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We present a beam-shaping technique for two-photon excitation (TPE) fluores-

cence microscopy. We show that by inserting a properly designed three-ring pupil filter in the illu-
mination beam of the microscope, the effective optical sectioning capacity of such a system
improves so that the point spread function gets a quasi-spherical shape. Such an improvement,
which allows the acquisition of 3D images with isotropic quality, is obtained at the expense of only
a small increase of the overall energy in the axial sidelobes. The performance of this technique is
illustrated with a scanning TPE microscopy experiment in which the image of small beads is
obtained. We demonstrate an effective narrowing of 12.5% in the axial extent of the point spread
function, while keeping the 82% of the spot-fluorescence efficiency. Microsc. Res. Tech. 67:22-26,

2005. ©2005 Wiley-Liss, Inc.

INTRODUCTION

The noninvasive imaging of three-dimensional (3D)
samples is often required in many branches of science,
from solid-state physics to biomedical inspection. In
this case, a depth-sectioning technique is mostly used.
Conventional wide-field optical microscopes provide
very poor sectioning power, since an image focused at a
certain depth in the specimen contains blurred infor-
mation from the entire one. This fact gives rise to 3D
images with strongly deteriorated contrast. Several
techniques have been developed to avoid this draw-
back. In particular, the use of single-photon fluores-
cence confocal scanning microscopes (Pawley, 1995) is
widely spread. In this technique, a pinholed detection
provides an uncommon depth discrimination capacity.
However, the practical implementation of the setup
leads to some difficulties. On the one hand, since the
entire sample is illuminated when any single plane is
imaged, photobleaching is an important effect after the
whole scanning of large samples. On the other hand,
the pinholed detection imposes high sensitivity to mis-
alignment and poor signal-to-noise ratio in detection.

To overcome these drawbacks, the alternative use of
multiphoton scanning microscopy has been proposed.
This technique is based on the simultaneous absorp-
tion of two or more photons by the fluorophores, follow-
ing which a single fluorescence photon is emitted. Spe-
cial attention has been paid to two-photon excitation
(TPE) scanning microscopes (Denk et al., 1990), in
which two photons with nearly equal wavelengths are
absorbed by the sample (Goppert-Mayer, 1931). The
excitation wavelength is typically twice bigger than in
the single-photon case. Since the fluorescence intensity
is proportional to the square of the illumination inten-
sity, TPE microscopes have the ability of strongly limit-
ing the excitation region, providing both reduction of
photobleaching and inherent optical sectioning ca-
pacity despite the absence of pinholed detection.
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The resolving power of a microscope is usually eval-
uated in terms of its point spread function (PSF), which
in the TPE case is defined as the fluorescence emission
distribution generated by a light point source. The fluo-
rescence emission is proportional to the probability of
simultaneous absorption of two low-energy photons.
Since two statistically independent events have to
occur, this probability is proportional to the square of
the excitation intensity. The PSF of TPE microscopes,
as in the single-photon case, is governed by diffraction
and therefore is much wider in the axial direction than
in the lateral one. This implies that, in spite of their
proverbial depth discrimination capacity, the axial res-
olution of TPE microscopes is much poorer than their
lateral resolution. This fact leads to anisotropic 3D
imaging quality.

The search for the solution of these troubles has
focused the attention of some researchers recently. We
can cite the confocal theta microscope (Stelzer and Lin-
dek, 1994), in which the illumination and detection
axis are set orthogonal to each other, providing an
effective reduction in the 3D imaging anisotropy. A
similar approach has been recently reported in the so-
called selective plane illumination microscopy
(Huisken et al., 2004). In 4Pi-confocal microscopes
(Blanca et al., 2001), two opposing, high-NA objectives
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are used to coherently illuminate the fluorescent
sample and, therefore, to create an axially-narrowed
interferencial focal spot. The stimulated emission
depletion microscopy (Klar et al., 2001) uses the inhibi-
tion of fluorophores at the outer region of the scanning
excitation spot to break the diffraction barrier of this
stretching. Finally, an alternative type of TPE process,
which uses two photons with different wavelengths,
known as two-color excitation fluorescence, has been
extensively demonstrated in the past few years
(Lakowicz et al., 1996; Gryczynski et al., 1997), and
applied to different optical sectioning architectures
(Lindek and Stelzer, 1999; Lim and Saloma, 2002; Xiao
et al., 2003). In this case, the PSF of the microscope is
proportional to the product of two differently-scaled
excitation intensities, and is generated only in regions
where the excitation beams overlap each other in space
and time.

An alternative technique to reduce the PSF aniso-
tropy is based on the use of pupil filters. In past
years, the use of purely absorbing or complex-trans-
mittance pupil masks has been proposed to improve
the axial resolution of single-photon confocal micro-
scopes (Hegedus and Sarafis, 1986; Ding et al., 1997,
Kowalczyk et al., 1998; Sheppard, 1999; Neil et al.,
2000; Martinez-Corral et al., 2002; Boyer, 2002; Boyer,
2003; Martinez-Corral et al., 2003a) and multiphoton
architectures (Blanca and Hell, 2002; Martinez-Corral
et al., 2003b; Ibanez-Lopez et al., 2004; Chon and Gu,
2004). Different from other proposals, these tech-
niques, also known as PSF engineering, pose a mini-
mum modification of microscopes architecture,
although they provide a significant improvement of
their performance.

