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Abstract:  We present a rapid and flexible framework for the accurate
calculation of the detectionfliciency of fluorescence emission in isotropic
media as well as in the vicinity of dielectric or metallic enfaces. The
framework accounts for the dipole characteristics of thettech fluores-
cence and yields the absolute detectidiiceency by taking into account
the total power radiated by the fluorophore. This analys/gad to be
useful for quantitative measurements, i.e. the fluoreseeletection at a
glass—water interface for total internal reflection flueersce microscopy

in an epi- and a trans-illumination configuration.
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1. Introduction

Modern fluorescence microscopy provides outstandingspatnporal resolution, sensitivity
and selectivity for investigating biological samples a gub-micrometer scale. Due to these
properties, it has become the method of choice in life seé@me biomedical research. Besides
impressive improvements in image resolution and conttiastheed for quantitative measure-
ments becomes more and more important. Fluorescence filactispectroscopy (FFS) with
correlation analysis (FCS) [1, 2], intensity distributianalysis (FIDA, PCH) [3, 4] or Forster
resonant energy transfer (FRET) [5] addresses these denfamdthese quantitative measure-
ments, knowledge of the optical point spread function isumegl. This corresponds to the
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brightness profile of the detected fluorescence, which ddeidue combined calculation of the
excitation focus field, the response of fluorescent markedsfiaally the detectionféciency.
This allows accurately modeling and predicting the meabtitmrescence signal as recently
shown in detail by Enderlein et al. [6]. The physical conseffocusing electromagnetic waves
and detecting dipole waves are well-known and describedth&tance by Tordk, Higdon and
Enderlein[[7] 8, g, 10]. In analogy to the classical Debyenalation [11] and the seminal work
by Wolf and Richards [12, 13], we recently reformulated thkalation of the electromagnetic
field in the focus of high numerical aperture objectives dasea Fourier or chirp z transform
[14] and achieved unprecedented calculation speed antifigxiThese calculations yet de-
scribe the excitation fields and thereby the excitatiorsrafdluorophores within these foci. In
this work, we revisit the induced fluorescence emissiondbasethe classical reciprocity prin-
ciple in order to calculate accurately the detectifiitteency within the same rapid and flexible
framework. Our calculation accounts for the anisotropgtribution of the emitted fluorescence
and yields the absolute detectidfigiency through normalization with the total radiated power
of the fluorophore [10].

Without any restriction, we assume that the biological dermgpcontained in water. The in-
duced fluorescence response can be caused by auto-fluaescespecific biomarkers. Based
on a classical description, the fluorophore is described @ip@e absorbing photons at the
excitation wavelengtiex and responding by the emission of fluorescence within a \wagth
rangeds;, wherels > dex due to the Stokes shift. Under these general assumptian ot
fluorescence process can be described by:

1. the excitation fielEex(P,t),

2. the excitation cross-sectionr ex(F,Q2) and the excitation rat®e(r,Q,t) of the fluo-
rophore,

. the photophysical and photochemical response of theojnare,

A W

. the emission ratRBy (F, 2, t) of the fluorophore,

5. the emitted fieldE (7, ©2) from the fluorophore and
6. the detectionféiciencyQs (F, Q) of this radiation,
7. which altogether yield the fluorescence sigifglfrom the sample.

All these quantities vary in general with the positibe: (x,y,2) of the fluorophore and the
orientationQ = (0, ¢) of its absorption and emission dipoles upon absorptionenision,
respectively, as well as with the wavelength of excitatiod amission[[15]. The calculation
of the excitation field (1) is described in a former publioat{14] and is used as a conceptual
framework for the field calculations. The average excitatiooss-sectiomrex (2) as provided
by the manufacturer is typically in the order of a few.AThe general fluorophore response
(3) is well described by B. Valeur [16] for instance. The dfiephotophysical response of
Cy5 was investigated by Widengren and Schwille [17], wheieggeling et al. [18] recently
reviewed the photochemical response of Rhodamine 6G. $natbik, we focus on the calcu-
lation of the emission rate [(4), the emitted fiéld (5) and thtedtion diciency (6). As a final
demonstration, we calculate the fluorescence detectiomglaisa—water interface and compare
the detection yields for total internal reflection fluoresoe (TIRF) microscopy in an epi- and
a trans-illumination configuration.

