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PAbstract

A technique for resolution improvement in two-photon excitation (2PE) fluorescence microscopy based on radially-symmetric annu-
lar binary filter (consist of central circular aperture and a concentric peripheral annulus) is proposed. Resolution improvement is
achieved by engineering the aperture of the objective lens in a way so as to enhance high spatial frequencies. The structure of the elec-
tromagnetic field in the regions of focus and nearby regions are determined. The central lobe of the time-averaged electric energy density
is considerably reduced for both linearly- and circularly-polarized illuminated light. An impressive combined comparative percentage
improvement of 40% and 53.71% both at low (a = 30) and high (a = 60) aperture angle is obtained for linearly-polarized light. Proposed
aperture engineering technique complements conventional, confocal, two-photon fluorescence microscopy, and may facilitate working at
low-to-medium magnifications and large free-working distances.
� 2007 Elsevier B.V. All rights reserved.
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The resolution of an optical microscope is ultimately
limited by Abbe’s diffraction criterion [1]. The objective
lens generates a point-spread-function (PSF) that produces
airy-disk intensity pattern (concentric rings of successively
decreasing maximum and minimum intensity) which is due
to the interference between the diffracted wavefronts [2].
The half of the diameter of the first dark ring (ddark) of
the airy-disk sets the limit for smallest resolvable distance
(r) in the lateral plane, i.e., r ¼ 1

2
ddark � k

2n sin a where,
NA = nsina is the numerical aperture of the objective lens
and k is the wavelength of illuminated light.

Currently few methods exists for resolution improve-
ment in single- and two-photon excitation microscopy.
Resolution improvement techniques such as 4PI and stim-
ulated emission depletion (STED) can resolve objects
beyond diffraction limit but require complex optical config-
uration and instrumentation [3]. In far-field domain,
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photoactivated localization microscopy has shown promis-
ing resolution improvement [4]. Gustafsson has demon-
strated a simple lateral resolution improvement by using
spatially structured illumination in a wide-field fluores-
cence microscope [5]. Heintzmann et al. have developed
nonlinear patterned excitation microscopy for achieving a
substantial improvement in resolution by deliberate satura-
tion of the fluorophore excited state [6]. Several deconvolu-
tion methods have shown impressive improvement in
signal-to-noise (SNR) ratio and resolution [7–11]. Most
of these advanced techniques require complex experimental
setup and imposes several limitations on in-depth imaging
and saturation due to fluorescence from off-focus planes.
Other approach shrinks the PSF by a phase pattern in
the entrance pupil of the lens but the side lobes makes it
impractical [12]. Resolution improvement in confocal
2PE microscopy is very much in demand because of the
penetration depth it provides and minimal photon-fluoro-
phore interaction from off-focus planes. However, the lat-
eral and axial resolution severely suffers because of the
ommun. (2007), doi:10.1016/j.optcom.2007.09.067
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requirement of double wavelength for 2PE microscopy.
This is directly evident from Abbe’s diffraction criterion
as well [1].

In this letter, we propose a simple microscopy technique
for lateral resolution improvement in confocal 2PE fluores-
cence microscopy. This is achieved by allowing light from
the central and peripheral annulus of the objective lens.
As a result, a compact central lobe along with very weak
airy disks is formed at the objective focus. Simulated
results show impressive improvement in the lateral resolu-
tion. It should however be noted that similar studies mainly
focussed on PSF engineering in single-photon excitation
microscopy have been reported by Neil et al. [13], Hell
[14], Botcherby et al. [15] and Wilson and Sheppard [16].
Hell et al. [17] has also carried out similar study in two-
photon excitation microscopy. Additionally, Martynez-
Corral et al. have demonstrated the use of annular binary
filters for increasing the 3D resolution capacity of confocal
scanning microscopy in bright field mode [18].

In a confocal 2PE fluorescence microscope, the normal-
ized excitation PSF for linearly-polarized light in the focal
region is given by

hexc;Da ¼ jEexc;Daj4

¼ ½jI0j2 þ 4jI1j2 cos2ð/Þ þ jI2j2 þ 2 cosð2/ÞrealðI0I�2Þ�
2
;

ð1Þ

and for randomly or circularly-polarized light, the normal-
ized PSF reduces to

hexc;Da ¼ ½jI0j2 þ 2jI1j2 þ jI2j2�2; ð2Þ
where, I0, I1 and I2 are integrals over the objective lens
aperture as defined in Ref. [19]. The parameter / is the an-
gle between the incident electric field and direction of
observation; Da is the total illumination aperture angle.

