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Abstract 

 
High-throughput volumetric imaging of neural dynamics in vivo 

by 

Guanghan Meng 

Doctor of Philosophy in Molecular and Cell Biology 

University of California, Berkeley 

Professor Na Ji, Chair 

 
  Brain is composed of complex neural networks that work in concert to underlie the 

animal’s cognition and behavior. Optical microscopy has become an indispensable tool to study 
brain due to its non-invasiveness and high spatial resolution. Two-photon fluorescence 
microscopy is the method of choice to image the optically opaque mammalian brain. However, 
conventional two-photon fluorescence microscopy has to perform serial 3D point scanning for 
volumetric imaging, which renders it extremely difficult to study neural circuits in 3D at 
subcellular resolution with sufficient imaging speed.  

  Taking advantage of the fact that neurons remain largely stationary during in vivo imaging, 
when their temporal activities are the subject of interest, one can acquire an axially projected 
view of the objects without constantly tracking their 3D location. Incorporating a Bessel-like 
beam into a conventional two-photon fluorescence microscope extends the system’s depth-of-
focus, which turns the 2D frame rate into an axially projected volume rate. As a result, Bessel 
focus scanning technology enables high-speed volumetric imaging without sacrificing the 
lateral resolution and reduces data size by an order of magnitude when compared with 
conventional serial 3D scanning.  

This thesis first explores the application of Bessel focus scanning technology in two-photon 
fluorescence microendoscopy to achieve high-throughput neural circuit imaging in deeply-
buried nuclei of the mouse brain. The thesis then presents efficient data analysis approaches for 
high-throughput calcium neural imaging data. Finally, the thesis depicts a custom-designed and 
easy-to-operate two-photon fluorescence microscope combining several state-of-the-art 
technologies together, i.e., adaptive optics, Bessel focus scanning technology, and remote 
focusing, which will open up possibilities for neurobiology questions that could not be well 
addressed before.
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Chapter 1: Introduction  

1.1 Challenges of volumetric imaging in multiphoton fluorescence microscopy 
The development of genetically encoded calcium indicators (GECI) and two-photon 

fluorescence microscopy has enabled us to monitor neural activities in vivo at large depth in 
highly scattering mammalian brains. In a conventional multiphoton fluorescence microscope, 
fluorescence excitation is three-dimensionally confined. Thus, 2D or 3D scanning of the focus 
is required to obtain a planar image or a volume stack, respectively. Such a point-scanning 
scheme ensures optical sectioning ability and high spatial resolution even in opaque tissue, but 
limits imaging speed, whereas reading out neural activities at high speed is critical to understand 
brain computation. Therefore, to record neural dynamics with sufficient frame rates, scanners 
that can move the excitation focus at high speed are desired.  

Lateral beam steering (translation of the focus in a plane perpendicular to the optical axis) 
in multiphoton microscopy is typically achieved by a pair of galvanometer-based optical 
scanners (or ‘galvos’). Conventional raster-scanning galvos can achieve line scan rates of a few 
kHz1. By replacing one of the raster-scanning galvos with a faster scanner (e.g., resonant 
galvos2), line scan rates of tens of kHz and 2D frame rate of tens of Hz can be realized1. 
However, information observed from a single optical section can be incomplete. Since both 
neural circuits and individual neurons therein are 3D structures, volumetric imaging with 
subsecond temporal resolution is required to capture their dynamics completely. To perform 
volumetric imaging in multiphoton microscopy, in addition to scanning the focus in the lateral 
xy plane, axial movement of the excitation focus along z direction is required. In contrast to 
lateral focus scanning, axial scanning of the focus is more challenging. A common method to 
scan the excitation focus axially is to translate the microscope objective along the z direction, 
the speed of which, however, is limited by mechanical inertia associated with the 
objective.Wavefront shaping devices such as electrical tunable lens (ETL)3, spatial light 
modulator4, or AODs5-7 allow the control of wavefront divergence at the objective back focal 
plane, which translates the focus axially. These methods avoid the problems posed by objective 
inertia, but introduce additional aberrations to the system and degrade image quality at large 
focal shifts, since most microscope objectives are designed to produce optimal performance for 
light of a specific divergence (e.g., multiphoton excitation objectives are designed for 
collimated beams)8. A dual-objective remote focusing method, where the excitation light travels 
through two microscope objectives with conjugated pupil planes9-11, has aberrations caused by 
the two objectives cancelled out and can achieve high-speed volumetric imaging at diffraction-
limited resolution over a large axial range. The dual-objective setting nevertheless increases the 
system cost and complexity, reduces the power throughput, and requires custom optical design12. 
Moreover, all the above volumetric imaging methods are sensitive to axial motions of the 
sample, which cause the objects of interest to move out of focus and the loss of dynamic 
information.  

1.2 Concept of Bessel focus scanning technology 
Bessel focus scanning multiphoton microscopy provides an alternative to the volumetric 

imaging methods described above13-16. During most in vivo brain imaging experiments, neurons 
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exhibit variations in their fluorescence signal associated with their electrical activity, but their 
positions remain unchanged. Therefore, when the temporal dynamics of neurons is the subject 
of interest, one does not need to constantly track their 3D locations, but can instead obtain 
axially projected views of 3D volumes via extended depth-of-field (DOF) imaging by scanning 
an axially elongated focus, e.g. a Bessel-like beam13,14,17-20 (Fig. 1). Since all structures along 
the elongated focus are probed simultaneously within a single 2D scan, the 2D frame rate 
becomes a projected 3D volume rate. Compared with other methods to extend the DOF, e.g., 
by reducing imaging numerical aperture (NA), Bessel focus scanning does not sacrifice the 
lateral resolution of the resulting image13. Though axial resolution is reduced substantially 
during Bessel focus scanning, the 3D positions of neurons and neuronal structures can be 
obtained from a conventional 3D stack by scanning a Gaussian focus prior to or after the 
functional recording. Because at the same numerical aperture, a Bessel focus has a higher lateral 
resolution than a Gaussian focus20, synapse-resolving lateral resolution is maintained even for 
a 0.3-NA Bessel focus21. With Bessel focus scanning, imaging throughput can improve by tens 
to a hundred times, with the image data size reduced by the same amount13. Bessel focus 
scanning technology is compatible with other fast scanning methods described above and, when 
combined together, can further boost the volumetric imaging speed of a multiphoton 
microscope13,16. The extended depth of field of a Bessel focus also makes the imaging process 
insensitive to axial motion, which eliminates axial motion artifacts. Together with the much 
reduced data size, it also substantially simplifies and expedites image processing13,21. 

1.3 High-throughput volumetric imaging beyond the depth limit of two-photon 
microscopy 

Although two-photon fluorescence microscopy grants access to brain tissue, e.g. up to 1-2 
mm below mouse skull1, structures beyond this depth limit require implantation of miniature 
probes, e.g. an optical fiber or a miniature lens22 to relay the excitation focus of the microscope 
objective onto the target structure. Fiber-based endoscopy is a low-cost option when single-cell 
resolution is not necessary or small field of view (FOV) suffices. In contrast, miniature 
objectives, such as gradient refractive index (GRIN) lens, enables single-cell resolution and 
larger-FOV21 microendoscopy imaging.   

Compared to imaging superficial brain regions with a conventional microscope, 
experiments involving microendoscopy imaging of deep structures face additional challenge21. 
First, spatial resolution of a GRIN lens is typically limited to the cellular level, and structures 
like dendritic spines cannot be resolved. Second, surgeries to remove brain tissue and embed 
endoscope probes typically have lower success rates compared to conventional craniotomies in 

Figure 1. Concept of Bessel focus scanning multiphoton 
microscopy. (A) 2D scanning of a conventional Gaussian 
focus obtains information from a single plane (the plane in 
yellow). (B) 2D scanning of a Bessel focus covers a volume 
(the volume in orange). 
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which no brain tissue is removed. Finally, many microendoscopy experiments involve 
behaviors or brain states with large variability that either cannot be evoked with high fidelity 
over repeated trials or exhibit short-term adaptation. For these reasons, a volumetric 
microendoscopic imaging method, which can simultaneously probe the activity of neural 
ensembles in 3D while maintaining synapse-resolving spatial resolution, would be greatly 
beneficial for interrogating neural circuit functions at depth but has yet to be demonstrated for 
in vivo volumetric imaging of deep brain structures. 