Throughout this paper, we omit the time dependency ekpt). w = 27cp/A is the angular
frequencygg the speed of light andthe wavelength in free space. Further we assume a relative
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magnetic permeability, = 1 for all materials. Therefore, the refraction indeis given by the
dielectric permittivitye; = n?. In order to avoid sign ambiguities k§ = k? -k, we keep all

wavevector&k pointing towards the positiveaxis with a proper sign choice fdg.

2. Emission close to planar interfaces

This section describes the interaction of a fluorophore pléimar layers and derives the emis-
sion rateRy(F, Q2), wherer is the position of the fluorophore aif2l= (®, ¢) its orientation as
shown in Fig[ 1. The fluorophore is modeled as a point dipolé fixed dipole momeni.

Ni

g

n
X m

Fig. 1. Dipoleg located aty above the first interfacey is the refraction index of the upper
half-space £ > 0) around the dipoleny, is the refraction index of the lower half-space
(z < —d) andn; the refraction indices of the intermediate layerd & z< 0).

The dissipated power is given in a semi-classical picturéhieydipole—light interaction. In a
guantum-mechanical description, the dissipated powerdfyaed with the transition probabil-
ities and results in equivalent formulae, where the decefraf an electronic state defines the
overall rate of all de-excitation channels from that sthitgenerall” contains a radiative decay
I'emand a non-radiative decady, and is simply the sum of both.

[(P,Q) =Tem(F, Q) + Ty (1)

I'em IS associated with electromagnetic radiation in, and adéon with, the environment;
wheread,, stands for any non-electromagnetic dissipation, i.e. &mnsic relaxation. The
presence of a layered structureats the radiative decdy.m of the fluorophore because it
modifies the local density of states (LDOS). For instanceigh index medium in the near
field of the fluorophore increases the LDOS at the fluorophosttipn. In consequencE&em
increases, or equivalently the lifetime, of the first excited singlet stat; is shortened, be-
cause more radiation modes are available. On the other hignd,assumed to depend only on
the microenvironment of the fluorophore, e.g. it is nfeeted by the position and orientation
dependent LDOS but rather by adsorption to a surface. Indl@nfing, the dissipated power
P of a point dipole with fixed dipole momeptis calculated for two cases:

a) inside a homogeneous medium, e.g. far from interfaceks, an

b) near a planar structured medium, e.g. near planar icesfa
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First, case[() is calculated as reference for obtainingatimtive enhancement factpft, Q2)
in case/(b). Becaudem = P/hw, the radiative enhancemep(, Q) = Fem(F, ) /Teme IS repro-
duced by the rati®(r, )/ P, where the subscript indicates the unperturbed case (a). In this
context, we should keep in mind that the dissipated powenrdhes the total power emitted via
the dipole field, i.e. photon emission as well as radiatigs.lo

In the late seventies, Lukosz calculated the emission efréteand magnetic dipoles near a
planar dielectric interface [19, 20]. In the eighties, Buagdt and Thompson [21] and Hellen
and Axelrod[28] refined the calculation for TIRF microscoRgcently, Novotny [23] revisited
the theory for calculating the light field of interacting dlpr particles; and Mertz [24] uni-
fied the description of a classical dipole near a dielectrierface with a simple input—output
formalism based on the Lorentz reciprocity theorem. Thio¥ahg description relies on the
general ideas given by Ford and Webber|[25]. This descrigoparticularly advantageous
because only the electric field at the dipole position is ieglfor calculating the dissipated
power, which circumvents any confusion in case of absoriiadia (i.e. metals) in the vicinity
of the dipole. According to Fig./1, the total dissipated powfa point dipole at positiony is
given by

P= %Im(ﬁ* “E(0)) )

whereji is the dipole moment anBi(P) the electric field radiated by this dipole. The dipole is
described as a current sourfl€) = —iwii (P o) in medium 1 and the radiated field has to
fulfill the Maxwell equations.