The detection of fluorescent light is assumed to be ran-
domly polarized. Hence the detection PSF is given by

hdet ¼ jEdetj2 ¼ jI0j2 þ 2jI1j2 þ jI2j2: ð3Þ
So, the confocal 2PE PSF (hTPE) is the product of the exci-
tation PSF (hexc,Da) and detection PSF (hdet), i.e.,
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hTPE ¼ jEexc;Daj4 � jEdetj2 ¼
½jI0j2 þ 4jI1j2 cos2ð/Þ þ jI2j2 þ 2 cosð2/ÞrealðI0I�2Þ�

2

�½jI0j2 þ 2jI1j2 þ jI2j2�; for linear polarized light;

½jI0j2 þ 2jI1j2 þ jI2j2�3; for circular polarized light:

8><
>:

ð4Þ
In the proposed aperture engineering (AE) approach the
excitation wavefronts emerging from both the slits, i.e.,
central circular slit of angle Da1 and annular slit of angle
Da2 gives the effective PSF of the proposed technique at
the focal plane (see Fig. 1). The PSF for the proposed
2PE excitation scheme is

hAE ¼ ðjEexc;Da1
þ Eexc;Da2

j2Þ2 � jEdetj2; ð5Þ
Please cite this article in press as: P.P. Mondal, A. Diaspro, Opt. C
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where, j Eexc;Dai j; i ¼ 1; 2 are given by Eq. (1) for linearly-
and Eq. (2) for circularly-polarized light; j Edet j is given
by (3). As a consequence of the superposition of fields
emerging from the annular and central circular slit, the
resulting PSF is a compact central bright spot accompanied
by fading circular rings. This is because the proposed radi-
ally-symmetric annular binary filter attenuates the interme-
diate frequencies, whereas alleviates high frequencies at the
expense of diminution of low frequencies [18,20]. Neverthe-
less, the general characteristic of annular filters for improv-
ing the lateral resolution at the expense of axial resolution
is well-known in confocal microscopy [15,16,18]. It should
however be noted that, the accompanying side lobes are
substantially reduced due to the quadratic dependence of
intensity along the optical axis in TPE microscopy. Further
reduction in side lobes can be achieved by deconvolution
[7,8] and Bayesian reconstruction techniques [9,11].

The simulated experimental setup is schematically
shown in Fig. 1. The 3D PSF is decomposed into 128 ·
128 · 128 pixels. The lateral sampling is 30 nm and the
axial sampling is 90 nm. A light of wavelength 976 nm is
used for two-photon excitation scheme. In the present
setup, we propose to work with both linearly- and circu-
larly-polarized light for excitation. Hence, the Boivin–Wolf
PSF (BW-PSF) [19] for linearly-polarized light is given by
(4) with hexc,Da and hdet given by (1) and (3), respectively.
The BW-PSF for circularly-polarized light is given by (4)
with hexc,Da and hdet given by (2) and (3), respectively.
The proposed aperture engineering based PSF (AE-PSF)
is given by (5), with excitation PSF given by (1) for line-
arly-polarized light and (2) for circularly-polarized light
whereas the detection PSF is given by (3). We have chosen
to work with a slit illumination angle of Da1 = Da2 = 5�
(see Fig. 1). In our simulation studies, light is allowed to
pass through slit angles Da1 and Da2. Computationally,
the integration on the integrals I0, I1 and I2 are carried over
the objective lens aperture angles Da1 and Da2, i.e.,
½
R

Da1
I ð0;1;2Þ þ

R
Da2

I ð0;1;2Þ� for the I(0,1,2) integrals [19].
The 2PE PSF for both BW and AE approach are shown

in Fig. 2. BW- and AE-PSF for linearly-polarized light at
different aperture angle (30, 45,60) are shown in Fig. 2a–c
and d–f, respectively. The corresponding BW- and AE-
PSF for circularly-polarized light are shown in Fig. 2g–i
and j–l, respectively. AE-PSF is compact as compared to
BW-PSF with negligibly small airy disks as evident from
Fig. 2. Comparison of linearly- and circularly-polarized
light shows /-dependence in the PSF (see Fig. 2). The cor-
responding contour plots of the intensity (time-averaged
electric energy density) along the lateral focal plane are also
ommun. (2007), doi:10.1016/j.optcom.2007.09.067
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Fig. 1. A simplified schematic diagram of the proposed AE system.
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Fig. 2. BW-PSF and AE-PSF for linearly-polarized light at aperture angles (30,45,60) is shown in (a–c) and (d–f), respectively. BW-PSF and AE-PSF for
the case of circularly-polarized light is shown in (g–i) and (j–l), respectively. Below each figure are shown time-averaged electric energy density map and the
intensity distribution along vertical central line L.
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Ushown below each PSF. AE approach deforms the struc-
ture of electric energy density near the center of PSF at
the expense of compact central lobe. For better under-
standing the behavior of accompanying side lobes, we have
shown intensity plots along the central vertical line L

