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The optical aberration associated with the transmission grating and immersion 
media 

 
Fig. S5. The evaluation of the optical aberration caused by the transmission grating and the immersion 
media. a) The layout of the ray-tracing simulation. OL: objective lens; L: lens. b) The spot diagram with 
transmission grating and immersion media. c) The spot diagram without transmission grating and immersion 
media. RMS: root-mean-square. RMS is the root-mean-square value of the radius of all the rays. 

As the transmission grating has a thickness of ~ 2 mm and is placed underneath the objective 
lens, it may add additional optical aberration. Optical aberration may also increase as a result 
of using an air objective lens with immersion media. To evaluate the optical aberration 
associated with the transmission grating and the immersion media, a ray-tracing simulation 
shown in Fig. S5a) was designed in Zemax according to the real experimental setup 
described in the main text. Only the light from the 0th diffraction order of the transmission 
grating is utilized in the simulation. The thickness of immersion media is 1mm and has a 
refraction index that is close to that of water. The lens data for the two objective lenses are 
edited according to the public patents from Olympus. The achromatic lenses used as relay 
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lenses (L1-L4) in the actual setup are replaced with the idea lens so that the comparison can 
focus more on the optical aberration transmission that is caused by the grating and 
immersion media. As only a portion of the light from the OL2 can be collected by the remote 
focusing system, a reduced numerical aperture of ~0.18 is used in the simulation. The 
wavelength in the simulation is 510 nm representing the center wavelength of emission 
spectrum in the green fluorescent protein, and the field point is ±1.65 mm covering the full 
FOV in the X-direction. Although the aberration is smaller without the use of transmission 
grating and the immersion media (Fig. S5b) and c)), the RMS in Fig. S5b) still suggests that 
the resolution can be maintained within ~1.5 µm when transmission grating and immersion 
media are used. 

The separation of light in different diffraction orders. 

 

Fig. S6. Ray tracing simulation of imaging with transmission grating. a) Ray tracing simulation showing 
the images of three different diffraction orders are separated in the image plane. b) Ray-tracing simulations 
only showing the 0th order. c) Ray-tracing simulations only showing the -1st order. 

A ray tracing simulation shown in Fig. S6 is used to explain the separation of three 
diffraction orders (-1st 0th, and the 1st) generated by the transmission grating. The objective 
lens was designed according to the lens data of a public patent (10X objective lens) from 
Olympus. As the overall magnification is ~4X, a paraxial lens with focal length of 72 mm 
is used to represent all the subsequent optics. As can be seen from Fig. S6a-c, the images of 
-1st and the 1st are defocused and have a distance of ~4 mm from the focused image of the 
0th order. The 4 mm in the image space is equal to ~1 mm in the object space. Because the 
Rayleigh range of the light sheet is less than 1 mm along the Y direction (The diffraction 
direction is along the Y direction.), light comes from -1st and the 1st will not affect the image 
of the 0th order. The beads image in Fig. S1 and S2 also confirm that there are no artifacts 
caused by light from -1st and the 1st. Please note that the light from the non-zero orders 
wasn’t observed (or was very weak) even when utilizing the whole FOV of the camera 
which has a sensor size of ~13 mm × 16 mm. The reason might be due to the low diffraction 
efficiency when the incident angle is large. 
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The numerical simulation for axial resolution 

 

Fig. S7. The calculation of the theoretical resolution and the depth detection range of the proposed 
method. a) The 3D frequency support of the illumination and detection in 3D Fourier domain. b) and c) The 
Y-Z cross-sections of the illumination and detection PSFs. d) The Y-Z cross-sections of the combined PSF. e) 
The Y-Z cross-sections of the detection PSF under the full detection NA of 0.3. 

To evaluate the diffraction-limited resolution for the proposed method, a Fourier mode 
according to our previous publication(44) is established in Fig. S7a). The coordinate is 
reciprocal with the Cartesian coordinate (X, Y, Z) that described in the main text (Main text: 
Fig. 1 and Fig. 6), and can be expressed with a wave vector k, 

2 ˆ( , , )x y zk k k k k






     (S1) 

where  k̂  is the directional vector with unit magnitude, λ is the wavelength, kx, ky, and kz are 
the coordinates of the Fourier model, λ is the wavelength of the light source. The blue circle 
S1 and the white circle S2 represent the spatial frequency range for the illumination and the 
primary objective lens OL1 (See Fig. 6 in the main text), respectively. The dash green circle 
S3 shows the equivalent frequency range of the OL3 (See Fig. 6 in the main text) that is 
mapped on the back aperture of OL1. The overall spatial frequency range for the detection 
is illustrated by the intersection area of S2 and S3. 