¥ xE(N) = o HD) ¥ H(®) + coa o E0) = (1) ®
Using time harmonic fields and a plane wave expansion
E(ﬁ):fékequﬁ-f)dlz 4)
the Maxwell Eq.[(3) read as
kx (Kx Ex) + K2Ex = —w?uuoft 6(F—Fo) . (5)

Solving for the electric fieldEy propagating along the Wavevect?)yields
N 0.)2 N |ZX EX 7
Ex = —oexp ik rO)k_f A+ I@(fk%ﬂ) .
Substituting this expression in (4) and splitting the latend axial integration, an integral
representation of the radiated field is obtained.

(6)

i T [ BxEx
(0= -0y [ dyexplk- (r—10) [ ael i+ S lexplictz-z) (1)
2 J -2,

Thek; integral is a contour integral in the complex plane, which ba evaluated using the
complex residues at the first order pokes: +ki,. With Ky = Kyy+Ki2(2— 20)/|z— 2o, the electric
field is then

2
EM) = -znyo% f Ky exp(iKsy - (P~ F0))
' . (8)
| - o .
otz 20+ ko G xhexplisz- )
1z

#94399 - $15.00 USD  Received 28 Mar 2008; revised 9 May 2008; accepted 23 May 2008; published 27 May 2008
(C) 2008 OSA 9 June 2008/ Vol. 16, No. 12/ OPTICS EXPRESS 8523



The first term does not contribute to the dissipated powealisz it is real valued. The sec-
ond term is imaginary only fokyy < kq, which is the far field radiation domain in medium 1.
Therefore, the dissipated power is obtained with (2) and
. (,()2 d|2 = = e
(o) = -imo'y [ S Thxaxi) ©)
kl I(12

kxy< k]_

The electric field is now described by the coupling betweerdipole moment and the electric
field Ey, i.e. by a projection off onto Ey. Integrating over all directions d?fxy yields

kg
7T2 a)s k b d -
R f oy (262l + (26— K2y 2) (10)
2|(1 J K1z
and evaluates to the well-known Larmor formula, e.g. theigated power is given by
2 o
P = §ﬂ2y0w3k1|;1|2 . (11)

Vd

X

Fig. 2. Coupling of the dipole momeptwith the electric fieldsEq represents the direct
dipole field, E; the reflected field and; the transmitted fieldS is perpendicular to the
incidence plane, wheregs g andd are parallel to the incidence plane.

In the second casel(b) where the dipole is near to planarfacts, the radiation towards
the interfaces is partially reflected and interferes wita threct radiatiorEy of the dipole
as outlined in Fig. 2. The calculation involves the reflem:tixo)dﬁcientsrfj at the interfaces

ny — Ny, for p- ands-polarized field£|f’s. Therefore, the field in Ed. (8) is separated in fhe
ands-polarized components using the vector identity

ki x (K x i) = (B- @) B+ (8- )8 (12)

where = kyy&; + ki,8xy ands = k;Exy x & with the unit vectorsyy = szy/kXy and&; = (0,0,1).
Hence, the first term gives thepolarized componerﬁf and the second thepolarized com-
ponentE'if. Using this in Eq./(8), the field propagating towards therifatees is

B =i’y f @exp(nz {(P=ro) - ikiz-20){(B- AP+ (S DY . (13)
J ke ‘ '
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The total field in the region & z < z; is this downward propagating dipole field plus an upward
propagating reflected field. Upon reflection, {molarized component becomes proportional
to g = Kyy& — ki,6xy. Therefore, the total field in this region is

2 =d
EN(P) = inpo f %exp(ilzx (P To) + ikazzo)x
k2 J ke ’ (14)

{(B-i0) (exp( ikiz2) B+ 5, exp (kz2)d) + (8- 1) (exp Cikizd) + 15 exp (kiz2) §)

wherer1m are the reflection cdicients on the structumrg to ny, for p- ands-polarizations. The
power dissipated by the dipole in the presence of the plantarfaces is obtained by inserting
Eq. (14) in Eq.[(2). Integrating over all directions E;J, the dissipated power for a dipole at
positionris

P(P,Q) = ”’“‘0‘” f dkxy Y1212 (1410 exp(akz2)) i
kiz (15)

