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Subtractive imaging is used to suppress the axial sidelobes and improve the axial resolution of 4pi microscopy
with a higher-order radially polarized (RP) Laguerre–Gaussian (LG) beam. A solid-shaped point spread function
(PSF) and a doughnut-shaped PSF with a dark spot along the optical axis are generated by tightly focusing a
higher-order RP-LG beam and a modulated circularly polarized beam, respectively. By subtracting the two
images obtained with those two different PSFs, the axial sidelobes of the subtracted PSF are reduced from
37% to about 10% of the main lobe, and the axial resolution is increased from 0.21λ to 0.15λ.
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How to improve the spatial resolution of optical micros-
copy always has great significance and attracts a lot of in-
terest[1,2]. Usually, the resolution is directly related to the
focal spot size of the optical imaging system. The narrower
the focal spot, the higher the resolution. It has been theo-
retically and experimentally demonstrated that when a
radially polarized (RP) beam is tightly focused by a high
numerical aperture (NA) objective, a strong longitudinal
electric field is produced, and then a sharper focal spot in
comparison to linearly polarized ones is formed[3,4], which
has widespread applications in many fields, such as optical
trapping[5], super-resolution microscopy[6], and material
processing[7]. This RP beam is commonly referred to as
a fundamental RP mode. Higher-order RP Laguerre–
Gaussian (LG) beams represented by RP‐LGp;1 can also
be experimentally generated in a laser cavity[8] or by using
a spatial light modulator to modulate the phase distribu-
tion of the incident beam[9]. Here, the subscript p denotes
the radial mode number, which indicates that a higher-
order RP-LG beam has a multiring-shaped intensity pat-
tern with pþ 1 concentric rings[10]. There is a π phase shift
between the two adjacent rings. In the case of high-NA
focusing, those higher-order RP-LG beams have much
better lateral resolution compared with the fundamental
RP mode as the radial mode number p increases[11,12]. It is
attributed to the destructive interference near the focal
point induced by the phase shifts of the multiring beam
pattern. However, it also should be noted that the lateral
resolution is enhanced at the cost of the axial extension[13].
In other words, the focal field distribution is elongated
along the optical axis with the increasing radial mode
number p, which indicates the decrease of the axial reso-
lution and compromises the sectioning ability of the opti-
cal imaging system[11]. A 4pi focusing system has been

proposed to improve the axial resolution[14]. In a 4pi con-
figuration, two counter-propagating beams are focused by
two opposing high-NA objectives, and there is a common
geometrical focus point between the two objectives[15,16].
Due to the interference of those two coherent beams,
the central lobe of the intensity point spread function
(PSF) in the axial direction could be almost several times
narrower compared with the results in the case of the
single-lens focusing configuration[17,18]. Sadly, one problem
of this strategy is the generation of stronger axial side-
lobes[14], which is much likely to result in ambiguity in
the image and limited practicability of the imaging sys-
tem. Furthermore, the case becomes more severe as the
radial mode number p increases.

In order to eliminate the undesirable effect on the im-
aging quality induced by stronger axial sidelobes, several
methods have been proposed to overcome this problem.
For example, two-photon excitation[18] and deconvolution
techniques[19] have been used to reduce the height of the
axial sidelobes in 4pi microscopy. The disadvantages of
two-photon excitation are photodamage of the sample in-
duced by intense illumination and limitation of appropri-
ate fluorophores. Compared with optical solutions, data
deconvolution techniques are much more complex. Under
linearly polarized illumination, the effect of axial sidelobes
can be suppressed by inserting amplitude-type pupil
filters[20] or Toraldo rings[21] in two arms of the illumination
path. However, for the case of higher-order RP-LG beams,
the intrinsic multiring beam pattern will be disturbed by
those filters or rings.

Subtractive imaging has been reported to increase the
resolution of confocal laser-scanning microscopy. It ac-
quires a higher-resolution image by subtracting two images
obtained under different conditions[22,23]. The performance

