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Abstract We propose a comprehensive treatment of theta microscopy based on dipole emission,
which better describes fluorescence emission than the isotropic emission model, as
fluorescence emission is often polarized. Formulas describing the point spread function for
polarized confocal fluorescence theta microscopy are given. Examples are given and some
advantages of polarized theta fluorescence microscopy are presented. To cite this article:
O. Haeberléet al., C. R. Physique 3 (2002) 1445-1450.
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fluorescence microscopy / reflection microscopy / theta microscopy

Microscopie confocale theta polarisée

Résumé Nous présentons un modéele pour la microscopie de fluorescence theta basé sur le
rayonnement dipolaire, qui décrit mieux le phénomene de fluorescence que le modele
isotropique, car I’émission de fluorescence est souvent polarisée. Les formules décrivant
la tache de diffraction pour la microscopie de fluorescence polarisée en montage theta
sont données. Des exemples sont donnés, et certains avantages a utiliser la polarisation
en microscopie de fluorescence theta sont présentés. Pour citer cet article: O. Haeberlé et
al., C. R. Physique 3 (2002) 1445-1450.
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microscopie de fluorescence / microscopie en réflexion / microscopie theta

Version frangaise abrégée

En microscopie classique et confocale[1,2], un compromisentre résolution et distance detravail doit étre
accepté, les objectifs a grande distance de travail ayant une faible ouverture numérique, et donc une faible
résolution. Le microscope theta a été proposé pour pallier a cet inconvénient. Il consiste a utiliser deux
objectifs de microscope pour I’ excitation et la détection, dont les axes optiques sont perpendiculaires[3].
LaFig. 1 en décrit le principe. L' objectif 1 est utilisé pour illuminer le specimen, et la détection se fait au
traversde I’ objectif 2.

Nous proposons un traitement détaillé du microscopetheta, basé sur lathéorie vectorielledeladiffraction
pour les objectifs a grande ouverture numérique, et sur le modéele d’ émission dipolaire.

* Correspondence and reprints.
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La configuration du microscope theta oblige a utiliser des objectifs sans lamelle, la RIO d’ excitation
est donc calculée a l’aide du modéle de Richards et Wolf [1]. Les équations (1), (2) donnent le champ
électromagnétique au point focal. La RIO du microscope theta est alors souvent calculée a I'aide de
I’ équation (3), en considérant une émission de fluorescence isotrope et non-polarisée [3]. L' émission de
fluorescence éant polarisée [4,5], il est plus rigoureux de considérer le champ émis par un dipole [6,7].
Le moment et le champ dipolaires sont alors donnés par les équations (4) et (5). Le champ est capté par
I’ objectif 2, et refocalisé sur le détecteur. Avec un objectif de refocalisation de faible ouverture numérique,
le détecteur quadratique enregistre alorsle carré de latransformée de Fourier du champ électromagnétique:
équation (7), les équations (6a) et (6b) décrivant le champ, calculé al’aide des intégrales (8). La formule
(9) lielesangles entre I objectif de détection 2 et lalentille de refocalisation [6,7].

Nous avons calculés les RIO pour un microscope theta utilisant des objectifs d’ ouverture numérique
N.A. = 0,8 a immersion a eau [8], avec une excitation a A = 400 nm et une détection A = 450 nm
(Cascade Blue from Molecular Probes). La Fig. 2 montre les résultats obtenus. La Fig. 2(a) montre la
RIO calculée avec le modéle isotrope. Les Figs. 2(b) et 2(c) montrent la RIO calculée avec le modéle
dipolaire, pour une excitation x-polarisée et une détection x-polarisée et pour une excitation z-polarisée et
une détection x-polarisée, respectivement. Le modél e isotrope a tendance a surestimer la résolution en x,
et sous-estimer la résolution en z et en y. La Fig. 3 montre les RIO pour une détection y-polarisée. Non
seulement les formes des RIO sont trés différentes, mais surtout I intensité est environ 400x plusfaible. Les
RIOs montrent laforme caractéristique en feuille de tréfle aussi prévue en microscopie confocal e polarisée
[6,7,9,11] (Figs. 3(a) et 3(c)). Notons cependant que les RIO sont maintenant asymeétriques, comme le
montrent les Figs. 3(b), 3(d) et 3(¢€), qui présentent des coupes x —y et x —z adivers plans en profondeur et
latéralement.

