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Abstract We propose a simple method based on the use of interference of the double-beam
aperture to enhance both the axial resolution and field of view of light-sheet fluorescence
microscopy. The double-beam aperture placed in the pupil plane generates multiple-spot
intensity patterns in which the size of central lobe reduces. By scanning this intensity pattern
along x-axis, the light sheet is generated. By satisfactorily choosing the numerical apertures
of illumination lens and detection lens, only the central light sheet is used to achieve image,
so the axial resolution of light-sheet fluorescence microscopy is enhanced. Both the numer-
ical apertures of the illumination lens and detection lens of 0.3 and 1.1, respectively, are
employed to perform the simulation results. The simulation results indicated that both the
axial resolution and field of view are improved in comparison to the Gaussian light-sheet.
Additionally, in order to remove a small amount of the existing outside lobes, we propose
a subtraction method. The simulation results demonstrated that our technique can eliminate
the outside lobes in the system point spread function of the double-beam aperture beam light
sheet.

1 Introduction

Three-dimensional (3D) dynamic fluorescence imaging is estimable for a better under-
standing of the biological processes. There are some techniques for obtaining 3D images
introduced, such as confocal scanning fluorescence microscopy, light-sheet fluorescence
microscopy and wide-field fluorescence microscopy. However, these techniques have the
challenging in 3D dynamic imaging with the subcellular spatial resolution because the 3D
dynamic imaging requires a satisfactory balance between some requirements including the
spatial resolution, the optical sectioning, the imaging speed and both photo-bleaching and
photo-damage. Light-sheet fluorescence microscopy was firstly introduced by Siedentopf and
Zsigmondy [1]. The first 3D imaging application of the light-sheet fluorescence microscopy
is shown by Voie et al. [2], and it was subsequently developed by Stelzer et al. [3]. For
the development of light-sheet fluorescence microscopy, many variants have been reported
[4—10]. Recently, this technique can be combined with other techniques, such as individual
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molecule localization [11], SIM [12], STED [13] and subtraction method [14], to enhance
the axial resolution.

There are two fundamental ways to generate the light-sheet beam. In the first way, when a
collimated laser beam goes through a cylindrical lens, the light sheet is generated. This light
sheet was called the static light-sheet beam, so the complete light sheet is instantaneously
formed. This light sheet is employed popularly because it generates simply. Another way,
when a collimated laser beam passes through an objective lens, the thin laser beam is gener-
ated. Then, the light sheet generated by this laser beam is fast scanned by the use of a galvo
mirror over the field of view. This light sheet was called the virtual light-sheet beam.

The axial resolution of light-sheet fluorescence microscopy is determined by the thickness
of the light sheet. Many researchers focused to create thinner light sheets in comparison
with the Gaussian light sheet. On a conventional light-sheet fluorescence microscopy setup,
for the specified numerical apertures (NAs) of the illumination lens and the objective lens,
the width of the light-sheet waist is determined. In order to generate longer and thinner
light sheets, some methods using special light beams, such as Bessel beams [15] and Airy
beams [16], have also been introduced in light-sheet fluorescence microscopy. Moreover, the
STED method is also applied for the improvement in the axial resolution. The way has been
implemented by overlapping between the Gaussian excitation light sheet and the STED light
sheet [17]. However, the scattering and possibly additional aberrations which are caused
by the wavelength difference between excitation and STED light will limit the maximal
acquirable resolution in biological specimens. Recently, the method to generate light sheets
via interference of beams has been introduced [18-20]. The authors introduced six beams to
generate the light sheets [19, 20]. In other research, they have introduced a slit to generate
light sheets [18]. In all these papers, the NAs of the illumination and detective lenses are
suitably chosen, to reduce the effectiveness of the outside lobes of the system point spread
function (PSF). In this paper, we propose a simple method based on the use of interference of
the double-beam aperture to enhance both the axial resolution and the field of view in light-
sheet fluorescence microscopy. This method but also does not change the setup of the optical
system, can be easily performed. Moreover, we also introduce additionally the subtraction
method to remove the outside lobes of the PSF. By using the method, the outside lobes do
not present in the system PSF. This means that the gap in the optical transfer function can be
avoided.