In contrast to the paucity of high-throughput, high-resolution volumetric imaging solutions 
for microendoscopy, a suite of methods has been developed to image superficial structures at 
high speed with conventional microscopy1, including Bessel focus scanning technology. Here 
we show that by employing Bessel-focus scanning technology into a conventional two-photon 
microendoscope, high-throughput two-photon volumetric endoscopy can be achieved.  

1.4 Data analysis in high-throughput calcium imaging 
Axially projected data taken with Bessel-focus scanning technology contain neural 

activities from a 3D volume, instead of a single optical section, which significantly reduces the 
data size compared with serial planar imaging, but also leads to the following challenges for 
data analysis: (1) Automatically identifying the spatial footprints of neurons from information-
rich volumetric imaging data. Since a larger number of neurons are covered within a single 2D 
scan under Bessel mode than under conventional two-photon mode, automatic region of interest 
(ROI) segmentation becomes even more advantageous. (2) Removing neuropil contamination 
and out-of-focus fluorescence excitation. Neuropil contamination and out-focus fluorescence 
become more noteworthy in Bessel focus scanning microscopy due to the sacrificed axial 
resolution and compromised signal-to-background ratio. (3) Demixing spatially overlapping 
neurons due to projection of a 3D volume into a 2D plane.  The three tasks described above are 
generally not independent and require several iterations of computation. For example, accurate 
identification of neuron locations ensures proper neuropil contamination removal and overlap 
demixing, while correct demixing in turn facilitates spatial footprint extraction from individual 
neurons. Additionally, these tasks may need to be weighted differently in various applications, 
which requires case-specific customization of a general data analysis method.  

1.5 Thesis highlights 
The thesis is organized as follows:  

Chapter 2 presents the basic theory for Bessel focus generation. Two different approaches 
to add a Bessel focus scanning module into an existing two-photon fluorescence microscope 
are included.   

Chapter 3 describes how Bessel focus scanning technology can improve the resolution and 
imaging throughput of a conventional two-photon fluorescence microendoscope.  

Chapter 4 discusses the necessities and progress on data analysis approaches for large-scale 
calcium data acquired with two-photon Bessel focusing scanning microscopy. The chapter 
covers the application of Bessel focus scanning technology in both mouse and drosophila brains 
and describes the different analysis methods involved.  
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Chapter 5 details the design and setup of a highly-integrated custom-designed two-photon 
fluorescence microscope system, with modules for adaptive optics (AO), remote focusing, and 
Bessel focus scanning technology.   
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Chapter 2: Theory and system setup for two-photon Bessel-focus 
scanning microscopy 

2.1 Bessel beam generation theory  
The resolution of a two-photon fluorescence microscope system comes from interference 

of electromagnetic waves at the focus of the imaging objective23,24. The wave vectors 
propagating towards the focus can be decomposed into 𝐸𝐸𝑥𝑥 and 𝐸𝐸𝑧𝑧, the lateral component and 
axial component, respectively. Since the system is rotationally symmetric, 𝐸𝐸𝑦𝑦  can also be 
represented by 𝐸𝐸𝑥𝑥. 𝐸𝐸𝑥𝑥 has the maximum amplitude at the marginal rays, 𝐸𝐸𝑥𝑥𝑥𝑥 (Fig. 2), and 0 
amplitude at the ray along the optical axis. Either lateral or axial resolution results from the 
interference of two electric field components propagating along the specified axis (𝐸𝐸 or 𝐸𝐸) with 
the maximal vector difference. Therefore, 𝐸𝐸𝑥𝑥𝑥𝑥 and 𝐸𝐸𝑥𝑥𝑥𝑥′ (Fig. 2), 𝐸𝐸𝑥𝑥  from the two marginal 
rays that have opposite propagation directions along x, determine the lateral resolution, whereas 
𝐸𝐸𝑧𝑧𝑧𝑧 and 𝐸𝐸𝑧𝑧𝑥𝑥 (Fig. 2), 𝐸𝐸𝑧𝑧 of the on-axis ray and marginal ray, respectively, determines the axial 
resolution. Since 𝐸𝐸𝑧𝑧𝑧𝑧  and 𝐸𝐸𝑧𝑧𝑥𝑥  propagate towards the same direction unlike the lateral 
components, the axial resolution is always worse than the lateral.  

A natural inference one can make based on the description above is that an infinitely thin 
ring at the objective back focal plane, i.e., no paraxial or on-axis rays, will have no resolving 
power along the axial direction, like a theoretical Bessel beam. In contrast, an annular 
illumination pattern with finite ring thickness can generate a Bessel-like focus with finite axial 
length. Such annular illumination can be created with a phase mask17, an SLM13,21, or an 
axicon14,18,19, as described below.  

2.1.1 Generation of annular illumination with an SLM (adapted from Ref. 13) 
Concentric binary grating patterns with phase values alternating between 0 and 𝜋𝜋  are 

applied to a phase-only SLM to diffract most of the incident electromagnetic field into the ±1 
orders, which after lens 𝐿𝐿1, forms a ring at L1’s focal plane, where an annular mask is placed. 
The radius of the ring (ρ), determined by the period of the grating (d), the focal length of 𝐿𝐿1 
(f1), and the wavelength of the light (λ), is calculated from the grating equation as:   

𝜌𝜌 = 𝑓𝑓1⋅𝜆𝜆
𝑑𝑑

     ( 2.  1 ) 

Figure 2 Vector diagram for the resolution of a two-photon 
fluorescence microscope. 𝐸𝐸𝑥𝑥𝑥𝑥, 𝐸𝐸𝑧𝑧𝑥𝑥:  x and z components for 
one of the marginal ray vectors, respectively. 𝐸𝐸𝑥𝑥𝑥𝑥, 𝐸𝐸𝑧𝑧𝑥𝑥:  x and 
z components for the other marginal ray vector.  𝐸𝐸𝑧𝑧𝑧𝑧 : z 
component of the on-axis ray (the ray propagating along the 
optical axis). Interference from 𝐸𝐸𝑥𝑥𝑥𝑥 and 𝐸𝐸𝑧𝑧𝑥𝑥 determines the 
lateral resolution, whereas interference from 𝐸𝐸𝑧𝑧𝑧𝑧  and 𝐸𝐸𝑧𝑧𝑥𝑥 
determines the axial resolution.  
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For an annular mask to transmit the ring and block the other diffraction orders, its inner 
and outer diameters 𝐷𝐷𝑥𝑥𝑖𝑖 and 𝐷𝐷𝑥𝑥𝑜𝑜  have: 

𝐷𝐷𝑥𝑥𝑖𝑖 + 𝐷𝐷𝑥𝑥𝑜𝑜 = 4𝜌𝜌     ( 2.  2 ) 

Combining the two equations above, to generate an annular illumination pattern that 
centers on an annular mask with inner and outer diameters 𝐷𝐷𝑥𝑥𝑜𝑜and 𝐷𝐷𝑥𝑥𝑖𝑖 , the period of the 
circular binary grating on the SLM is:  

𝑑𝑑 =
4𝑓𝑓1 ⋅ 𝜆𝜆

𝐷𝐷𝐸𝐸𝐸𝐸
+ 𝐷𝐷𝐸𝐸𝑖𝑖

 

     ( 2.  3 ) 

With the size of the SLM pixel defined as p, the period of the circular binary grating in 
units of pixels S is:   

𝑆𝑆 =
𝑑𝑑
𝑝𝑝

=
4𝑓𝑓1 ⋅ 𝜆𝜆

𝑝𝑝�𝐷𝐷𝐸𝐸𝐸𝐸
+ 𝐷𝐷𝐸𝐸𝑖𝑖

�
 

    ( 2.  4 ) 

The thickness of the annulus at the mask plane generated by the above circular binary 
grating is ~2𝑓𝑓1𝜆𝜆/𝑏𝑏𝑏𝑏𝑏𝑏𝐸𝐸𝐷𝐷, with beamD being the diameter of the excitation laser on the SLM25. 