COL 17(12), 121103(2019) CHINESE OPTICS LETTERS December 2019

1671-7694/2019/121103(6) 121103-1 © 2019 Chinese Optics Letters

mailto:wangxianghui@nankai.edu.cn
mailto:wangxianghui@nankai.edu.cn
mailto:wangxianghui@nankai.edu.cn
http://dx.doi.org/10.3788/COL201917.121103
http://dx.doi.org/10.3788/COL201917.121103


of an imaging system can be enhanced just by a math-
ematical subtraction to a certain extent, and there is
no need to greatly update the hardware of the existing
setups. Therefore, subtraction imaging is much simpler
andmore effective. Recently, the subtractive imaging tech-
nique has been proposed to enhance the axial resolution
of line-scanning temporal focusing microscopy[24] or to
suppress the influence of the axial sidelobes in light-sheet
fluorescence microscopy[25,26]. By subtracting two images
acquired with an extended solid Bessel beam and a ring-
like Bessel beam, the sidelobe suppression is realized,
and the sectioning ability is also enhanced[25]. For line-
scanning temporal focusing microscopy, the axial resolu-
tion is increased, and background noise is rejected by
simply subtracting an aberrated image from an unaber-
rated image[24]. The improvement of the lateral resolution
of confocal microscopy with higher-order LG beams has
been demonstrated by image subtraction between images
obtained by RP and azimuthally polarized (AP) LG mode
beams[9]. However, to the best of our knowledge, little
attention has been paid to using subtractive imaging
to reduce the undesirable effect of the axial sidelobes
and enhance the axial resolution in 4pi microscopy with
higher-order RP-LG beams.
In this Letter, RP‐LG1;1 beams andmodulated circularly

polarized beams are tightly focused in a 4pi imaging
system to produce a solid-shaped PSF and a doughnut-
shaped PSF, respectively. The doughnut-shaped PSF has
a dark spot in the longitudinal direction. By subtracting an
image obtained with the doughnut-shaped PSF from an
image obtained with the solid-shaped PSF, the sidelobe
height of the subtracted axial PSF can be reduced from
37% of the main lobe to about 10%. In addition, the axial
resolution of the 4pi imaging system is enhanced from
0.21λ to 0.15λ, and the lateral resolution nearly remains un-
changed. Furthermore, the optical transfer function (OTF)
of the system is analyzed. The image reconstruction of a
three-dimensional (3D) sample with a 3-by-3-by-3 point
array is presented to demonstrate the improvement of
the sectioning ability and image quality.
Figure 1 shows the typical geometry of a 4pi focusing

system with two opposing high-NA objectives. For simpli-
fication, the focusing objectives are assumed to be infinity-
corrected. The two incident wave fronts coherently
interfere in the focal region, and then the total aperture

along the axial direction is doubled[15]. Usually, there
are three types of 4pi microscopy. For a type-C 4pi
configuration, the two focusing objectives are coherently
illuminated by two counter-propagating beams and are
also used to collect the fluorescent signal emitted from
the sample. Therefore, the PSF of the type-C 4pi micros-
copy is given by[17]

PSF4pi-c ¼ PSFill · PSFdet; (1)

where PSFill and PSFdet are the illumination and detec-
tion PSFs, respectively. PSFill and PSFdet can be
expressed as

PSFillðr; zÞ ¼
��E1;illðr; zÞ þ E2;illð−r;−zÞ��2; (2)

PSFdetðεr; εzÞ ¼
��E1;detðεr; εzÞ þ E2;detð−εr;−εzÞ��2; (3)

where Eill and Edet denote the electric field vector near the
focus in the illumination and detection paths, respectively.
The ratio between the illumination wavelength and the
detection wavelength is represented by the parameter
ε ¼ λill∕λdet. The subscripts 1 and 2 refer to the right
and left focusing objectives, respectively. Here, the
confocal pinhole in the detection path is assumed to be
infinitely small.

For the case of high-NA focusing, the vectorial nature of
the focused electromagnetic field should be taken into
account. Based on the vector diffraction theory[27,28], the
electric field vector in the focal region of a single lens
can be written by

Eðr;φp; zÞ ¼ iC
ZZ

Ω
AðθÞ sinθ

����������
cosθ

p
Tðθ;φÞexp½iΔðθÞ�

×expfikn½z cosθþ r sinθ cosðφ−φpÞ�gdθdφ;
(4)

where E
�
r;φp; z

�
is the electric field vector at given

point P. The azimuth angle of point P is denoted by φp.
θ represents the polar angle. The origin of the cylindrical
coordinates (r, φp, z) is the geometrical focus. C is the
normalized constant, and AðθÞ is the amplitude function
of the incident beam at the pupil plane. Tðθ;φÞ is a 3 × 1
matrix related to the polarization of the incident beam.
ΔðθÞ is the phase delay introduced by a phase plate. n
is the refractive index of the imaging space, and k is
the wave vector of the illumination wavelength.