+ [k§ (1+ rlmexp(Zklzz)) + fixy Pk, (1= 15 exp (Akiz2) )| iy}

The dissipated power in case (b) can be rewritteRaplus a contributiom\P,(7, Q) from i,
perpendicular to the structure and a contributidty(r, Q) from iy, parallel to the interfaces.
That isP(F, Q) = Po + AP(, Q) + APyy(F, 2) with

APL(F,Q) = ’”‘0“’ f dkxyk Y exp (Ak1,2)K3 P Jii?  and (16)
l 1z

Vs ,uow

AP (. 0) = f oy exp (B (s~ b (D)

Figure 3 shows results for a horizontal and a vertical dipeler an air-glass and a water—glass
interface, respectively. The dissipated power is signifiyaenhanced if the dipole-interface

1.4 : ‘
S APZ at air—glass
120 J— APX at air—glass
: - APZ at water—glass
1.0 - —_ APXy at water—glass|
g 08 -
o
—~
% oe
0.4
0.2r
0.0r

0.0

4 )
7o/ A1)

Fig. 3. Enhanced power dissipated by a vertical and a haazdipole near an interface.
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distance is less than aboui; /5. For the horizontal dipole, the power enhancement shows an
oscillation caused by the interferences between the direttthe reflected field in medium 1
(air, water). For the vertical dipole, the enhancement Birdpcreases with increasing distance
(approximately exponentially). In addition, the enhaneaftrs significantly stronger for the
vertical dipole, which reflects the stronger coupling of fpolarized near field in medium 1
to waves propagating at super-critical angles in the demselium 2 (glass).

Now, the interaction of a fluorophore with planar interfacas be calculated. Taking into
account thaliii,| = |ii] cos® and|ixyl = | Sin®, the radiative enhancement facigr, Q) is given
by 1+ AP,(F,Q)/Pe + APxy(F, Q) /Pe.

-k
Y(PQ) =1+ % Re f dkxyk—xy exp(dkiz2) {2Er ) cog @ + (r5, — k2 rD YsinP®)  (18)
1 1z
0

In the limit z— oo, the integral vanishes which corresponds to the homogerease (a).

In general, the presence of the interface(s) in the vicioftyhe fluorophore modifies its
photophysical parameters and its emission pattern. Farios, the fluorescence quantumyield
increases to

o a1 (7, Q) as
g;(r,Q) =

= 19
ya Qs +1-qs (19)

whereqy is the fluorescence quantum yield in case (a)gipéh casel(b). Because the radiative
enhancement is anisotropic, the fluorophore emits moreiéneity when its dipole moment is
oriented vertically to the glass—waftair interface. In summary, the vicinity of a planar struetur
affects the rate of the electromagnetic emissions of the fllem@p This influence manifests
itself as a modification of the excited state lifetimes asl wslthe transition probabilities. In
the general case, the fluorescence emissiorRats given by

R af Lo an
Ri(F,Q) = ——Ps, =yn("Q)—Ps_, (20)
Tsl Tsl
wherers, is the lifetime of the excited singlet stafg and P’Sl its occupation probability. But
we should keep in mind th&; (F, Q) is the radiation rate into fierent channels. This radiation
is either transmitted to the far field in medium 1myrcoupled to a wave-guide mode or surface
plasmon, or absorbed in the structure. If the fluorophoreaamhes a metal for instance, its
emission rate will significantly increase as wellgis does. But this increased emission will
be counter-balanced by an increased energy dissipat@mnjue to electron-hole excitations
in the metal. For a fluorophore—metal distanc20nm, the energy loss usually becomes so
dominant that the observable fluorescence intensitytectvely lower than that far from the
metal. These and many moréexts are well described in literature (c.f. [26, 27 28, 29] f
example). Here, we concentrate on the calculation of thelatesdetection &iciency. For that
purpose, the emitted field is calculated next and then prtedgo the pinhole.

3. Emitted dipole field

In this section, the far field emission is calculated in vidw@scribing the collectionféciency
by the microscope objective. For this purpose, the radifatefield is described as a plane wave
spectrum according to Eq.1(4). Analogous to Eqg. (13) @, it is given by the dipole
field superimposed by the reflected field in medium 1, both ggating towards a collection
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optics atz > 7.