2.1.2 Generation of annular illumination with an axicon  
For an axicon with an apex angle 𝐴𝐴, the angle of incidence 𝛼𝛼 on the conical surface is: 𝛼𝛼 =

𝜋𝜋−𝐴𝐴
2

.  The refraction angle is then derived using Snell’s law: 𝛼𝛼r = 𝑛𝑛 𝛼𝛼, given that 𝛼𝛼 is small and 
n is the refractive index of the axicon. Therefore, the angle between the refracted light and the 
optical axis is: 

𝜃𝜃 = 𝛼𝛼r − 𝛼𝛼 = (𝑛𝑛 − 1)𝛼𝛼     ( 2.  5 ) 

The radius of the ring at mask plane is:  

𝜌𝜌 = 𝜃𝜃𝑓𝑓1 = (𝑛𝑛 − 1)𝛼𝛼 ⋅ 𝑓𝑓1     ( 2.  6 ) 

The annular mask to transmit the ring should again satisfy:  

𝐷𝐷𝑥𝑥𝑜𝑜 + 𝐷𝐷𝑥𝑥𝑖𝑖 = 4𝜌𝜌      ( 2.  7 ) 

Therefore, the apex angle and refractive index of the axicon should meet:  

(𝑛𝑛 − 1)𝛼𝛼 =
𝐷𝐷𝐸𝐸𝐸𝐸

+ 𝐷𝐷𝐸𝐸𝑖𝑖

4𝑓𝑓1
 

    ( 2.  8 ) 

2.1.3 Calculation of two-photon excitation PSF 
Two-photon excitation PSF can be calculated using Richards and Wolf integrals23,24, from 

which both the lateral and axial FWHM of the PSF can be determined. The information required 
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for PSF calculation includes: the wavelength of excitation light, the objective information (i.e. 
NA, magnification, immersion media), and the electric field distribution at the objective back 
focal plane.  

The following equations hold for all infinity-corrected objectives:  

𝑓𝑓obj = 𝑓𝑓𝑇𝑇𝑇𝑇
𝑀𝑀obj

      ( 2.  9 ) 

𝐵𝐵𝐵𝐵𝐷𝐷obj = 2𝑁𝑁𝐴𝐴obj ⋅  𝑓𝑓obj     ( 2.  10 ) 

Where the 𝑓𝑓𝑧𝑧𝑜𝑜𝑜𝑜 is the focal length of the objective, 𝑓𝑓𝑇𝑇𝑇𝑇 is the focal length of the tube lens, 
𝑀𝑀obj is the magnification of the objective, and 𝐵𝐵𝐵𝐵𝐷𝐷obj is the back pupil diameter of the objective.  
The Bessel annulus at the back focal plane with an outer diameter 𝐷𝐷𝑧𝑧𝑜𝑜𝑜𝑜𝑜𝑜 and inner diameter 
𝐷𝐷𝑧𝑧𝑜𝑜𝑜𝑜 i

 gives rise to an excitation NA as:  

𝑁𝑁𝐴𝐴Bessel =
𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜o
𝐵𝐵𝐵𝐵𝐷𝐷obj

𝑁𝑁𝐴𝐴obj    ( 2.  11 ) 

Or:  

𝑁𝑁𝐴𝐴Bessel =
𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜o
2𝑓𝑓obj

     ( 2.  12 ) 

The PSF profile is determined by 𝐷𝐷𝑧𝑧𝑜𝑜𝑜𝑜o, 𝐷𝐷𝑧𝑧𝑜𝑜𝑜𝑜i, and the electrical field distribution within 
the annulus, as discussed below.  

2.2 Bessel-beam volumetric imaging system setup 
In an SLM-based Bessel focus module (Fig. 3A, rectangle box), a reflective phase-only 

SLM is placed at the front focal plane of a lens (𝐿𝐿1). A circular binary phase pattern (alternating 
0 and 𝜋𝜋) on the SLM diffracts the incident Gaussian beam preferentially into the ±1 diffraction 
orders, which form an annular ring at the back focal plane of 𝐿𝐿1. An annular aperture mask is 
placed at the back focal plane of 𝐿𝐿1 to selectively transmits the desired annular electric field, 
which is conjugated to the galvos by a pair of lenses 𝐿𝐿2 and 𝐿𝐿3, and then to the objective back 
focal plane.  

An axicon-based Bessel focus module (Fig. 3B) has a similar configuration to an SLM-
based module, except that an axicon is placed at the front focal plane of 𝐿𝐿1. The conical surface 
of the axicon refracts the light according to Snell’s law, which forms a ring at the back focal 
plane of 𝐿𝐿1. The annular aperture mask at the back focal plane of 𝐿𝐿1 is not necessary for an 
ideal axicon (with infinitely small conical tip), but is necessary in practice to block the unwanted 
light refracted through the tip of an imperfect axicon.  
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When it comes to choosing between an SLM and an axicon-based Bessel module, several 
factors need to be considered. An SLM-based module offers more flexibility in terms of point 
spread function (PSF) engineering13 and allows the NA and axial length of the Bessel focus to 
be adjusted independently13. In both methods, the axial length of the Bessel focus can be altered 
by varying the size of the Gaussian beam impinging on the SLM or the axicon, for example, by 
adding a beam expander or reducer at the entrance of the Bessel module. With the beam size 
fixed, a user can adjust the NA and axial length of the Bessel focus independently by changing 
the phase pattern on the SLM and the dimensions of the annular mask. Therefore, an SLM-
based module is ideal for systems utilizing multiple objectives with different NAs (e.g. a 1.05-
NA objective for neocortical imaging or a 0.5-NA microendoscopic lens for deep brain 
imaging). In contrast, an axicon-based module does not allow users to adjust NA and axial focal 
length independently, without varying the beam size or introducing a different axicon18,19. 
Translating one of the conjugation lenses (𝐿𝐿2 or 𝐿𝐿3) along the optical axis concurrently changes 
the NA and axial length of the Bessel focus14. However, despite being less flexible in PSF 
engineering, the axicon-based Bessel module is nevertheless an attractive alternative for the 
following reasons: first, its transmissive layout occupies less space and makes it easier to 
incorporate into an existing system16; second, an axicon module costs much less (~$5,000, 
rather than $30,000 for an SLM-based module) to set up; third, an axicon works with a larger 
wavelength range compared with an SLM (e.g. compatible with three-photon microscopy15).  

2.2.1 Design of the annular aperture mask in an SLM-based Bessel module 
Key steps to design an annular mask are introduced here with details to be found in Ref. 13.  

Figure 3. Diagram of two Bessel focus modules. (A) A two-photon microscope with an SLM-based Bessel module (gray 
box). (B) An axicon-based Bessel module. L2 can be translated along optical axis to change the axial length and numeric 
aperture of Bessel beam. D is defined as 0 mm when the mask is at the front focal plane of L2, and positive when L2 moves 
away from the mask. Ti:Sa: Ti:Sapphire laser; EOM: electro-optical modulator; BE: beam expander; M: mirror; L: lens; Obj: 
objective. 
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The annular mask is designed to be conjugated to the objective back focal plane, with a 
magnification factor 𝑀𝑀𝑥𝑥𝑧𝑧, which is determined jointly by focal lengths of lenses 𝐿𝐿2-𝐿𝐿5 in Fig. 
3. In most cases, the objective, 𝐿𝐿4, and 𝐿𝐿5 (scan lens and tube lens) are already selected and 
built prior to the design of the Bessel module as an add-on. Therefore, one only needs to choose 
𝐿𝐿2 and 𝐿𝐿3 to fit into the available space and conjugate the mask plane to the galvos. It has been 
demonstrated previously that a 0.4-NA Bessel focus works well for in vivo two-photon 
fluorescence imaging in the brain13, a 0.3-NA Bessel focus has better performance than 0.4-NA 
one when combined with two-photon fluorescence microendoscopy21 (due to the substantial 
off-axis aberrations of gradient refractive index lenses), and a larger NA Bessel beam is more 
suitable for three-photon microscopy15. With the objective, 𝐿𝐿2-𝐿𝐿5, and the desired NA selected, 
the outer diameter of the annular mask is determined as:  

 

𝐷𝐷𝑧𝑧 = 2𝑁𝑁𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐹𝐹𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜
𝑀𝑀𝑚𝑚𝑜𝑜

      ( 2.  13 ) 

With NA (i.e. 𝐷𝐷𝑧𝑧) fixed, the axial length of the Bessel beam is dictated by the thickness of 
the ring, which is determined by the focal length of 𝐿𝐿1 and the beam diameter on SLM, with 
smaller f1 and larger beamD generating thinner rings and longer Bessel foci. The axial length 
of the Bessel focus can be further adjusted by fine-tuning 𝐷𝐷𝑥𝑥𝑖𝑖  and 𝑆𝑆 . The electric field 
distribution of the light at the mask plane has both positive and negative-phase regions. Starting 
from a 𝐷𝐷𝑥𝑥𝑖𝑖  when no negative parts of the electric field can pass the mask, but all positive 
electric field can reach the focal plane, the axial length of the PSF reaches the shortest for the 
current NA. When 𝐷𝐷𝑥𝑥𝑖𝑖 decreases from here, as described in section 2.1 (Fig. 2), a thinner ring 
will produce a longer PSF. When 𝐷𝐷𝑥𝑥𝑖𝑖  increases, however, although the ring entering the 
objective gets thicker, negative parts of the electric field passing the mask destructively interfere 
with the positive parts, which leads to a longer PSF as well. If space permits, inserting a beam 
expander or a beam reducer before the SLM can further vary the axial length of the Bessel focus. 
The MATALB code to facilitate this module design can be found in Ref. 13.  