1. Introduction

In classical and even confocal microscopy [1,2], a trade-off between resolution and working distance
must always be made. Long working distance objectives have alow numerical aperture, and thereforealow
resolution, especially along the optical axis. High numerical aperture objectives permit a high resolution,
but at the price of a usually very short working distance.

Theta microscopy has been proposed as an effective solution to combine high resolution with long
working distances. Theta microscopy therefore provides the unique feature of allowing the study of large
biological sample while keeping a good resolution.

In previous work, the Point Spread Function of theta microscopy was calculated using an isotropic
emission model, with unpolarized excitation. However, fluorescence is known to be polarized. As a
consequence, dipole emission describes better the fluorescence process.

We propose a comprehensive treatment of polarized fluorescence microscopy based on the electromag-
netic theory of high numerical aperture objective, taking into account dipole emission by the fluorescent
dye.

2. Polarized fluorescence theta microscopy

Theideaof thetamicroscopy isto diminishthe size of the Point Spread Function by using two microscope
objectiveswith crossed optical axes[3]. Doing so, the lower resolution along the optical axisof the detection
objectiveis compensated by thefact that thisaxis correspondsto alateral axisfor theillumination objective.
Fig. 1 describes the setup considered. Objective 1 is used for fluorescence excitation, and objective 2 is for
confocal detection.

This optical configuration does not allow us to use glass dides, so, the Richard and Wolf model of
diffraction describeswell the illumination PSF formation [1]. Considering a plane wave, linearly polarized
along the x-axis, being focused by objective 1, theelectric field at point P with coordinatesx = x’, y = -7/,
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Figure 1. Sketch of aconfocal theta microscope. Objective 1 is used for sample excitation. Objective 2, with optica
axis at 90° with respect to objective 1, is used for detecting the fluorescence signal.

Figure 1. Schéma de principe d’un microscope confocal theta. L'objdcsiért a I'excitation du specimen.
L'objectif 2, dont I'axe optique est 80° de I'objectif 1, sert a la detection du signal de fluorescence.

z =1y’ (seeFig. 1: (x, y, z) coordinatesare for detection arm and (x’, y’, z") coordinates arefor illumination
arm) in the focal region iswritten as:

E, = —i(Ig+ I>c0s2¢), E, = 2I1c0s¢, E, = —i(I2sin2¢) (@D}
with:

Ioz/ a(6)sind(1+ cost)Jo(kv/x? + z2sind) exp(—iky cose) do,

0
o

11=/ a(®)sin?6J1(kv/x2 + z28in6) exp(—iky cosd) dd, 2)
0

o
I= / a(f)sin6 (1 — cosh) J2(k\/ x2 + z2sing) exp(—iky cos) db,
0

the Bessel function of first kind of order n. The apodization functionin Egs. (2) isgiven by a(6) = cos/26,
¢ the angle between the direction of observation and the x-axis(see Fig. 1), « isthe objective lens aperture
angle, J,, isthe Bessel function of first kind or order n, and k = kg - n with n being the immersion medium
refraction index.

The classical treatment of confocal or theta confocal microscopy consistsin considering that the excited
molecule acts as an isotropic radiator. The final Point Spread Function is simply calculated as the product
of the illumination PSF by the detection PSF. For atheta setup, it is written as[3]:

PSFM2(r, y,2) = PSFx, . 2) x PSRz, y.1) ©

asthe difference in wavelength between illumination and detection is often neglected for simplicity. In that
approach, the illumination and detection PSF are computed using the Richards and Wolf model. However,
this model is for a plane wave focused into the medium, thus valid to compute the illumination PSF, but
calculating the detection PSF as an illumination PSF constitutes another approximation.