2 _.4) '_}
ET _in ow exp (~iks - o)

TR ke (21)
x{(q- 2+ (8- i)r , exp (2k1220)) G-+ (S ) (L + 13 exp (Akz20)) S}

The far field spectrum in medium is given by the transmitted field propagating downwards.
The Fresnel transmission d@eients through the structure are giventay = tkiz/knz and
the field spectrum is

2 A
et = imuo 2y L0 (5. .4 (3 tga Y ex ki) 22)
1 z

whered is the total thickness of all layers aBg= kyy€; + kim£xy.

Fig. 4. Radiated angular power dens«thE'H2 for a horizontal dipole along th&axis
(arrow). The dipole is located at the glass—water interface

Figuré 4 shows the far field spectrum emitted by a horizorigalld along thex-axis. In case
(@), i.e. nointerface, the dipole radiates homogeneouslyral its axis (thin lines outline thez
andyzcross-sections). In case (b), i.e. on a glass—water icrfhe dipole radiates mainly into
two lobes in theyzplane (thick lines). The maximum radiation indicates théaal angle for
total internal reflection at the interface. The total ragligpower increases by less than 10%, but
more than 69% of the radiation is directed into the glass. ared with case (a), the radiated
power is substantially increased in the glass whereas édsséised by about 33% in the water.

The emitted fieldE¢(P,Q) is calculated from these far field spectra of a dipole attjmosi
r with orientationQ. This representation asléspectrum of thep- and s-polarized compo-
nents is required anyhow for calculating the propagatiothtodetector in the next section.
We would like to emphasize that it is important to consider flaorophore as &ixed power
dipole, whose power is imposed by the current emission féterefore, we could require
P+ (F,Q) = Rei(F,Q)hwy for normalizing the dipole momeni(r, Q)| right here. Instead, we
include this normalization in the detectiofffieiency when dividing the detected power by
P+ (P, Q) for obtaining the detectionfiéciency Qg (F, Q).

4. Detection dficiency

The detection ficiency is considered as the complementary part of the eiaritheld. We de-
fine it by the probability of receiving a photon in the detentaperture (pinhole) if this photon
was emitted at positioriby a fluorophore with dipole orientatidd. Figure 5 summarizes the
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calculation of the detectiorfliciency Qs (F, 2), which is accomplished by calculating the ratio
ada T+1Pp(F, Q) /P (F, Q) with Py the power transmitted through the pinhalg.is the quantum
yield of the detector [30] and(; the transmissionficiency of the filter set [31], both at the
fluorescence wavelength; (not shown).

(xy) = " (xy)
N T T £y

A

Y
N

Fo |Fi

objective A tube lens P

Fig. 5. Calculation of the electromagnetic field in the pilehplaneP. The objective and
the tube lens are represented by their principal planes [{tiés; refraction loci principal
planes), the object focl%,, the aperturé\ in the back-focal plane of the objective, and the
image focud;.

Po(F, Q) is obtained by integrating the intensity falling on thelmte. This requires calcu-
lating the electromagnetic field in the pinhole plén&Jsing the superscripisands for the p-
ands-polarized components, the calculation of the field in thehpie is subdivided into three
distinct steps:

Step 1 The fluorescence emission is collected by the high NA objecti

The emitted fieldEy in the direction of the wavevectdris calculated based on Eq. (21) or
(22). The fieldE, collected by the objective is essentialf, but the phase is referenced to
the object focus-,. Reversing the calculation of the excitation field in [14dis to the field
E. in the objective apertura (the reciprocity in optics was recently reviewed by Pot{82]].
Considering mediunmy, as the immersion medium allows us to identiky= ny, andk; = k.
Recall thatf andR are the focal length and the aperture radius of the objestittenumerical
aperture NA. Then, Eq. (1,8) in [14] read as

R L (koNA\?
X,y = mkx’y a.nd d(xy = (T) dXdy . (23)
The electric field arriving at the apertuseis therefore
koNA
BR°(0Y) = TRt S (ke ky) - (24)

The transmission cdigcientsty; given by Eq. (21,22) in [14] were calculated from the apertur
A to the immersion. For the reverse direction, they are giwetgb= nita: (A is in air).