When illuminated by higher-order RP-LG beams, the
relative amplitude functions AðθÞ and Tðθ;φÞ can be
expressed as[11]

AðθÞ ¼ β20 sin θ
sin2α

exp
�
−
β20sin

2θ

sin2α

�
L1
p

�
2β20sin

2θ

sin2α

�
; (5)

Tðθ;φÞ ¼
" cos θ sinφ
cos θ cosφ

sin θ

#
; (6)Fig. 1. Diagram of 4pi focusing configuration. The lateral and

axial directions are denoted by the r axis and z axis, respectively.
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where α is the maximum aperture angle determined by the
NA of the focusing objective. β0 is the size parameter of
higher-order LG RP beams, which is defined as the ratio
of the pupil radius to the beam waist. L1

p is the generalized
Laguerre polynomial with the radial mode number p.
For the case of circularly polarized beams, the beam

shape is fundamental Gaussian. Consequently, AðθÞ and
Tðθ;φÞ can be expressed as

AðθÞ ¼ exp
�
−
β20sin

2θ

sin2α

�
; (7)

Tðθ;φÞ ¼ 1���
2

p
2
4 1þ ðcos θ − 1Þðcos2 φþ i cosφ sinφÞ

i þ ðcos θ − 1Þði sin2 φþ cosφ sinφÞ
sin θðcosφþ i sinφÞ

3
5:
(8)

For a circular π phase plate, the phase delay introduced
by this phase plate can be described as

ΔðθÞ ¼
�

0ðα ≤ θÞ
πð0 ≤ θ ≤ αÞ : (9)

In subtraction imaging, the subtracted image is
achieved by subtraction between two images obtained
by different PSFs[23]. For the combination of a solid-shaped
PSF and a doughnut-shaped PSF, the subtracted image
can be expressed as[29]

I ðx; yÞ ¼ I brightðx; yÞ-γI darkðx; yÞ
∝ PSFsubðx; yÞ ⊗ Obðx; yÞ; (10)

where I brightðx; yÞ and I darkðx; yÞ are images obtained by a
solid-shaped PSFbright and a doughnut-shaped PSFdark, re-
spectively. γ is the subtraction coefficient, Obðx; yÞ is the
fluorescence distribution emitted from a sample, and ⊗ is
the convolution operator. The subtracted PSF of the im-
aging system is given by

PSFsub ¼ PSFbright − γ · PSFdark: (11)

For 4pi microscopy, the bright spot PSFbright and dark
spot PSFdark are the product of the illumination PSFill and
the detection PSFdet under different illuminations. The
larger the subtraction coefficient, the higher the resolu-
tion. However, excess subtraction will give rise to negative
sidelobes in the subtracted PSF and unwanted artifacts
will occur in the subtraction image[23]. Therefore, the value
of the subtraction coefficient should be carefully chosen
in order to avoid the occurrence of stronger negative
sidelobes.
In the frequency domain, an optical imaging system can

be considered as a low-pass filter and evaluated by OTF.
Usually, the fine structure of samples is reflected by the
high frequency. The OTF of the imaging system can be
obtained by calculating the Fourier transform of the
corresponding PSF and expressed as[30]

OTFðf x ; f y; f zÞ ¼
ZZZ

PSFðx; y; zÞ

× exp½−2πiðxf x þ yf y þ zf zÞ�dxdydz:
(12)

In the following simulations, the illumination wave-
length is 350 nm, and the ratio of the excitation wave-
length and the fluorescence wavelength is assumed to
be 0.8. The size parameter β0 and the NA of the focusing
objective should be selected properly because those
parameters can greatly affect the intensity distribution
of the focal electric field[11]. Here, higher-order RP-LG
beams are tightly focused by an oil-immersion objective
with NA ¼ 1.4. The refractive index of the immersion
oil is 1.52, and the value of β0 is 2.3. When the type-C
4pi imaging system is coherently illuminated by two
counter-propagating RP‐LG1;1 beams, a solid-shaped
PSF with a bright spot in the central region is produced.

Figure 2 gives the calculated lateral and axial PSF pro-
files of the 4pi imaging system for the cases of RP‐LG1;1

beam, RP beam (RP‐LG0;1), x-direction linearly polari-
zed beam, and circularly polarized beam, respectively.
According to the results in Fig. 2(a), it is obvious that
the RP‐LG1;1 beam has the smallest full width at half-
maximum (FWHM) in the transverse direction and
then the highest lateral resolution. However, as shown
in Fig. 2(b), the lateral resolution is enhanced at the cost
of the largest extension in the axial direction accompanied
by the strongest secondary axial sidelobes for the case of
the RP‐LG1;1 beam, which is identical to the results of
previous researches[11,14]. The relative height of the axial
sidelobes generated by the RP‐LG1;1 beam is about
37% of the main peak. The poorer axial resolution and
stronger sidelobes will decrease the sectioning ability and
imaging quality of the 4pi system.