through each PSF in Fig. 2. The line plots show that the
side-lobe intensity is less than 5% and hence can be
neglected compared to the central lobe. The side lobes gen-
erated by the proposed technique are substantially small
Please cite this article in press as: P.P. Mondal, A. Diaspro, Opt. C
when compared to confocal microscopy. Using a similar fil-
ter, a transverse side-lobe of about 11% is reported in Ref.
[18]. For the characterization of central lobe, normalized
intensity plots along the lateral (x- and y-) direction for
aperture angle 45� is shown in Fig. 3. Although in each case
we have normalized the intensity at the focal point to be
unity for ease of comparison, it is important to realize that
this value depends on the filter used. BW-PSF(L) and BW-
PSF(C) represent BW-PSF for linear and circular polarized
ommun. (2007), doi:10.1016/j.optcom.2007.09.067
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Fig. 3. Lateral sections (x- and y-axis) through the experimental point-
spread functions of Fig. 2 for a = 45.
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Fig. 4. Optical transfer function at a = 45 of (a) BW-PSF, (b) AE-PSF for line
light.
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light. Similar notation for AE-PSF is used. Another impor-
tant parameter is the optical transfer function (OTF) which
gives the spatial frequency content. Careful inspection of
OTF in Fig. 4 shows a dramatic change in the lateral band-
width of spatial frequency content of AE-PSF as compared
to BW-PSF. This mimics the possibility of tailoring desired
OTF by suitably engineering the aperture of the lens.

Table 1 shows the comparative full-width-half-maxi-
mum values of BW- and AE-PSF along the lateral axes
(x- and y-axis) in terms of percentage improvement. Per-
centage improvement is defined as

PIFWHM ¼
dBW � dAE

dBW

� 100%; ð6Þ

where, dBW and dAE are the FWHM for BW- and AE-PSF
in the focal plane. We have compared FWHM along both
the lateral axis (x-axis, PI ðxÞFWHM and y-axis, PI ðyÞFWHM) for lin-
ear and circular polarized light. A substantial reduction of
the central lobe of AE-PSF as compared to BW-PSF is pre-
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arly-polarized light; and (c) BW-PSF, (d) AE-PSF for circularly-polarized

Table 1
Description of PIFWHM(%)

Polarization Lateral axis Aperture angle

a = 30 a = 45 a = 60

Linear (x) 24 23.52 6.66
Linear (y) 16 10.52 47.05
Circular (x) 24 11.76 13.33
Circular (y) 24 11.76 13.33

ommun. (2007), doi:10.1016/j.optcom.2007.09.067
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dicted by the FWHM values. Overall a combined FWHM
ðPI ðxÞFWHM þ PI ðyÞFWHMÞ of 40%, 34.04% and 53.71% for aper-
ture angle 30, 45 and 60 degree are, respectively obtained
along the lateral plane using linearly-polarized light. Simi-
larly for circularly-polarized light, a combined FWHM of
48%, 23.52% and 26.66% are obtained for aperture angle
30, 45 and 60 degree. Absence of any negative PIFWHM

shows an overall improvement in lateral resolution.
In this letter, we propose resolution improvement in 2PE

fluorescence microscopy by aperture engineering tech-
nique. This is achieved by engineering the aperture so that
the wavefronts emerging from the central circular aperture
and concentric annulus of the objective interferes. Such a
symmetric binary filter results in a compact PSF at the
focus of the objective lens. The proposed filter improves
resolution by alleviating high frequencies. It should be
noted that the central lobe of proposed AE-PSF is accom-
panied by weak side lobes. However, the reduction in side
lobes intensity is impressive using the proposed technique.
Overall an improvement in FWHM of along the lateral
axes is predicted by the simulation studies. Proposed
technique could be useful for analyzing thin biological
samples at large free-working distances. This technique
may find applications in wide-field and two-photon excita-
tion microscopy.
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