2 Illumination beam with double-beam aperture

We introduce two wave planes by employing double-beam aperture as shown in Fig. 1b.
With this double-beam aperture, two wave planes will be interfered and therefore the size
of the central core of the intensity distribution is reduced in comparison with the size of the
intensity distribution of Gaussian beam. By choosing the satisfactory NAs of illumination
lens and detection lens, only the central core of the intensity distribution of the double-beam
aperture beam is employed to achieve image, while the others of the intensity distribution
are removed. This means that the axial resolution with the double-beam aperture beam is
improved in comparison with the Gaussian beam.
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Fig. 1 The aperture shape of a the Gaussian beam and b the double-beam aperture beam

Based on the use of vectorial diffraction theory, the spatial distribution of incident light
propagated through one objective lens can be determined. By using the formulae explicitly
derived by the Debye integral, the electric field in near the focus can be calculated by Eq. (1):
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where E(rg, @2, 72) denotes the electric field vector at the given point, (2, @2, z2) present
in cylindrical coordinates, C denotes the normalized constant, £y denotes the amplitude
function of the incident light, A(6, ¢) denotes a 3 x 3 matrix related to the structure of the
imaging lens and P denotes Jose’s vector of the incident light. Aa(6, ¢) is the parameter of
phase delay produced by the phase mask.

When the objective lens satisfies with the sine condition, A(8, ¢) can be presented as,
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In this paper, the NA value of the illumination lens, NA = 0.3, is chosen to demonstrate the
effective ability of the proposed method. The calculation results of the PSFs with different
sizes for the double-beam aperture are depicted in Fig. 2, where d/(2*r) value is set to 0.2,
0.4, 0.6 and 0.8. It is not difficult to see that the shape of PSF depends on the ratio of d/(2*r)
value. When the d/(2*r) value is increased, the outside lobes are also increased. However,
the size of the central core of the intensity distribution along z-axis is decreased.

3 Imaging performance of light-sheet fluorescence microscopy with the double-beam
aperture

In this paper, the illumination NA of NA = 0.3 is used to demonstrate the effectiveness of the
proposed method. The double-beam aperture is chosen with the size of d/(2*r) = 0.5. By
using Eq. (1), the intensity distributions of the Gaussian beam and the double-beam aperture
beam in the xz-plane are plotted in Fig. 3. As Fig. 3 indicates, the intensity distribution of
the double-beam aperture includes one central lobe and the outside lobes. It can be seen
from Fig. 3 that the size of the Gaussian beam is bigger than that of the central core of the
double-beam aperture beam. As we have known that the thickness of the light sheet and the
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Fig. 2 The PSFs with different sizes of the double-beam aperture: a d/(2¥r) = 0.2; b d/(2*r) = 0.4; ¢ d/(2*r)
= 0.6 and d d/(2*r) = 0.8. The unit along these axes is the wavelength

axial resolution of the detection lens can be employed to determine the axial resolution of
the light sheet. When the axial resolution of the detection lens is bigger than the thickness
of the light-sheet, the thickness of the light-sheet will mainly decide the axial resolution of
light-sheet fluorescence microscopy. In order to achieve high axial resolution of light-sheet
fluorescence microscopy with the double-beam aperture beam, the NA value of detection lens
should be chosen suitably to eliminate the outside lobes. Then, the thickness of the central
lobe will decide the axial resolution of light sheet. By simulation process, we found that the
NA value of the detection part, NA= 1.1, is adequate.

In order to judge the ability to extend the field of view of the proposed method, the intensity
distributions of the Gaussian and double-beam aperture beams in yz-plane are indicated in
Fig. 4. As mentioned, the central intensity distribution of the double-beam aperture beam is
used to obtain the image, so the light-sheet length of the double-beam aperture beam will
be determined by the central intensity. From Fig. 4, it can be seen that the light-sheet length
of the double-beam aperture is longer than that of the Gaussian beam. In order to show the
light-sheet length of these two beams, the normalized central peak intensity of these intensity
distributions along y-axis is depicted in Fig. 5. We use the intensity level of 0.5 to show the
effective length of the light sheets. The length of the light sheet of the double-beam aperture
is longer about 1.4 times than that of the Gaussian light sheet.