Figure 3(a) gives the normalized intensity distributions
in the xz plane for the case of the RP‐LG1;1 beam. There is
a bright spot in the central lobe, and a solid-shaped axial
PSFbright with strong secondary sidelobes along the propa-
gation direction is generated. It has been demonstrated
that when a circular π phase plate is inserted in the

Fig. 2. Calculated PSF profiles (a) in the transverse direction
and (b) in the axial direction for the RP‐LG1;1 beam, RP beam,
circularly polarized beam, and x-axis linearly polarized beam,
respectively. The peak intensities have been normalized to one.
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illumination path, the power is shifted along the longi-
tudinal direction, and intensity peaks at z ≠ 0 can be ob-
served[31]. Similarly, a doughnut-shaped focal spot in the
longitudinal plane could be generated by inserting a circu-
lar π phase plate in one arm of the 4pi focusing system[32].
Compared with linear and elliptical polarizations, a uni-
form intensity distribution in the xy plane is achievable
for circular polarization. Here, the combination of two
counter-propagating circularly polarized beams and a cir-
cular π phase plate inserted in one arm of the illumination
path is used to generate a doughnut-shaped axial PSF.
As shown in Fig. 3(b), under circularly polarized illumina-
tion, a doughnut-shaped axial PSFdark with a dark spot
in the z axis is formed. There are many sidelobes, and
the strongest sidelobes are comparable to the central
dark spot. Figure 3(c) presents the axial profiles of the
doughnut-shaped PSFdark for different values of NA when
β0 ¼ 1.0. The relative magnitude of the sidelobes is en-
hanced with decreasing NA. In addition, the locations of
the sidelobes can be shifted along the axial direction by
adjusting the value of NA. For NA ¼ 1.3, Fig. 3(d) shows
the axial profiles of the PSFdark for different values of β0.
Obviously, the size parameter can also affect the relative

magnitude and location of the sidelobe. For those afore-
mentioned reasons, when illuminated by circularly polar-
ized beams, the effective NA of the focusing objective is
deliberately reduced to be 1.3 by tuning the diaphragms
in the optical path, and the value of β0 is 1.0. Conse-
quently, the strongest sidelobes of the PSFdark match
very well with the secondary sidelobes of the PSFbright,
as illustrated by the red dashed and green dotted lines
in Fig. 3(e), respectively. When the value of the subtrac-
tion coefficient γ is 0.3, the effective PSFsub of subtractive
imaging is calculated by using Eq. (11). The blue solid line
in Fig. 3(e) shows the axial profile of the PSFsub in the
z axis. The FWHM of the PSFsub is decreased from
0.21λ to 0.15λ, and the axial sidelobes are significantly re-
duced from 37% to about 10% of the central lobe. There
are negative intensities in the sidelobes. But, those nega-
tive intensities are not very strong, and the effect on the
imaging quality can be tolerable. The relative strength of
the sidelobes is very important for subtraction imaging.
If the central dark spot of the PSFdark is much stronger
than the strongest sidelobes, sidelobe suppression is
spoiled by unwanted artifacts in the subtraction image
induced by stronger negative intensities. For simplicity,
those results are not shown in this Letter. The two-
dimensional (2D) intensity distribution of the subtracted
axial PSFsub in the xz plane is given by Fig. 3(f). Obvi-
ously, the sidelobes are greatly suppressed by subtraction
of the PSFdark from the PSFbright, and a much narrower
central bright spot remains in the PSFsub.

Figure 4 gives the normalized axial OTF profiles calcu-
lated by performing the Fourier transform of the corre-
sponding PSFbright and PSFsub, respectively. The OTF
for the case of the RP‐LG1;1 beam presents an irregular
profile, which is similar to the result for linearly polarized
illumination in Ref. [21] and attributed to axial sidelobes.
Although, after subtraction, the cut-off frequency is al-
most unchanged, the relative magnitude of high frequen-
cies of the OTFsub is greatly improved, and the axial gaps
are partially filled, especially for the range from 1.2 NA∕λ
to 3.3 NA∕λ, which indicates that the fine structure of the
samples is enhanced, and the axial resolution is increased.

Fig. 3. 2D intensity distributions of the (a) PSFbright and
(b) PSFdark in the xz plane (y ¼ 0). Axial profiles of the PSFdark

for different values of (c) NA and (d) β0, respectively. (e) Axial
profiles of the PSFbright (red dashed line), PSFdark (green dotted
line), and PSFsub (blue solid line) in the z axis. (f) Intensity
distribution of the PSFsub in the xz plane (y ¼ 0).