The effective numerical aperture (NA) of the illumination on the primary objective lens 
can be calculated by NAI = RI/fobj in which RI (~0.8 mm) is the radius of the beam that is 
projected on the back aperture of OL1, and fobj (18 mm) is the focal length of the primary 
objective lens. The angle θ1 (51º for 488 nm laser, and 60º for 561 nm laser) of the 
illumination can be calculated by the grating equation given in the main text (Main text: 
Eq(1)). So the special frequency range for the illumination S1 is identified as: 
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As the back aperture of the OL2 (See Fig. 6 in the main text) is proximately matched with 
that of OL1, the equivalent collection NA of OL3 mapped on OL1 can be given as : 

 1 3 2/D OL obj objNA NA NA NA , (S3) 

where 1OLNA (0.3), 2OLNA (0.75), and 3OLNA (0.75) is the NA of the OL1, OL1, and OL3, 

respectively. The angle α between S2 and S3 is due to the non-axial alignment OL2 and OL3, 
which can be estimated as follows: 

 1 2/OL objNA NA   , (S4) 

where β (11º for 488 nm excitation and 8º for 561 nm excitation) is the angle between the 
optical axis of the OL2 and OL3.  After specified DNA  and α, S2 can be defined as: 
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Given the NA of OL1 (NA = 0.3), S3 can be written as: 
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The overall spatial frequency range for the detection can be obtained by combing Eq (S5) 
and (S6). After the description of the 3D frequency support, the illumination and the 
detection point spread function (PSF) can be obtained by performing 3D Fourier 
transformation (Fig. S7, b-c). The combined system PSF is a production of the illumination 
and the detection PSF. As for 488 nm laser excitation, the calculated theoretical resolutions 
are ~1 μm (X) × 1.5 μm (Y) × 5 µm (Z). The YZ cross-section of the system PSF is shown 
in Fig. S7d). The detection PSF from the full NA (0.3) of the OL1 has a FWHM of ~11 µm 
in the Z dimension (Fig. S7e), which can be calculated by the same method described above. 
According to the comparison in Fig. S7d-e, the proposed method can offer 2 times better 
axial resolution than the diffraction-limited axial resolution of OL1. This also match well 
with the results shown in Fig. S1 and S2. 

To guide the choice of the line density of the transmission grating, we simulated axial 
resolution under different illumination angles of θI. To simplify the calculation, we only 
change the θI while keeping the detection DNA  and α same as the above calculation. The 

change of axial resolution as a result of the different illumination angles is shown in Fig. 
S6.f). There is a sharp increase in the axial resolution from 20º to 60º while the increment 
slows down when the angle is large than 60º. The axial resolution is not provided for the 
angle below 20º because the light collection issue of the remote focusing system will lead 
to axial resolution larger than 34 µm(10, 13).  

The angle of the illumination also affects the axial detection range (Fig. S6f), which can 
be calculated by b×cosθI, in which b is the Rayleigh range. As for the current experiment, 
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we chose a transmission grating with a line density of 0.83 μm/line to keep a balance 
between the axial resolution and the axial detection range. 

The control signals 

 
Fig. S8. The control signals for the experiment setup. a-c) are the control signals for the camera external 
trigger, the galvanometer mirror, and the micro-motor, respectively. 

The control signals for the experimental setup are shown in Fig. S8. The external triggers 
(Fig. S8a) for the camera are only generated in the forward scanning (Fig. S8b) of the 
galvanometer mirror. There will be an image acquired by the camera after each external 
trigger signal. Each external trigger for the camera is synchronized with an increment in the 
voltage signal for the galvanometer mirror. A volume data set will be acquired at the end of 
backward scanning. To block the -1st and 0th diffraction orders, the movement of the micro-
motor is synchronized with the light sheet. The blue lines in Fig. S8c represent the rotation 
direction of the micro-motor while the green pluses are corresponding to each micro-step of 
the micro-motor.  

 

Movie S1.  

3D rendering of live zebrafish larva data obtained in a single FOV 

Movie S2.  

3D rendering of acute brain slice over a single FOV of 3.3 mm (X) × 5.4 mm (Y) × 0.33 mm (Z). 

Movie S3.  

4D rendering of whole-body neuronal activity recorded in zebrafish larva with isotropic cellular 
resolution at volume rate of 2 Hz (The first 7s is 3D rendering, and the rest part is 4D rendering 
for ~1.5 min but plays at 4.5× speed. ) 

Movie S4.  

4D rendering of whole-body blood flow recorded in zebrafish larva with isotropic cellular 
resolution at volume rate of 5 Hz (play at 1× speed. ) 
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