Herein, we will use the second way to generate the light sheet. When the intensity dis-
tributions of both the Gaussian beam and the double-beam aperture beam are fast scanned
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Fig. 3 The intensity distributions: a the Gaussian beam in the xz-plane and b the double-beam aperture beam
in the xz-plane. The unit along these axes is the wavelength
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Fig. 4 The intensity distributions of two beams: a Gaussian beam and b double-beam aperture beam in the
yz-plane. The unit along these axes is the wavelength
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Fig. 5 The intensity distribution of the Gaussian beam and the double-beam aperture beam on y-axis. The unit
along these axes is the wavelength

along x-axis, both light sheets are generated. Figure 6 plots the cross sections of the intensity
distributions of both the Gaussian light sheet and the double-beam aperture light sheet in
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Fig. 6 The intensity distributions of two light sheets: a Gaussian light sheet and b double-beam aperture light
sheet. The unit along these axes is the wavelength

xz-plane. For the double-beam aperture light sheet, the inside lobe will be used to acquire
the image, while the impact of the outside lobes will be eliminated. Therefore, the thickness
of the double-beam light sheet is decided by the size of the central light sheet. We use full
width at half maximum (FWHM) to compare the width between the central light sheet and
the Gaussian light sheet. The width of the central light sheet is smaller a factor of 1.3 times
than one of the Gaussian light sheets.

In order to demonstrate the effectiveness of the proposed method for the enhancement of
the axial resolution, we will evaluate the system PSF of light-sheet fluorescence microscopy.
The system PSF for light-sheet fluorescence microscopy can be calculated by multiplying
the illumination PSF with the detection PSF and can be described by,

PSFsystem(xs ¥,2) = PSF(x, ¥, 2) X PSFpetec(x, ¥, 2) 3)

where PSFsyem denotes the system PSF, PSFyyyy is the illumination PSF and PSFpeec denotes
the detection PSF.

Now, we use Eq. (3) to simulate the system PSFs of the two light sheets. The system PSF
of the Gaussian light sheet in zx-plane is shown in Fig. 7a. Figure 7b presents the system
PSF of the double-beam aperture light sheet. It is not difficult to see that the system PSF of
the double-beam aperture beam light sheet along z-optical axis is smaller than that of the
conventional light-sheet fluorescence microscopy. In other words, the axial resolution of the
double-beam aperture beam light sheet is higher than that of the conventional light-sheet
fluorescence microscopy. In order to highlight the proposed method for the improvement in
the axial resolution, Fig. 8 shows the intensity distributions of the two system PSFs of the
double-beam aperture beam and the conventional light-sheet fluorescence microscopy along
z-optical axis. The axial resolution of the double-beam aperture light sheet is better about 1.2
times than that of the Gaussian light sheet.

The optical transfer function (OTF) is equal to the Fourier transform, FFT, of the PSF
and can be presented by,

OTE(fx, fy. fz) = FFT{PSF(x, y, 2)} “

where OTF is the optical transfer function of the imaging system and f, fy and f, are the
spatial frequencies.

Figure 9 shows the system PSF and the MTF in zx-plane. As can be seen from Fig. 9a,
the outside lobes of the system PSF in z-direction still have a small amount of intensity
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Fig. 7 The system PSFs for two light sheets: a the system PSF with the conventional light-sheet fluorescence
microscopy in zx-plane; b the system PSF with double-beam aperture beam light sheet. The unit along these
axes is the wavelength
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Fig. 8 The cross section of the intensity distribution of the Gaussian beam light sheet (blue line) and double-
beam aperture beam light sheet (red line) along z-axis. The unit along the axis is the wavelength

distributions. This will generate the OTF that has gaps. In order to show clearly this problem,
the MTF in zx-plane is depicted in Fig. 9b. It is not difficult to see that there are additionally
two peaks on the MTF in zx-plane. This will lead the gaps on the OTF along z-direction.
Next, the aim of us is to seek the method for the reduction in gaps on the OTF. In order
to deal with the problem, we find a method to eliminate the outside lobes in the system
PSF of the double-beam aperture beam light sheet. An effective method for the reduction
of background is the subtraction method [21, 22]. In this paper, we will use the subtraction
method to reduce the outside lobes in the system PSF of the double-beam aperture beam
light sheet. The subtraction method includes two imaging processes with two illumination
paths: The first path is the double-beam aperture beam and the second path is the doughnut
one. The second doughnut PSF is modulated by the phase mask. Moreover, the phase mask
is inserted in the optical system of the double-beam aperture beam light sheet. For light-
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Fig. 9 The system PSF and MTF in the zx-plane. The unit along the axis in Fig. 9a is number of wavelengths

sheet fluorescence microscopy, the axial resolution is only along z-axis (z-axis—the vertical
direction). Therefore, in this paper, we use the asymmetrical type of annular phase mask
along the vertical direction to control the shape of the intensity distribution of the doughnut
system PSF. The system PSF of the subtraction method can be presented by

PSFsyslem—sub()ﬁ y,2) = PSFsysteml (x,y,2) — ,BPSFsystemZ (x,y,2) ©)

where B is the subtraction coefficient and PSFgystem1 and PSFgystem2 are the system PSFs for
the double-beam aperture light sheet and the doughnut light sheet, respectively.

