane wave in water versus the incident angle y0.
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Fig. 4. Integrated intensity (14) versus particle height for PSL particle of

D=0.3 mm for two collectors depositions and P and S polarizations of the

incident light.
for the collector deposition above the prism demonstrate
pronounced oscillations. At some points of those curves
the value of sP

0 seems to be the same at different heights.
The last circumstance faces the problem of precise deter-
mination of particle–film distance from the measured
data without additional information. Similar oscillations
have been detected in [23]. At the same time both curves
for the collector deposited beneath the prism have
strongly monotonic decrease and allow the single-valued
determination of the particle position above the film from
the measured response. To verify our observation in
Figs. 5 and 6 similar results are shown for particles of
D=600 nm and D=1.2 mm respectively. The results are in
good agreement with those for smaller particle, presented
above. For the collector deposited in the upper half-space
both P and S-polarized curves demonstrate oscillations or
flat plateaus, while both curves for the collector beneath
the prism are monotonic.

Now we try to explain these results by analyzing the
behavior of the DSC in the incidence plane. For these
investigations we take the particle of D=600 nm and two
particle–film distances where sP

0 reaches close values. The
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Fig. 5. Integrated intensity for PSL particle of D=0.6 mm for two

collectors depositions and P and S polarizations of the incident light.
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results for the DSC distribution are presented in Fig. 7.
Here the range of observation angles 901oyo2701
belongs to the lower semi-plane (glass) and the ranges
of 01oyo901 and 2701oyo3601 belong to the
upper semi-plane (water).

From the figures one can see that the maximum of
intensity in the prism domain is directed towards the
specular direction at yE1351 and the maximum in the
upper semi-plane is directed far from the upper collector.
In Figs. 7 and 8 the heights were chosen so, that the values
of the responses for both heights of the upper collector
were almost identical. From the results presented above
one can see that, regardless the fact that in the
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upper semi-plane the intensity values of both curves are
nearly the same (at the range from �301 to +301), it the
lower semi-plane, both values near the specular direction
clearly differ. Due to this circumstance the determination
of the particle–film distance from observations of the
intensity beneath the prism should be much easier in
contrast to the conventional observations in the upper
domain. The same situation occurs for the particles of the
other refractive index (melanine as an example).
5. Conclusion

In this paper we have analyzed the scattering of the
polarized light by a particle deposited above the filmed
surface for TIRM applications. The simulation results based
on the DSM computer model have been presented and
discussed. The results have demonstrated that the intensity
of P-polarized light exceeds the S-polarized one by several
orders. In connection with this we would like to point out
that Ez does not exist in S-polarized field. Besides, computer
simulation showed that the response in the prism domain
mostly exceeds the response in the water domain. Addition-
ally, the behavior of the collector response beneath the prism
demonstrates monotonic exponential decay versus particle
height that enables easier determination of the particle–film
distance, while the response measured above the film does
not allow a single-valued determination of the particle–film
distance. From this analysis, we conclude that the alternative
TIRM scheme with collector deposited beneath the prism
gives considerable advantages compared to the conventional
one. This circumstance should be taken into account while
setting up new TIRM designs.
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