The aim of this work is to improve the optical-sec-
tioning capacity of TPE microscopes by insertion of
simple, easy-to-manufacture, beam-shaping elements.
Specifically, we propose and experimentally verify the
use of annular binary filters composed of three trans-
parent rings. These filters have the ability of compress-
ing the central lobe of the axial PSF but keeping under
control the increase of height of the axial side lobes
inherent usually to any superresolving beam-shaping
element. We have performed the experimental meas-
urement of the PSF provided by the optimum three-
annular filter, and found a 12.5% compression of the
PSF along the axial direction. Besides, this compres-
sion does not produce any significant enlargement of
the axial side lobes. Therefore, we can state that the
insertion of such three-annular filters in a TPE scan-
ning microscope can lead to an effective, significant
improvement of its optical sectioning capacity.

MATERIALS AND METHODS

Let us consider the irradiance PSF, A4, of a TPE flu-
orescence scanning microscope, sketched in Figure 1.
As stated above, this function is proportional to the
square of the illumination irradiance distribution, i.e.,

hZP(rVZ;X) = htzll(r72;7")7 (1)

where the illumination PSF h;;(r,z;)) is given, accord-
ing to the scalar Debye approximation (Gu, 2000), by
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Fig. 1. Schematic geometry of the TPE scanning microscope.
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In this equation, o is the aperture angle of the objective
lens, and #(p) accounts for the amplitude transmittance
of the illumination objective-lens aperture stop.
Besides, r and z are the cylindrical coordinates as
measured from the focal point, whereas p is the nor-
malized radial coordinate at the aperture stop. The
wavelength of the illuminating beam inside the sample
is denoted by L. Note that, as pointed out by Juskaitis
(2003), this scalar approximation works remarkably
well up to angular apertures of about o = 60°. More
accurate calculations should be based on the vectorial
Debye theory (Richards and Wolf, 1959).

Since the aim of this work is the improvement of
axial resolution, we fix our attention in the axial
behavior of the PSF in Eq. (1). Following the same pro-
cedure as Ibanez-Lopez et al. (2004), we set r = 0 and
perform the nonlinear mapping

\/1—p2sin®o — cosa
= + 0.5;

cosao — 1

q©) =t(p), (3

to straightforwardly obtain
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(4)
Where zy is the normalized axial coordinate defined as

_2 sin?(a/2)

ZN . z. (5)

Equation (5) shows that the axial behaviour of the
PSF of the system is fully governed by the 1D Fourier
transform of the mapped pupil ¢(0). In this way, the
design of beam-shaping elements to tailor the axial
PSF of a TPE microscope will be simply supported on
the properties of this transformation. Our approach for
the selection process is based on the concept of axial
gain in resolution, which is defined here as the
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Fig. 2. Mapped transmittance of a 3R filter (top) and actual 2D
representation (bottom).

quotient between the width of the main peak of the
axial PSF of the TPE microscope in which the selected
filter is inserted, and the one corresponding to the refer-
ence non-apodized TPE scanning microscope. Following
an approach equivalent to that reported by Martinez-
Corral et al. (1999), and after straightforward calcula-
tions, it is found that the axial gain is given by

Gy =22 (6)

)
Ge

o, and o, being the standard deviation of the mapped
pupil () for the apodized and non-apodized cases,
respectively. Note that this value for the gain is identi-
cal to the axial gain corresponding to the illumination
subsystem of the microscope itself in a one-photon exci-
tation setup.

To effectively improve the TPE axial resolution, we
propose to insert in the illuminating beam a filter with
the ability to compress the main peak of its correspond-
ing axial spot (i.e., providing G4 > 1), but controlling
the inherent reinforcement of sidelobes energy. Adapt-
ing Boyer’s concept (Boyer, 1983) to the axial PSF, we
propose the use of the family of binary masks known as
three-ring (3R) filters (Martinez-Corral et al., 2003a).
These filters are composed of two transparent rings
surrounding a clear aperture. A representation in
terms of the functions #(p) and g({) for a typical 3R fil-
ter is presented in Figure 2. Each member of the family
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Fig. 3. SLPR values for families of filters with the same axial gain
GA.

is uniquely defined by the construction parameters b
and 1 — p. These parameters are directly related to the
light throughput of the intermediate annulus and of
the rest of the filter, respectively. It is easy to obtain
that for these filters the axial gain is given by

1— HB + b3

Ga V 1-—p+b" ™
Note that all pairs (b,p) fulfilling Eq. (7) for a given G
correspond to 3R filters with the same axial gain. Thus,
for a selected axial stretching, we can choose the 3R fil-
ter that minimizes the redistributed sidelobe energy.
As a measure of the focused light efficiency in the TPE
configuration, we use the two-photon sidelobes-to-peak
ratio (SLPRy,), defined as

+00 +00 7.9
hoy(0,2;0)dz h%,(0,z;M)dz
SLPRZP:IZOZO 2(0.21) :onZO 21”( Jdz.
o h2p(0,2;1)dz o h(0,z;0)dz

where z, corresponds to the z-coordinate of the first
zero-intensity axial point. In Figure 3, we draw several
curves with constant G, but varying SLPRy,. Any
point of the curve corresponds to a different (b,u) pair.
Note that, since for a given axial gain not all pairs (b,u)
correspond to a physically realizable filter, each curve
in Figure 3 has been represented in a different interval
of . The minimum in each curve of constant G,, gives
the parameter p that corresponds to the filter with
minimum sidelobe energy. The solution of Eq. (7) pro-
vides the value of b that completes the characterization
of the optimum filter.