2.2.2 Design of an axicon-based Bessel module (adapted from Ref 14) 
 When using an axicon for Bessel beam generation, one should start with selecting a high-

quality axicon (e.g. 1-APX-2-H254-P, ALTECHNA Inc; XFL25-010-U-B, ASPHERICON). 
Once the axicon is selected, the apex angle 𝛼𝛼 is determined (section 2.1.2), thus the radius of 
the ring at the mask plane is only determined by the focal length of 𝐿𝐿1 (Fig. 3b). From here, 
one can simulate the electric field at the mask plane and the 3D PSF to guide the selection of 
𝐿𝐿1, 𝐿𝐿2 and 𝐿𝐿3. Starting from the location where the front focal plane of 𝐿𝐿2 coincides with the 
back focal plane of 𝐿𝐿1 (i.e., the mask plane), when moving 𝐿𝐿2 towards the mask, more power 
is allocated to the central region of the objective back focal plane, which yields a smaller 
effective NA and, together with the phase distribution of the pupil function, a longer Bessel 
focus. In contrast, moving the lens away from the mask plane distributes more power to the 
edge of the objective pupil function, leading to a bigger effective NA and a shorter focus).  

The mean radius of the annular mask becomes well defined once 𝐿𝐿1 and axicon are both 
selected (section 2.1.2), although one can jointly vary the outer and inner radii of the ring and 
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obtain different ratios of transmittance and axial profiles. The mask is intended to eliminate the 
unwanted light passing through the imperfect, typically round, tip of the axicon, which if not 
blocked can interfere with the rest of the refracted electric field and cause the measured PSF to 
deviate from simulation. The thinner the annular mask is, the more effectively it can block the 
unwanted light, but more power loss will be introduced to the system. For the case when limited 
excitation power is available, one can use a thicker mask, or even no mask and obtain non-
theoretical yet still usable PSF profiles14.  
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Chapter 3: High-throughput microendoscopy for deep brain 
volumetric imaging  

3.1 Principles of gradient refractive index (GRIN) lens 

GRIN lens focuses light with its parabolic refractive index profile (Fig. 4), whereas a 
conventional microscope objective focuses light via its surface curvature (Fig. 4B). With 
multiple lens elements compensating for aberrations and enlarging field of view (FOV), a 
conventional objective could be 103 times larger than a GRIN lens (Fig. 4B). A GRIN lens is 
generally composed of only one (singlet GRIN lens, Fig. 5C) or two (doublet GRIN lens, Fig. 
5C) rod lenses, where a beam entering the lens in parallel with the optical axis travels 
sinusoidally through the GRIN lens towards the focal plane. When a beam enters the GRIN lens 
at an angle with respect to the optical axis, however, the refractive index profile facing the beam 
will deviate from a perfect parabolic shape, which leads to field curvature and other off-axis 
aberrations, with a significantly reduced FOV. Furthermore, unlike conventional objectives 
where multiple lens components can compensate for chromatic aberrations and broaden the 
applicable range of wavelength, GRIN lenses generally obtain optimal image quality within a 
smaller wavelength range.  

In summary, much reduced in dimension, GRIN lenses can be embedded into the brain, 
but have more aberrations and smaller FOV than conventional objectives and requires special 
handling and characterization before use, as described in the following sections. 

The remaining sections of this chapter are adapted from Ref. 21.  

3.2 GRIN lens based microendoscopy system 
Based on a standard two-photon excitation fluorescence microscope equipped with a pair 

of galvo scanners, the endoscopy part of the microscope was realized by having a GRIN lens 
relay the focus of a conventional microscope objective from the image side to the sample side 

Figure 4 Principles of a GRIN lens. (A) Parabolic refractive index profile of a GRIN lens, where the refractive index is the 
highest at the optical axis (dashed line), and decreases parabolically towards the margins. (B) Ray tracing diagram of a 
GRIN lens and a conventional objective. A GRIN lens is miniaturized to be implanted into a mouse brain, whereas a 
conventional objective has multiple lens elements to compensate aberrations and enlarge FOV, but can be 103 larger than 
a GRIN lens.  
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(Fig. 5B). Due to the small size of the mouse brain, we only considered GRIN lenses with 0.5-
mm or 1-mm diameters and a numerical aperture (NA) of 0.5. For each diameter, the GRIN 
lens is either a singlet with NA = 0.5 on both sides or a doublet with an object NA of 0.5 and 
an image NA of 0.2 or 0.1 (Fig. 5C). With part of the GRIN lens assembly having a lower NA, 
doublet GRIN lenses have lower intrinsic aberrations than singlets of similar lengths. A 0.45 
NA microscope objective was used in conjunction with 0.5-NA singlet GRIN lenses, whereas 
a 0.2 NA objective was used with doublet GRIN lenses to match their NA on the image side. 

The Bessel focus scanning module (blue rectangle, Fig. 5A) was described in detail 
previously13. Briefly, a liquid crystal spatial light modulator (SLM) was used to impart specific 
phase patterns onto the excitation light. 

3.3 Characterization of GRIN lenses 
GRIN lenses have intrinsic aberrations26,27 (Fig. 4B), which limit the resolution and field 

of view (FOV) of microendoscopy under the conventional Gaussian mode28,29. To generate 
Gaussian and Bessel foci of the highest quality, GRIN lenses with minimal aberrations are 
required. However, a systematic evaluation of the imaging performance of commercially 
available GRIN lenses had not been undertaken. We therefore characterized GRIN lenses 
commonly used for in vivo brain imaging to identify GRIN lenses with optimal imaging 
performance for both Gaussian and Bessel modes.  

3.2.1 Optical alignment of a GRIN lens 
Obtaining optimal image quality from GRIN-lens-based microendoscopes requires the 

GRIN lens to share the same optical axis as the microscope objective and the excitation light. 
For the in vitro characterization, the GRIN lens was held with a custom-built clip mounted onto 
a tilt/tip adjustment platform mount (KM100B, Thorlabs, NJ, USA). The tilt/tip platform was 
further mounted onto a motorized 3D translational stage (3DMS, Sutter Instrument Company, 

Figure 5. Schematics of two-photon excitation 
fluorescence microendoscopy with a Bessel 
focus scanning module. (A) A Bessel focus 
scanning module (blue rectangle) made of a 
spatial light modulator (SLM), a lens (L1), and an 
annular mask is incorporated into a two-photon 
fluorescence microendoscopy system. L2-L5: 
lenses for optical conjugation; M1, M2: turning 
mirrors; Galvos: x and y galvanometers; Obj: 
microscope objective; FM1, FM2: flip mirrors to 
switch between Gaussian (yellow) and Bessel 
(red) beam paths. (B) Enlarged view of a GRIN 
lens relaying the focus of the objective into a 
focus inside the brain. Image WD: image 
working distance, distance between the 
objective focus and the top surface of GRIN lens; 
Sample WD: sample working distance, distance 
between the bottom of the GRIN lens and the 
sample structure in focus. (C) Two singlet and 
two doublet GRIN lenses selected for further 
characterization. 
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CA, USA), which allowed us to adjust the tilt/tip and translational position of the GRIN lens. 
Looking through the eyepiece and the 10×/0.45NA objective, we adjusted the tilt/tip of the 
GRIN lens so that the entire top surface of the GRIN lens came into focus simultaneously, 
indicating that the optical axes of the GRIN lens and the objective were parallel. Failure to do 
this causes the excitation light to experience severe optical aberrations and degradation of image 
quality. To make the GRIN lens and the objective coaxial, we switched to Bessel mode with 
the excitation light forming an annular illumination pattern when entering the GRIN lens. We 
then adjusted the translational position of the GRIN lens until the annular illumination 
transmitted through the lens remained symmetrical when the GRIN lens was translated axially, 
indicating that the GRIN lens was coaxial with the microscope objective. We then recorded the 
position of the GRIN lens within the eyepiece field of view (FOV). For in vivo experiments, 
the mouse was mounted on a tilt/tip platform and was adjusted below the 10×/0.45NA objective 
until the top surface of the GRIN lens was in focus. We then translated the mouse until the 
GRIN lens occupied the same position as recorded during the in vitro alignment. For doublet 
GRIN lenses, alignment was established using the 10×/0.45NA objective due to its smaller 
depth of field; this objective was then replaced by the 4×/0.2NA objective prior to imaging.  