Figure 6(a) shows the electric figi, in the aperturé\ of a 1.45 NA oilimmersion objective
observing a dipole in the focus at the cover slip—samplefae. For a-oriented dipole (left),
the field is relatively homogeneous at sub-critical anghés & 1.33). At super-critical angles,
it exhibits a significant increase in particular perpentiicto the dipole axis, e.g. along the
y-axis. Along thex-axis, the field vanishes right at the critical angle. Thdigal dipole (right)
emits a rotationally symmetric fielgp{polarized), which is particularly strong at super-catic
angles.
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(a) Electric field Ea| in the aperture. (b) Electric fieldlE'pl at the pinholep.

Fig. 6. Electric fields in the aperture of a 180.45 NA oil immersion objective (a) and
at the pinhole (b) for a dipole at the cover glass—samplegyanterface emitting at a
wavelength oft¢; = 525nm. The circle in (b) indicates a pinhole of®0 in diameter. The
left half-pictures show the field of the horizontal dipoléneTfield of the vertical dipole is
shown in the right half-pictures.

Step 2 The fluorescence emission is propagated to the tube lens.

Because the field distribution i can be described as paraxial and the propagation distance
Zp—Za 2 120mm, the Fresnel approximation for this free space praji@ycan be applied. In
general, the Fresnel approximation is valid for

(2p-20° 3 7= max{(xa— Xp)+ (Va=yp)?) - (25)
This is a sificient condition, which would demand a propagation distagycez, > 500mm.
However, if the main contribution of the fiel&; at point p.Yp,Zp) comes from points
(Xa,Ya, Za) close to &a,VYa,Zp), i.e. for paraxial fields, the Fresnel approximation ialalid
for smaller propagation distances. This is achieved withpgseudo-paraxial Fresnel transfor-
mation for removing the wave front tilt [33] and an equivaleansform([34, 35] for reducing
the wave front curvature.

In a first order approximation, this entire step can be skippesetting the fieldE; on the
tube lens equal to the fiel, at the objective.

Step 3 The fluorescence emission is focused onto the pinhole.

The fieIdE'p near the image focus in the pinhole plane is calculated with the Debyfrdic-
tion integral following the method by Leutenegger et al.][1fithe focusing angles are small,
the Fraunhofer approximation may be used.

Figure 6(b) shows the electric fie||§p| at the pinholeP. The image of the horizontal dipole
resembles a deformed Airy pattern, whereas the field of thtecakdipole is strongest in aring
around the axis (donut with smahpolarized component in the center).

Integration of the intensity, = \/Eo/p0|§p|2/2 over the clear aperture of the pinhole and nor-
malization by the emitted powé (F, Q) yields finally the detectionféciencyQys (F, ) for an
arbitrary positiorr’and orientatior2 of the fluorophore. If we assume random orientation with
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a uniform probabilityP(Q2) = 1/4n, the average detectioffficiency is calculated as

1

Q0= [ QuE PO~ 5(Q(r eI+ Q)+ QD). (@9)
Q

In general, the energy flux through the aperture is given tagirating the normal component
of the Poynting vecto(§> = <E'>< I—T> over the aperture area (see e.g. Eq. (21) by Enderlein et
al. [6]). As we consider standard microscopes, the imagesNA general less than 0.05 [36],
which yields a relative error 2 cosNA< 0.2% if | is taken instead 0(f§>

5. Results

Figure 7(a) shows the average detectifiiceency for a 100« 1.45 NA oil immersion objec-
tive observing randomly oriented fluorophores emitting aiaaelengthls; = 525nm near the
glass—sample interface. The projected pinhole diame@5ysn on the interface, which results

1.2+
i 2.0
=08 B
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E ol
044

S 08 0Lt
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yml 0% 0808 X [pm] ym] 104570 xluml
(a) Detection fiiciency of a 10k 1.45 NA oil immer- (b) Detection éiciency of a 40< 1.20 NA water im-
sion objective focused on the cover glass—water inter- mersion objective focused on the cover glass—water in-
face. The detection pinhole has a diameter qff60 terface. The detection pinhole has a diameter ph25