Although theoretically it is possible to choose any a
priori value for the axial gain, practical restrictions
appear if the light efficiency of the system is taken into
account. In Figure 4, we represent the value of the
TPE light throughput of the optimum filter as a func-
tion of its axial gain. It is direct to conclude that the
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Fig. 4. TPE light efficiency for the optimum filter as a function of
the gain it provides.

greater the demanded gain, the lower the light effi-
ciency of the filter. For this reason, some kind of trade-
off is needed in practice.

RESULTS AND DISCUSSION

We present next an experimental verification of the
proposed technique. We test the performance of our
optimum filter by measuring its PSF in a TPE micro-
scope. We used a mode-locked Cr**:Forsterite laser to
provide the illumination for the experience. This source
produced pulses with central wavelength A = 1,260 nm
and mean temporal width A¢ = 50 fs at a repetition rate
of 84 MHz. The mean power obtained over the sample
was around 200 mW. For the illumination and collec-
tion, we used two identical infinity-corrected objectives
from Olympus (UPlan APO/IR 1.2 W 60x). The
selected 3R filter was inserted in the entrance pupil
plane of the illumination objective. The external diame-
ter of the filter was adjusted to fit the effective size of
the clear pupil of the objective itself. For the implemen-
tation of the filter, we used a high-contrast photo-
graphic film (Kodak Technical Pan). The sample con-
sisted of fluorescent spheres (beads) of 200 nm in diame-
ter stuck between two coverslips. Since the size of
these beads was much smaller than the PSF of the
microscope for the illuminating wavelength, a measure
of the image of these test objects provided a good
approximation to the actual PSF of the setup. A
scheme of the experimental setup is presented in
Figure 5. The synchronous detection through the chop-
per and the lock-in amplifier were used to increase the
signal-to-noise ratio of the low detection signal.

The selection of the specific 3R filter for the experi-
ment was made balancing the axial gain and the light
efficiency of the system. We chose a filter with parame-
ters n = 0.45 and b = 0.081, which minimized the
SLPRy, for an axial gain G4 = 1.20 (see curve in
Fig. 4). In fact, this filter is the one represented in
Figure 2. In this optimum case, the theoretical SLPR,
was 0.224, while in the nonapodized case it is 0.0029.
In terms of light-spot efficiency, calculated as 100/(1 +
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Fig. 5. Diagram of the experimental TPE scanning microscopy
setup.
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Fig. 6. 2D gray-scale sections of the experimental 3D PSFs
obtained in the 3R apodized TPE experiment (left) and the nonapo-
dized TPE setup (right).

SLPR,,), this filter maintains an acceptable value of
82% in front of the 99% in the nonapodized TPE setup.
In Figure 6, we present typical results for the experi-
mental PSFs obtained with and without the filter. To
obtain theses figures, the bead was scanned through a
meridian plane containing the optical axis of the objec-
tive. Note that the PSF obtained with the 3R filter is
clearly stretched along the axial direction. In Figure 7,
we have plotted an axial profile of the above PSFs. The
numerical evaluation of the axial FWHM gives values
of 1.26 um for our optimum apodization versus 1.44 um
for the clear aperture TPE. It follows, thus, a signifi-
cant narrowing of 12.5% in the axial PSF. Numerical
evaluation of this PSF predicted a theoretical stretch-
ing of 14.7%, in acceptably good agreement with the
experimental result. Note also from Figure 6 that,
since no significant dilation in the transverse direction
is observed on the apodized result, a symmetrization of
the 3D PSF is effectively achieved. This quasi-spherical
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response leads to a clear improvement of the isotropy
of the imaging features of the microscope.

CONCLUSIONS

We have proven that the use of a special class of
beam-shaping elements permits substantial improve-
ment of the optical sectioning capacity of the TPE scan-
ning microscopes. Specifically, we have verified in a
typical TPE experiment that the 3R filters allows
stretching the main-peak of the axial PSF. This
stretching does produce, collaterally, neither a substan-
tial enlargement of the axial sidelobes nor a relevant
widening of the PSF in the transverse direction. So, we
have obtained a quasi-spherical PSF, which can allow
the acquisition of high-resolution 3D images with iso-
tropic quality. Note finally that although our approach
and design procedure has been made on the basis of
the scalar diffraction theory, the experimental results
show an acceptably good agreement with the calcula-
tions. This is because the 3R filters are immune to the
depolarization effect (Martinez-Corral et al., 2004).
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