3.2.2 Characterization of GRIN lens under Gaussian beam 
To evaluate the imaging qualities of GRIN lenses, 2-µm-diameter fluorescent beads were 

fixed on a coverslip and immersed in water below each GRIN lens. With the distance between 
the microscope objective and the GRIN lens fixed, we moved the bead sample axially until the 
beads were in focus. The distance between the microscope objective focus and the GRIN lens 
top surface was defined as image working distance (WD), while the distance between the 
bottom surface of the GRIN lens and the bead sample was measured and defined as the sample 
WD (Fig. 5B). Such measurements informed on the axial focal shifts inside the brain while the 
brain and the implanted GRIN lens were moved together axially during in vivo imaging 
experiments. At each sample/image WD, we measured the axial full width at half maximum 
(FWHM) of the 2-µm beads at the center of the FOV, and this measurement served as an 
indicator of spatial resolution. The optimal GRIN lens should have small axial FWHM, or 
equivalently, high resolution over a large FOV (with the edges of the FOV defined as where 
fluorescence signal from 2-µm-diameter beads dropped to 10% of the signal at the FOV center).  

In total,10 commercially available GRIN lenses (GRINTECH GMbH, Inscopix, Go!Foton) 
were characterized (Fig. 6A). Prior to the experiment, precise alignment of each GRIN lens was 
completed as described above. For doublet GRIN lenses with 0.19 NA on the image side and 
0.5 NA on the sample side, data were collected with the image WD within a 2000 µm range 
(Fig. 6B, C). For singlet GRIN lenses, data were collected with the image WD within a 400 µm 
range (Fig. 6B, C). For all the GRIN lenses tested, the sample WD versus image WD followed 
a linear relationship with a fitted slope k. For in vivo experiments, the change of the sample 
WD (i.e., focal shift in the brain), Δ𝑑𝑑𝑠𝑠𝑠𝑠𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠, was calculated as Δ𝑑𝑑𝑠𝑠𝑠𝑠𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘 ⋅ Δ𝑑𝑑𝑖𝑖𝑥𝑥𝑠𝑠𝑖𝑖𝑠𝑠, where 
Δ𝑑𝑑𝑖𝑖𝑥𝑥𝑠𝑠𝑖𝑖𝑠𝑠 is the change of image WD (e.g., the axial shift of the brain and the GRIN lens, Fig. 
5B) and 𝑘𝑘 is the slope determined by fitting the image WD and sample WD relationship (Fig. 
6C).  



Chapter 3: High-throughput microendoscopy for deep brain volumetric imaging      14 
 

Of the ten GRIN lenses tested (Fig. 6), three were found to have the best axial FWHM – 
FOV combinations (green rectangles, Fig. 6): a 1-mm-diameter, 8.1-mm-long doublet GRIN 
lens with 370-µm-diameter FOV (“1-mm doublet”, GRIN No. 4); a 0.5-mm-diameter, 9.9-mm-
long doublet GRIN lens with 220-µm-diameter FOV (“0.5-mm doublet”, GRIN No. 5); and a 
1-mm-diameter, 4.4-mm-long singlet GRIN lens with 510-µm-diameter FOV (“1-mm singlet”, 
GRIN No. 6). For all three GRIN lenses, the axial FWHMs were below 15 µm over most of the 
sample/image WDs, substantially less than the other GRIN lenses tested (but still larger than 

Figure 6. Characterization of ten GRIN lenses.  (A) Factory information and field of view (FOV) sizes of ten GRIN lenses. 
(B) Maximal intensity projections of 3D image stacks of 2-m-diameter fluorescent beads obtained under conventional 
Gaussian focus scanning mode (3D stack was required due to field curvature). Scale bar: 100 m. (C) Top panel: the 
axial full width at half maximum (FWHM) of 2-m-diameter beads at different image working distance (WD). Bottom 
panel: measured (black dot) relationship between image WD and sample WD, with k being the slope of a linear fit (blue 
line).   
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the diffraction-limited value at 0.5 NA, 6.3 µm, indicating the existence of intrinsic aberrations). 
In addition to these best performing lenses, we chose an additional GRIN lens for further 
characterization, a 0.5-mm-diameter, 7.1-mm-long singlet GRIN lens with 310-µm-diameter 
FOV and an axial FWHM between 18 µm and 32 µm (“0.5-mm singlet”, red rectangle, Fig. 6, 
GRIN No. 10). Even though it had larger aberrations, this GRIN lens had the lowest cost of all 
GRIN lenses tested and the largest FOV for 0.5-mm-diameter GRIN lenses. These four GRIN 
lenses (Fig. 6C) were selected for further experiments.  

3.2.3 Characterization of GRIN lens under Bessel beam 
Applying different binary phase patterns to the SLM in the Bessel module13, we generated 

axially extended foci of varying NAs and discovered that Bessel foci of 0.3 NA had the best 
performance, yielding higher quality images of fluorescent beads both in the center and towards 
the edges of the FOV (Fig. 7). By changing the incident beam size onto the SLM, the axial 
FWHM of the Bessel focus could be easily adjusted from 40 µm to 120 µm. Furthermore, we 
found 0.3-NA Bessel foci to have higher lateral resolution than 0.5-NA Gaussian foci20,30 at the 
center of the FOV, as indicated by the lateral point spread functions measured from 0.2-µm-
diameter fluorescent beads (Fig. 8) as well as superior performance when imaging 2-µm-
diameter fluorescent beads away from the FOV center (Fig. 7).  

For all four GRIN lenses selected for further characterization, Bessel foci consistently 
resolved 2-µm-diameter beads at the center of their FOV (Fig. 9, Fig. 10). Their FOV sizes, 
when compared to those of Gaussian foci, varied among different GRIN lenses. For the three 
GRIN lenses of good quality, the image FOVs obtained with Bessel foci were larger than (1-
mm doublet, Fig. 10A; 1-mm singlet, Fig. 9A) or equivalent to (0.5-mm doublet, Fig. 9B) those 
of Gaussian foci. For example, the 1-mm doublet had a 390-µm-diameter FOV for a Bessel 

Figure 7.  0.3-NA Bessel foci achieve better imaging 
performance than 0.4-NA Bessel foci. (A,B) Images of 
2-μm-diameter fluorescent beads obtained with  
Bessel foci of 0.3 NA, 51-µm axial FWHM and 0.4 NA, 
45-µm axial FWHM, respectively. Insets show 
enlarged views of beads at FOV center (green 
squares). (C,D) Enlarged views of beads away from 
the FOV center (cyan squares in A and B). Scale bar: 
20 µm. 
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focus of 53-µm axial FWHM, which was larger than the 370-µm FOV of the Gaussian focus 
(Fig. 10A, B, C).  In contrast, for the 0.5-mm singlet with poorer imaging performance, a Bessel 
focus of similar axial length had its FOV slightly reduced when compared to that of the 
Gaussian focus (Fig. 10 D, E, F).  

Furthermore, within the FOV for both Gaussian and Bessel foci, the GRIN lenses of higher 
quality (Fig. 9A, Fig. 10A) provided more uniform excitation efficiency than the GRIN lens 

Figure 9 Bessel focus scanning produces superior imaging 
performance to Gaussian focus scanning. (A) Through a 1-
mm-diameter singlet GRIN lens, Bessel focus scanning has a 
larger FOV and resolves 2-µm-diameter beads at the central 
FOV.  (B) Through a 0.5-mm-diameter doublet GRIN lens, 
Bessel focus scanning has similar FOV to Gaussian focus 
scanning and resolves 2-µm-diameter beads at the central 
FOV.  Insets: zoomed-in views of beads at FOV centers 
(green squares) indicate that Bessel foci have higher lateral 
resolution than Gaussian foci. Scale bar: 60 µm in (A); 20 µm 
in (B). 