Furthermore, fluorescence is known to be polarized [4,5]. A more rigorous approach therefore consists
in considering a point scatterer whose far field emission is that of an electric dipole, which moment p is
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proportional to the illumination field [6,7]. Hence, the Cartesian components of the dipole moment are
given by:

px = —i(lo+ I2€082¢), py = 211089, p; = —i(I28in2¢), 4
the electric field in the radiation zone being given by:

Egp=—r x (r x p). (5)

The dipole electric vector is collimated by the detection objective, then passed through an analyzer and
refocused onto the detector. Considering alow aperture detector lens, a quadratic detector therefore records
theintensity 7 = | E4|2, with E,; being the Fourier transform of the scalar field [6]:

Eay = px (I§ + 1§ cos2¢,,) + py 1§ sin2¢, — 21 p. cosg,,, (6a)
Eqy = p:18sin2¢, + p, (1§ — 1§ cos2¢,) — 2iI{ p.sing, (6b)

and then one obtains the intensity PSF after the polarizer as[6]:

PSHx, y,z) = |cos’y Eqx + siny cosy Egy ]2 + |cosy siny Eqy +sin®y Eqy |2 7)
with:
oq
15’ = / \/€0s618iN20, Jo(kp Sin6;) (1 + cosb1) exp(—ikzg coshy) db,,
0
aq
If =/ \/€0S61SiN26, J1(kp SiN6,) Sin61 exp(—ik1zs coso1) dby, (8
0

o
153 = / 4/ €0S601SiN 26 J2(kp Sin6;) (1 — cosy) exp(—ikizs cos61) by,
0

y being the angle between the analyzer axis and the x-axis. The angular aperture of the detector lens ay
and the coordinate angle 6, are linked to the objective lens angular aperture o1 and the coordinate 61 by the
relation [6,7]:

n1Snag n1sno;

=B, (9)

where g is the nominal magnification of the objective lens, and n1 and ny are the indices of refraction of
the immersion medium and the image space, respectively [6,7].

ngSNay ngsnéy

3. Examples

Fig. 2 shows computed point spread functions. An Olympus Universal Plan Fluorite 40x water-im-
mersion objective with N.A. = 0.8 is considered. This objective has a working distance of 3.3 mm and
would be well suited for a theta setup, after a slight modification of the enclosure [8]. The excitation
PSF is computed at . = 400 nm and we consider emission at » = 450 nm (corresponding to excitation and
emission of Cascade Blue from Molecular Probes). The specimen is scanned through the focus. For the sake
of simplicity, a point-like incoherent detector is considered [6,7]. Fig. 2(a) shows the PSF computed using
the classical isotropic emission model, for unpolarized excitation and detection, using Eq. (3). Fig. 2(b)
shows the PSF using the dipole model for x-polarized excitation and x-polarized detection. It is shown that
the classical model tends to dlightly overestimate the x-lateral resolution, while simultaneously slightly
understimates the y-lateral and z-longitudinal resolution. The dipole emission models predicts a more
isotropic PSF, with better separation of the lateral |obes (more noticeable differences are expected if larger
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Figure 2. Point Spread Functions for a theta microscope using water immersion objectives with N.A. = 0.8, excitation

at A = 400 nm and detection at . = 450 nm (Cascade Blue — Molecular Probes). (a) conventional unpolarized

isotropic radiation model. (b), (c) dipole emission model. (b) x-polarized excitation, x-polarized detection.
(c) z-polarized excitation, x-polarized detection.
Figure 2. Reponse Impulsionelle Optique pour un microscope theta utilisant des objectifs a immersion a eau
(N.A. =0,8). Excitation ar = 400 nm et détection & = 450 nm (Cascade Blue — Molecular Probega) modéle
classique d’émission isotrope non polaris@s, (c) modele dipolaire(b) excitationx-polarisée, détection
x-polarisée.(c) excitationz-polarisée, détectior-polarisée.