Fig. 7. Detection iiciency (through the cover glass) of isotropically orienledrophores
achieved with two immersion objectives focused on the cgle@ss—water interface. The
iso-surfaces show thefieienciesQs (F) = e 1-4Q¢(0) in the sample. The oil immersion
objective (a) has a peak detectioffi@ency of~ 24% and the water immersion objective
(b) of ~ 14%.

in a hemi ellipsoidal detection volume offdm base diameter and3um axial extension. As-
sumingqq Ty = 1 [37], the peak detectionfleciency at the interface is about 24%, which is
2-3x better than with the following 1.20 NA water immersion olijee.

The detectionficiency of a 40< 1.20 NA water immersion objective at identical conditions
is shown in Figl 7(b). The projected pinhole diameter.Bufh on the interface and the peak
efficiency is about 14% (65nm in the sampie] 3% at the interface). The detection volume has
a base diameter of.8um and an axial extension of&um into the sample. No super-critical
light is collected and the water immersion matches the céfra index of the sample, which
results in a detection volume extending significantly deép® the sample than with the oil
immersion objective.

Figure 8(a) compares the detectidfi@ency for the outlined cases whereas Fig. 8(b) com-
pares the performance of the water immersion objectivegeraand trans-illumination, that is
for collection from the glass side and, respectively, thaa side. The detectiorfleciency
with trans-illumination shows the typical undulations dodnterferences between the direct

#94399 - $15.00 USD  Received 28 Mar 2008; revised 9 May 2008; accepted 23 May 2008; published 27 May 2008
(C) 2008 OSA 9 June 2008/ Vol. 16, No. 12/ OPTICS EXPRESS 8530



and the reflected radiation. The 1.20 NA objective collegtgaiabout 15% at a distance of
120nm from the interface, whereas it collegt&2% on the interface. Such a trans-illumination
configuration is often used in combination with TIRF (c.E@Lieto et al. [38]), but is of advan-
tage only if the observed fluorophores are at a distance aftalag’5 from the glass interface.

2.0 2.0
15 o 15 T T T T
~ 7 \
2% / =
g 1.0 ’ / % 1.0
N / " / ~
, . b y
0.5] d - 05
VO lE . -,
\ ; \ e
\ N/ y
0 ol
-1.0 -0.5 0 0.5 1.0 15 -1.5 -10 -05 0 0.5 1.0 1.5
X [um] X [um]
(a) 100x 1.45 NA oil immersion (left) and 4& (b) 40x 1.20 NA water immersion objective on the glass
1.20 NA water immersion objective (right). side (left) and the sample side (right).

Fig. 8. Detection fficiency of isotropically oriented fluorophores for immersubjectives
focused on the cover glass—sample interface. White doitted butline an #iciency of
20% and 15%, white solid lines of 10%, black solid lines of Bhtted lines of 2% and 1%
and ticked lines of 0.5%, respectively.

6. Conclusions

We presented a complete framework for accurately caleigdtie detectionféciency of flu-
orescence emission at interfaces. Our calculation acsdonthe spatial distribution of the
emitted fluorescence and yields the absolute detectitmesncy defined as the probability of
collecting an emitted photon. We presented examples fordeaence detection at a glass—
water interface and compared the detection yields for totafnal reflection fluorescence mi-
croscopy in epi- and trans-illumination. These calculadiclearly show the superiority of the
1.45 NA objective for epi-TIRF, firstly because it outperfeethe detectionféciency as well
as the resolution of the 1.20 NA objective and, secondlyabse it is able to provide an evanes-
cent illumination without further equipment. We recentiyroduced epi-TIRF for fluorescence
correlation spectroscopy (FCS) and showed experimerdally3x increase of the molecular
brightness| [39, 40], which we attributed to the high detectfiiciency in combination with
an increased emission rate and an enhanced intensity invémescent excitation field. Our
experimental findings fully support the presented caloutest Together, the focus field and
detection éiciency calculations foster the understanding of existiogeepts in fluorescence
microscopy, but proved to be an indispensable element fantifative microscopic molecular
investigations.
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