Figure 8. 0.3-NA Bessel foci have higher 
lateral resolution than 0.5-NA Gaussian 
foci through GRIN lenses. (A,B) Lateral 
point spread functions (PSFs) of 0.3-NA 
Bessel foci (axial FWHM: 57 µm) and 0.5-
NA Gaussian foci measured with 0.2-µm-
diameter fluorescent beads through 1-mm 
and 0.5-mm doublets, respectively, at 0 
µm image WD. PSFs along x and y 
directions were fitted with a normalized 
Gaussian function. (C,D) Bessel foci have 
narrower lateral PSFs than Gaussian foci 
across the full range of image WDs tested 
(-1000 µm to 1000 µm) for 1-mm and 0.5-
mm doublets. FWHMs: mean ± standard 
errors of 6-11 measurements. Sample size 
depends on the number of isolated beads 
in the acquired images. P values:  non-
paired t-tests. 
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with lower imaging quality (0.5-mm singlet, Fig. 10D), as indicated by the variation of 2-µm-
diameter bead signal across the FOV (cf., Fig. 10C, F). This rapid decrease of bead signal from 
the center in the 0.5-mm singlet GRIN lens (Fig. 10F) was caused by its larger off-axis optical 
aberration, as demonstrated by the signal and the 3D image profiles of 2-µm beads located at 
the center (cyan squares, Fig. 10A, D) or closer to the edge of the FOV (~85 µm from center, 
magenta squares, Fig. 10A, D) taken with Gaussian foci. At the center of the FOV (upper panels, 
Fig. 10G, H), the aberration modes of both 1-mm doublet and 0.5-mm singlet were dominated 
by spherical aberrations. The circular symmetry of spherical aberrations made them minimally 
degrade the imaging quality of the Bessel focus formed by annular illumination. As a result, we 
found the measured lateral FWHMs of the Bessel foci (0.93-1.27 µm, Fig. 8)  to be similar to 
their diffraction-limited value (1.06 µm) 23, whereas the lateral resolution of the Gaussian foci 
(measured FWHMs: 1.02-1.47 µm, Fig. 8, diffraction-limited value: 0.78 µm) were 
substantially degraded by aberrations. Away from the FOV center, the 3D bead profile obtained 

Figure 10. Higher quality GRIN lenses produce superior images with both Gaussian and Bessel foci.  (A) Images of 2- μm-
diameter fluorescent beads obtained with a 0.5-NA Gaussian and a 0.3-NA Bessel focus, respectively, through a 1-mm-diameter 
doublet GRIN lens. Insets: zoomed-in views of beads at the FOV center (green square). (B) Axial intensity profiles of the Gaussian 
and Bessel foci used in (A). (C) Signal variation across FOVs in (A); horizontal orange line indicates 10% of signal at the center, 
thus the border of the FOV. (D-F) Same measurements as (A-C), but for a 0.5-mm-diameter singlet GRIN lens of inferior imaging 
quality. (G, H) Gaussian image stacks of beads (upper panel) at FOV center (cyan square in A and D) and (lower panel) away 
from FOV center (purple square in A and D, 82 µm and 89 µm from center), respectively. Scale bars: 20 μm in (A, D), 2 μm in 
(G, H). 
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through the 1-mm doublet maintained similar characteristics to the profile at FOV center, 
suggesting a similar domination of spherical aberrations (lower panels, Fig. 9G). In contrast, 

Figure 11 Bessel focus scanning improves imaging throughput and lateral resolution of two-photon fluorescence 
microendoscopy in fixed brain tissue. (A) Left: GABAergic neurons in a 370 × 370 × 55 µm3 volume color-coded by depth, 
imaged via 12 2D scans of a Gaussian focus through GRIN No. 4. Right: A single 2D scan of a Bessel focus imaged all the 
neurons. Post-GRIN lens power: 20 mW for Gaussian, 41 mW for Bessel.  (B) GABAergic neurons in a 220 × 220 × 60 µm3 
volume imaged through GRIN No. 5: 13 2D scans of a Gaussian focus (21 mW) and a single 2D scan of Bessel focus (55 
mW). (C) GABAergic neurons in a 510 × 510 × 70 µm3 volume imaged through GRIN No. 6: 15 2D scans of a Gaussian 
focus (13 mW) and a single 2D scan of Bessel focus (50 mW). (D) Pyramidal neurons and their neurites across a 510 × 510 
× 72 µm3 volume imaged through GRIN No. 6: 19 2D scans of a Gaussian focus (39 mW) and a single 2D scan of a Bessel 
focus (100 mW). (E) Pyramidal neuron neurites in a 370 × 370 × 56 µm3 volume imaged through GRIN No. 4: 15 2D scans 
of a Gaussian focus (45 mW) and a single 2D scan of Bessel focus (94 mW). (G): Pyramidal neuron dendrites in a 220 × 
220 × 56 µm3 volume imaged through GRIN lens No. 5: 15 2D scans of a Gaussian focus (34 mW) and a single 2D scan of 
a Bessel focus (95 mW). (F, H) Zoomed-in views of dendrites from the cyan boxes in (E, G). White arrowheads indicate 
dendritic spines that were more easily visualized by Bessel focus. Scale bar: 60 µm. 
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the off-axis aberrations of the 0.5-mm singlet GRIN lens bore strong characteristics of 
astigmatism (lower panels, Fig. 10H), which deteriorated the quality of the Bessel focus more 
than the Gaussian focus. Therefore, the relative FOV change of Bessel versus Gaussian modes 
was correlated with the optical aberrations present in the GRIN lenses, with Bessel imaging 
mode performing better in GRIN lenses with higher imaging qualities.  

By carefully characterizing the imaging performance of the four selected GRIN lenses, we 
found that Bessel focus scanning improves the lateral resolution at the FOV center while 
providing a comparable, if not larger, FOV compared to conventional Gaussian imaging. These 
four GRIN lenses have different diameters, lengths, resolutions, FOVs, are suitable for 
experiments with different goals, and can give us access to different structures throughout the 
mouse brain. For both Bessel and Gaussian modes, if budget and space allow, higher quality 
GRIN lenses should always be utilized to achieve optimal imaging performance.  

3.4 Bessel focus scanning improves microendoscopic imaging throughput with 
synaptic lateral resolution in brain tissues  

After characterizing these GRIN lenses with fluorescent beads, we tested their imaging 
performance on fixed brain tissue. Two types of samples were imaged: coronal cortical sections 
from Gad2-ires-Cre mice transduced with AAV-Syn-Flex-GCaMP6s, providing expression of 
GCaMP6s in GABAergic neurons, and coronal cortical sections from Thy1-GFP-M mice, 
which provide sparse labeling of pyramidal neurons with GFP. Scanning 0.3-NA Bessel foci 
with axial FWHM ranging from 53 to 68 µm, we improved microendoscopic imaging 
throughput substantially while maintaining lateral resolution and FOV through all three best-
performing GRIN lenses (Fig. 11). For the 1-mm singlet (Figure 7C, D), a single 2D scan using 
a 0.3-NA, 68-µm-axial-FWHM Bessel focus captured all 233 interneurons distributed across a 
510 µm × 510 µm × 70 µm volume, which required 15 scans of the Gaussian focus to cover 
(Fig. 11C). Similarly, without compromise in lateral resolution, Bessel focus scanning through 
this same GRIN lens imaged a 510 µm × 510 µm × 72 µm volume of somata and neurites of 
sparsely labeled pyramidal neurons that otherwise required 19 Gaussian 2D planes to image 
(Fig. 11D). For both 1.0-mm and 0.5-mm doublets (Fig. 11E-H), the significantly higher lateral 
resolution of the 0.3-NA Bessel foci allowed dendritic spines of the pyramidal neurons to be 
more easily visualized in the Bessel images than in the Gaussian image stacks (white 
arrowheads, Fig. 10F, H). These data demonstrate that Bessel focus scanning improves imaging 
throughput of two-photon fluorescence microendoscopy by at least 10× while improving lateral 
resolution and producing sharper images of synapses in brain tissue.  