NL.A. objectives may be used [6,7,9]). The x-resolution is 220 nm, the y- and z-resolution being of 270 nm
(versus 210 nm and 290 nm for the isotropic emission model).

An inherent problem of polarized detection in confocal microscopy is that the detection of molecules
excited by light with z-axis polarization is limited by the fact that the excitation (and therefore the available
signal) is much weaker than for polarization along the x-axis or the y-axis [9,10]. Typicaly the signd is
100 times lower [9]. A possible approach is to use phase filters to enhance the z polarized component of
the excitation and detection [10].

Thetamicroscopy offersanother possibility: astheillumination and detection axesare crossed, the optical
axis for the detection arm correspondsto a lateral axis of the illumination arm, for which the component
is expected to be of much higher intensity. As shown on Fig. 1, choosing a x’- or y’-polarized illumination
wave corresponds to enhancing detection for the x- or z-component, respectively. The equations giving the
illumination field, therefore the dipole moment, are readily obtained from Egs. (1), (2) by a 90° rotation
around the (z’ = —y)-axis, thus permuting the roles of the variable x and —z. Fig. 2(c) shows the PSF
obtained for z-polarized excitation and x -polarized detection. Note that the maximaof the PSFs are the same
in x-polarized or z-polarized excitation. Polarized theta microscopy may therefore constitute an interesting
alternative to z-polarized confocal microscopy for large specimen [10].

Fig. 3 shows PSFs computed for crossed polars, with y-polarized detection. Not only are the shapes
different, but also the relative intensities of the PSFs, the detection for crossed-polarization being typically
400 timesweaker. Fig. 3(a) showsthe computed PSF whith x-polarized excitation and y-polarized detection
(inthe z =0 um and y = 0 um planes, respectively). It exhibits the characteristic four-leave pattern also
observed in confocal polarized microscopy [6,7,9,11], but now in both planes. The pattern is however now
asymetric along the z-axis, as can be seen on Fig. 3(b), showing x—z cuts along the y = —0.18 pm and
y = +0.18 pm, respectively. Fig. 3(c) shows the PSF computed for z-polarized excitation and y-polarized
detection (in the z = 0 um and y = O pm planes, respectively). The PSF has now a very different shape,
as can be seen on Figs. 3(d) and 3(c), which show cuts along various y- and z-planes. Note that a central
symmetry is conserved.
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Figure 3. Same as Fig. 2, but for y-polarized detection. (a) x-polarized excitation, y-polarized detection. (b) same as
(8)-bottom, but in the y = —0.18 pm and y = +0.18 pm plane respectively. Note the assymetry. (c) z-polarized
excitation, y-polarized detection. (d), (€) same as(c) but inthe z = +0.15 um and y = +0.15 pm plane. Note the
complex shape of the PSF in that case.

Figure 3.1dem a Fig.2, mais pour une détection-polarisée.(a) excitationx-polarisée, détection-polarisée.
(b) identique &@)-bas dans les plang = —0,18 um et y = +0,18 um. Notez I'assymétri€c) excitationz-polarisée,
détectiony-polarisée.(d), (€) identique &c) mais dans les plans= £0,15 pm et y = £0,15 pm. Notez la forme

complexe de la RIO dans ce cas.

To favor the y-polarized component, one could either symetryze the detection and illumination arms,
or use a second illumination objective, placed perpendicularly to the theta setup (along the x-axis), in a
configuration similar to Multiple Objective Microscopy [12] or Multiple Imaging Axis Microscopy [13].

4. Conclusion

We have given a rigorous electromagnetic treatment of polarized confocal theta microscopy, using the
dipole emission model to describe the fluorescence process. Formulas to compute Point Spread Functions
for thistype of microscopy are given aswell astypical examplesof PSF. The dipoleemission model predicts
a dightly more isotropic resolution than the isotropic emission one. The main advantage is the possibility
of using strongly z-polarized excitation. Taking into account polarization properties of the fluorescence
emission may permit to obtain additional information about the distribution and orientation of the dipoles
in alarge specimen with a good spatial resolution.
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