Fig. 4. Corresponding axial OTFs calculated for the PSFbright

(blue solid line) and PSFsub (red dashed line) when the value
of γ is 0.3.
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The lateral intensity distributions of different PSFs in
the xy plane (z ¼ 0) are illustrated by Figs. 5(a), 5(b), and
5(c), respectively. As shown in Figs. 5(a) and 5(b), there is
a solid-shaped spot for the case of the RP‐LG1;1 beam,
whereas a doughnut-shaped spot is presented under circu-
larly polarized illumination. It should be noted that the
relative strength of the doughnut-shaped spot in the focal
plane is much weaker than that of the solid-shaped spot.
After subtraction, the size of the bright central spot is
nearly unchanged, as shown in Fig. 5(c). Figure 5(d) gives
the lateral profile of the subtracted intensity distribution
along the x axis when γ ¼ 0.3. For comparison, the corre-
sponding profiles of the solid-shaped spot and doughnut-
shaped spot are also shown. The green dotted line denotes
the intensity profile of the PSFdark itself before being
multiplied by the subtraction coefficient. In subtractive
imaging, the contribution of the PSFdark is further weak-
ened. Therefore, the lateral FWHM of the subtracted PSF
remains unchanged and is 0.3λ. Figure 5(a) also shows
that there is the lateral sidelobe in the transverse intensity
distribution of the PSFbright. However, as shown in
Fig. 5(d), this lateral sidelobe is just about 3% of the cen-
tral lobe and nearly has no influence on the image quality.
Finally, a 3D sample with a 3-by-3-by-3 point array [as

shown in Fig. 6(a)] is designed to verify the performance
of subtractive imaging in 4pi microscopy. According to
Fig. 6(b), the distance between two adjacent points of
the sample is 0.3λ in the lateral direction and equivalent
to the transverse FWHM of the bright spot PSFbright.
However, the distance along the axial direction is deliber-
ately chosen to be 0.175λ and a bit smaller than the axial
FWHM of the PSFbright.

Figure 7(a) gives image reconstruction generated by
the convolution of the 3D sample with the bright spot
PSFbright for the cases of the RP‐LG1;1 beam. The corre-
sponding xz slice and xy slice are illustrated by Figs. 7(b)
and 7(c), respectively. The nine points in the xy plane can
be just resolved. However, because the axial resolution is
not high enough in comparison to the axial distance
between two adjacent points, the image in the xz plane
exhibits three layers along the x direction, and the fine
structure of the sample along the z axis is completely
blurred by the artifacts induced by the strong axial side-
lobes. Figures 7(d), 7(e), and 7(f) show the results of
subtractive imaging by the convolution of the 3D sample
with the subtracted PSFsub. According to Fig. 7(e), the
points in the xz plane can be clearly distinguished, which

Fig. 5. Transverse intensity distributions in the focal plane when
illuminated by (a) RP‐LG1;1 beams and (b) circularly polarized
beams, respectively. (c) Intensity distributions of the PSFsub in
the xy plane (z ¼ 0). (d) The corresponding lateral profiles of
intensity distributions along the x axis.

Fig. 6. (a) 3D point array sample. (b) Cross section of the 3D
sample in the xz plane.

Fig. 7. (a) 3D image reconstruction of the point array sample
with the PSFbright. (b) xz slice and (c) xy slice of the image in
(a). (d) 3D image reconstruction of the point array sample with
the PSFsub. (e) xz slice and (f) xy slice of the subtracted image
in (d).
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indicates the enhancement of the axial resolution in 4pi
microscopy by subtractive imaging.
In summary, it has been demonstrated that a combina-

tion of a first-order LG-RP beam and a modulated circu-
larly polarized beam is suitable for subtractive imaging
of 4pi microscopy. A bright spot PSFbright with strong
axial sidelobes is produced by tight focusing RP‐LG1;1
beams, whereas, under circularly polarized illumination,
a doughnut-shaped PSFdark with a dark spot along the
optical axis is formed when one arm of the illumination
path is modulated by a circular π phase plate. The side-
lobes of the subtracted PSFsub have been greatly sup-
pressed, and the axial resolution is effectively enhanced.
The image subtraction does not compromise the lateral
resolution. The 3D sample is imaged twice by scanning
with the solid-shaped PSF and doughnut-shaped PSF,
respectively. By subtracting the images obtained with
those two different PSFs, the image quality is much higher
as a result of the significant suppression of sidelobes and
the increase of the axial resolution. Our investigations can
provide a new method to optimize 4pi microscopy with
a higher-order LG-RP beam and are beneficial for the
development of high-resolution 3D microscopy.
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