3.5 In vivo volumetric microendoscopic imaging of synapses with Bessel focus 
scanning   

We next tested the performance of our volumetric microendoscopic imaging method in the 
mouse brain in vivo. A polyimide cannula31 was implanted into brains of Thy1-GFP-M mice, 
in order to hold the 1-mm doublet GRIN lens above the CA1 region of the hippocampus during 
imaging sessions (Fig. 12). To image the brain at different depths, we moved the animal with 
the implanted GRIN lens axially, thus changing the image WD. The axial shift of the focus 
within the brain was then calculated from the relationship between the image and sample WDs 
as characterized independently with beads (Fig. 6C).   
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In these mice, GFP was expressed in a sparse subset of CA1 pyramidal neurons, which 
allowed us to test for the ability of our microendoscopy system to image somata, dendrites, and 
axons, as well as their synaptic terminals in vivo. A volume of 370 µm × 370 µm × 53 µm 
obtained by scanning the Gaussian focus over 14 2D planes was imaged by a single 2D scanning 
of a Bessel focus (NA = 0.3, axial FWHM = 53µm, Fig. 12A).  Similar to the results in the 
fixed brain slices, all somata and neurites within this volume were imaged by 2D scanning the 
axially elongated Bessel focus, which also provided superior lateral resolution over the 
Gaussian focus and allowed dendritic spines to be more readily detected in vivo (cf., white 
arrowheads, Fig. 12B). Moving the animal and GRIN lens down by 400 µm shifted the focus 
upward by 70 µm into a more dorsal layer of the hippocampus, where the structures were 
dominated by neuronal processes of the CA1 neurons. Bessel focus scanning again provided 
sharper volumetric images of axonal boutons and dendritic spines (Fig. 12C, D). Combined 
with the increase of imaging throughput, two-photon fluorescence microendoscopy coupled 
with the Bessel module is clearly a more advantageous way to image deeply buried albeit 
sparsely labeled brain structures at synaptic resolution.  

3.6 Volumetric imaging of population dynamics of lateral hypothalamic GABAergic 
neurons during different metabolic states 

Two-dimensional scanning with a Bessel focus can also be used to monitor population 
activity dynamics of neurons distributed in 3D within deeply buried nuclei in vivo. In addition 

Figure 12 Bessel focus scanning allows volumetric microendoscopic imaging of dendritic spines and axonal boutons in 
mouse hippocampus in vivo. (A) Left panel: Hippocampal neurons and neurites within a 370 µm × 370 µm × 53 µm volume 
color-coded by depth, imaged via 14 2D scans of a Gaussian focus through a 1-mm-diameter doublet GRIN lens. Right panel:  
Image obtained by a single 2D scan of a Bessel focus (NA: 0.3, axial FHWM: 53 µm).  Post-GRIN lens power: 46 mW for 
Gaussian, 84 mW for Bessel. Images WD: 0 µm. (B) Zoomed-in views of dendritic spines and axonal boutons within the cyan 
box in (A). (C) Left panel: Hippocampal axons and dendrites within a 370 µm × 370 µm × 45 µm volume color-coded by 
depth, imaged via 11 2D scans of a Gaussian focus. Right panel:  Image obtained by a single 2D scan of the Bessel focus.  
Post-GRIN lens power: 60 mW for Gaussian, 110 mW for Bessel. Images WD: 400 µm. (D) Zoomed-in views of dendritic 
spines and axonal boutons within the cyan box in (C). White arrowheads point to dendritic spines. Scale bar: 20µm. 
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to increased image throughput, the axial extension of the Bessel focus also makes the 
microendoscopic imaging process resistant to axial-motion-induced artifacts13,14. As an 

Figure 13. High-throughput 
functional imaging via Bessel 
focus scanning enables 
monitoring of 3D population 
dynamics of GABAergic 
neurons in lateral 
hypothalamus during 
different metabolic states. 
(A, B) In two mice, Gaussian 
stacks were taken for neurons 
in a 310 µm × 310 µm × 63 µm 
volume (top panels, color-
coded by depth), followed by 
functional volumetric 
imaging using Bessel focus 
scanning for 30-minutes to 
record spontaneous activity 
from these neurons at the 
ends of dark and light cycles 
(bottom panels show the 
time-averaged images). Post-
GRIN lens power: 70 mW for 
Gaussian; 115 mW for Bessel; 
Axial FWHM: 19 µm for 
Gaussian; 63 µm for Bessel. 
Scale bar: 20 µm. (C, D) ∆F/F 
calcium transient traces of 
neurons outlined in A and B, 
respectively. (E) Raster plots 
of ∆F/F from all identified 
neurons in Mouse 1, sorted by 
their activity at the end of 
dark cycle. (F) Correlation 
coefficient (R) matrices 
between ∆F/F traces from all 
neuron pairs in E. (G-H) 
Raster plots and R matrices 
for Mouse 2.  (I, J) Histograms 
of activity (integral of ∆F/F 
traces) and R. Dashed lines: 
medians. (K) Notched box 
whisker plots of neuronal 
activity and R, showing 
statistically significant 
differences in neuronal 
activity and their correlation 
at the ends of dark and light 
cycles (non-paired t-test). 
Outliers highlighted in the 
box-whisker plots were 
included in the statistical 
analysis. 
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example, we applied Bessel focus scanning microendoscopy to study the population activity of 
GABAergic neurons in the lateral hypothalamus (LH) of awake mice during native metabolic 
conditions that mimicked hunger and satiety. 

 With the LH located ~5 mm below the dorsal surface of the brain and our goal of studying 
cellular-level population activity, we chose to use the 0.5-mm singlet GRIN lens, because it had 
less insertion damage while providing cellular resolution over a relatively large FOV. A Cre-
dependent GCaMP6s adeno-associated virus (50 nl AAV2/1-Syn-Flex-GCaMP6s) was injected 
and GRIN lenses were implanted into the LH of Vgat-Cre mice to visualize calcium activity in 
GABAergic neurons of the LH. One month after surgery, the GCaMP6s-expressing neurons 
were imaged during two sessions daily with 10 hours between sessions to record neuronal 
activity. One set of imaging experiments was carried out at the end of the light cycle, which is 
a period of increased motivation to eat; the other set was performed at the end of the dark cycle, 
when mice are usually sated and have decreased motivation to eat. We waited for three days 
before repeating the experiments to avoid any imaging-induced disruption of feeding and to 
ensure that mice returned to normal food intake schedules. During each imaging session with 
head-fixed awake mice, we recorded serial 3D scans with a Gaussian focus (axial FWHM 19 
µm) to obtain anatomical information. We subsequently used a Bessel focus (axial FWHM 63 
µm) to record the calcium transients from all the GABAergic neurons (N = 43 and 51 neurons 
in Mouse 1 and 2, respectively) across a 310 µm × 310 µm × 63 µm volume for 30 minutes. 
With the absence of axial motion artifacts, the imaging data only needed to be registered in 2D, 
first with the TurboReg plugin32 in Fiji33,34 to correct rigid lateral motions, then by a non-rigid 
lateral motion correction method for optimal registration results35. ROIs corresponding to the 
somata of GABAergic neurons were then segmented by hand, and their corresponding calcium 
transients were extracted from the time-lapse data and quantified as ∆F/F (fluorescence change 
divided by baseline fluorescence signal).  