In order to obtain this phase mask, we perform the optimization of the phase mask under
the condition: The system PSF of the doughnut light sheet, BPSFygtem2, is the nearest with the
outside lobes of system PSF of the double-beam aperture beam light sheet, PSFgystem1-outside -
Based on this condition, a square error sum of PSFgysem1-outside — B PSFsystem 18 used for
optimization and an optimal function can be expressed by:

. 2
Mlnr;,ﬂ Z Z Z ’PSFsystemlfoutside(x’ y,2) — ,BPSFsystemZ (x,y, Z)’ (6)
i=1,...,N;ri >=0.5r

where N is the integer and r is the maximum radius.

Based on the use of optimization function shown in Eq. 6, which can be optimized by the
genetic algorithm [23, 24], one optimal phase mask is shown in Fig. 10a and 8 = 0.15. The
PSF of the doughnut light-sheet beam is depicted in Fig. 10b.

The subtraction system PSF is indicated in Fig. 11a. It can be seen that the outside lobes
of the system PSF along z-direction are removed. This means that the gaps in the OTF can be
eliminated. In order to highlight it, the MTF in zx-plane is shown in Fig. 11b. As can be seen
from Fig. 11b, there only is one peak in the MTF in zx-plane. This means that the gaps on the
OTF are corrected. In order to clearly show the fitting between the outside lobes of system
PSF of the double-beam aperture beam light sheet and the system PSF of the doughnut light
sheet, a line profile of the subtraction system PSF along z-axis is shown in Fig. 11c. It can
be seen that the outside lobes of system PSF are removed. This means that there is one good
fitting between the outside lobes of system PSF of the double-beam aperture beam light sheet
and the system PSF of the doughnut light sheet.
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Fig. 10 The phase mask added optical system. a The phase mask, white color is set to 0 and blue color is set
to pi. (b) The intensity distribution. The unit along the axis in (b) is number of wavelengths
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Fig. 11 The system PSF a and MTF b in the zx-plane for the subtraction method. ¢ A line profile in z-axis of
the subtraction system PSF

In order to highlight the proposed method, we present the simulation image to prove the
effectiveness of this way. The image, g, can be presented by

g=o0xPSF+n @
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(e)

Fig. 12 Simulation images in the xz-plane: a the original image; b the Gaussian light sheet; ¢ the double-beam
aperture beam light sheet; d the doughnut light sheet; e the subtraction method

where o is the object; n is the noise; and symbol * is the convolution operation.

Herein, we show the images in xz-plane. The original image which is used to perform
image simulation is indicated in Fig. 12a. Figure 12b—e predicts the simulation images in xz-
plane for the Gaussian light sheet, the double-beam aperture beam light sheet, the doughnut
light sheet and the subtraction method, respectively. It is not difficult to see that the axial
resolution in z-axis of both the double-beam aperture beam light sheet and the subtraction
method is better than that of the Gaussian light sheet. However, the image of the double-beam
aperture beam light sheet still has a disadvantage that the background caused by the outside
lobes which are not completely eliminated as indicated in Fig. 12c, while this problem has
been avoided in the image of the subtraction method as shown in Fig. 12e.
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4 Conclusion

In this paper, we have presented one novel, simple method based on the use of pupil function
engineering to enhance both axial resolution and field of view of light-sheet fluorescence
microscopy. Both NAs of the illumination and detection lenses of 0.3 and 1.1, respectively,
are used to demonstrate the effectiveness of the proposed method. The simulation results
demonstrated that the double-beam aperture beam light sheet can be used to acquire the
remarkable improvement in the axial resolution about 1.2 times in comparison with con-
ventional Gaussian light sheet. The double-beam aperture beam light sheet has a thinner
thickness of 1.3 times and longer length with a factor of 1.4 times in comparison with the
Gaussian beam light sheet. In other words, the double-beam aperture beam light sheet can
be used to achieve the longer length and thinner thickness in comparison with conventional
light-sheet fluorescence microscopy. Moreover, we have proposed an effective method to
eliminate the outside lobes of the system PSF of the double-beam aperture beam light sheet.
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