Although the neuronal recordings were taken during different experimental sessions that 
were hours and days apart with mice freely behaving in between, the same neurons could be 
identified and tracked across sessions both in Gaussian stacks and Bessel images for each mouse 
(Fig. 13A, B). This enabled us to directly compare the activity of the same neurons across 
different sessions while the animal was under distinct metabolic states (Fig. 13C-K). We found 
that these GABAergic neurons exhibited frequent, mostly synchronous activity during both 
ends of light and dark cycles, as indicated by representative traces of calcium transients from 
selected neurons (Fig. 13C, D). When mice were imaged at the end of light cycles, we observed 
increased activity, which was corroborated by quantitative analysis using the calcium transients 
from all detected neurons (Figs. 13E, G). The activity of each neuron was quantified as the 
integrated value of its ∆F/F curve, while the activity synchrony between two neurons was 
calculated as the correlation coefficient (R) of their ∆F/F traces (Fig. 13F, H). For both mice, 
the population activity and synchrony of these GABAergic neurons increased significantly from 
the end of dark cycles to the end of light cycles, i.e., from a satiety-like state to a hunger-like 
state (175 neurons, 3820 correlation coefficients, non-paired t-test, Fig. 13I-K). As 
demonstrated in this example, 2D Bessel focus scanning microendoscopy enables high-
throughput, simultaneous 3D imaging and subsequent analysis of population dynamics in 
deeply buried brain structures.   
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3.7 Conclusion and discussion 

Volumetric imaging of neurons and neuronal activity at high spatial and temporal 
resolution is crucial to study information processing of neuronal circuits. Deeply buried brain 
nuclei can now be accessed optically via microendoscopy through micro-optical probes 
embedded in the brain. For structures such as hippocampus and dorsal lateral geniculate nucleus 
36-38, a cannula with a glass bottom can be embedded to provide optical access after the removal 
of overlying tissue, and a microscope objective with a long working distance can be used for 
imaging. Such an approach, however, is only applicable to more superficial structures. For 
deeper structures, providing optical access for a conventional microscope objective requires too 
much tissue removal. For example, to image the lateral hypothalamus, which is 5 mm from the 
top surface of the mouse brain, passing the light cone of a 0.5-NA microscope objective requires 
22 mm3 of brain tissue to be removed, whereas an embedded 0.5-mm-diameter GRIN lens only 
displaces 1 mm3 of brain tissue. Therefore, microendoscopy employing GRIN lenses is the 
preferred method for imaging deep nuclei of the brain. In both cases, care must be taken to 
ensure that inflammation has abated before imaging starts and that the physiology of the 
structures of interest is minimally affected by tissue removal or displacement.   

Existing implementation of microendoscopy suffers from low resolution and/or low 
throughput. By scanning an axially elongated Bessel focus through selected commercially 
available GRIN lenses, we addressed both the issues of resolution and throughput. The 
intrinsically higher lateral resolution of Bessel foci allowed us to resolve dendritic spines and 
axonal boutons both ex vivo and in vivo, while improving imaging throughput up to 19×.  

The axially extended two-photon fluorescence excitation in Bessel focus scanning 
microendoscopy also makes the imaging process immune to axial motion artifacts and allowed 
us to obtain high-quality functional imaging data from awake behaving mice without having to 
resort to complex post-processing. Because more energy is distributed in the side rings of a 
Bessel focus, the average power of the excitation light was increased by 1.5–4×, which remains 
within the safe range for two-photon fluorescence microscopy39. Although we only 
demonstrated the applications in relatively sparsely labeled samples, Bessel focus scanning 
microendoscopy can also be applied to more densely labeled samples, and computational 
methods40-42 can be used to demix activity from overlapping neurons. Finally, because Bessel 
focus scanning modules13,14 can be added to existing microendoscopy setups without additional 
changes in data acquisition software, we expect this method to be easily adoptable for high-
throughput synaptic resolution volumetric imaging of deep brain structures.  
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Chapter 4: Data analysis in two-photon Bessel focus scanning 
microscopy 

4.1 Introduction 
Due to the high throughput of Bessel-focus scanning technology, a data analysis method 

that can automatically and accurately extract activities from the large number of neurons 
covered in a single recording will be highly beneficial. Besides, due to the axial projection of a 
3D volume during data acquisition, an ideal method should be able to effectively remove 
neuropil contamination and demix activities from overlapping neurons. Additionally, at large 
imaging depth (e.g. beyond 600 μm below skull) in opaque samples such as the mouse brain, 
high excitation power dumped into the tissue leads to out-of-focus excitation which contributes 
to a fluctuating background that will need to be eliminated from the output neural activities. 
Finally, the output from the analysis method should match the physiological shapes and sizes 
of the neurons, with flexibilities to be adapted for different data applications.  

Several methods have been developed to automatically segment spatial footprints of 
neurons, e.g. principal/independent component analysis (PCA/ICA) or constrained non-
negative matrix factorization (CNMF)41-44.  Linear matrix factorization methods such as 
PCA/ICA fail to demix signals from overlapping sources effectively. Taking ICA as an example, 
the method aims at generating outputs (neurons) whose temporal dynamics are as independent 
from each other as possible. When overlapping pixels of distinct neurons are included in the 
output, a linear operation fails to decorrelate the outputs, since the output is just the weighted 
sum of the pixel values involved. As a result, ICA has to discard these overlapping pixels to 
meet the independence requirements. In contrast, CNMF performs a non-linear factorization 
operation on the raw data, which in principle has the ability to demix overlapping sources. 
Therefore, the data analysis approaches in Bessel-focus scanning multiphoton microscopy 
discussed in this thesis are all based on CNMF.  

4.2 Basic pipeline of CNMF 
As schematized in Fig. 14, CNMF will output spatial footprints (A) and temporal dynamics 

(C) of the detected neurons, with sparsity constraints on both the density of neurons and 
frequency of activities. Considering the sacrificed axial resolution in Bessel focus scanning 
two-photon microscopy, CNMF-E, a pipeline adapted from vanilla CNMF for endoscopic data 
that is characteristic of a low axial resolution and high background signal42 is chosen as the 
basic model. Furthermore, to ensure accurate output for specific applications, two steps in the 
processing pipeline need to be selected or modified accordingly: initialization and background 
modeling.  

Original CNMF-E initializes the data based on correlation. As depicted in Figure 15A 
(inset), the correlation coefficients between each pixel and its surroundings are calculated. 
When the pixel is part of a neuron (red pixel), its fluorescence intensity rises together with its 
neighbors (yellow pixels) when the neuron fires action potentials, thus a high correlation 
coefficient will be observed. In contrast, a low correlation coefficient will be obtained in the 
background (white pixel and black surrounding pixels) where the fluctuation is caused by noise, 
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out-of-focus excitation, and neuropil contamination. In principle, peaks in the correlation image 
should correspond to the centers of neurons, and will be identified as the initialized ROIs by 
the pipeline. However, this initialization method fails in certain cases and requires 
modifications before it can be successfully applied to our data.  

When it comes to background modeling, a basic assumption is the background fluctuation 
is composed of sources with much larger spatial footprints and lower density compared with 
the neurons.  Therefore, as presented in Fig. 14, CNMF-E models the background with two 
low-rank matrices, U and V, modeling the background fluctuation, and a matrix B0 modeling 
the baseline. The basic factorization principle is inherited for all of our applications, although 
slight modifications are made for certain datasets.  

4.3 Data analysis in mesoscale calcium data of mouse brain (adapted from Ref. 16) 
By incorporating a volumetric imaging module into a two-photon fluorescence microscope 

large FOV, large FOV imaging can be upgraded to large volume of view imaging. For example, 
a Janelia mesoscope 12 equipped with a Bessel beam add-on module enabled rapid volumetric 
imaging of neural activity over the mesoscale16, allowing measurements of very large neural 
ensembles over multiple cortical areas simultaneously. To demonstrate the technology, we 
studied spontaneous activity of cortical GABAergic neurons, which are intrinsically sparsely 
distributed in the mouse brain, in a head-fixed quietly awake Gad2-IRES-cre mouse in the dark. 
Previous work reported that the spontaneous activity of some inhibitory neurons are highly 
correlated with the arousal level13,45,46. Such correlated activity, however, was only observed in 
tens of neurons within a small region of a single cortical area. Here, we monitored spontaneous 
activity of GABAergic neurons spanning multiple brain areas, including the primary visual 

Figure 14 Schematics of CNMF pipeline.  Raw data, which has T frames of images of M by N pixels, is first transformed 
into a 2D matrix F with d (M x N) rows and T columns, where each 2D frame is reshaped into a single column of numbers. 
F is then factorized into three matrices, A, C and B. A has K columns, where each column represents the spatial footprint 
of one detected neuron. Each column in A has d components and can be reshaped into a 2D image where all pixels except 
pixels inside the spatial footprint of the neuron are 0. Matrix C has K rows, where each row contains the temporal 
dynamics of the detected neuron. B is the background matrix that can be further factorized into U, V, and B0, which are 
the spatial footprints, temporal fluctuations, and the constant baseline of the background components, respectively. 
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cortex (V1), the anteromedial visual area (AVA), the posterior parietal association areas 
(PPAA), and somatosensory area. The mouse’s pupil was closely tracked throughout the 
recordings and used as an indicator of arousal level.  

In cortex, because the GABAergic neurons are relatively sparsely distributed, within 100 
µm thick cortical tissue we detected minimal somatic overlaps in the projected images of 
neurons at different depths (Fig. 16B). Therefore, scanning and then axially translating the 
Bessel focus six times at 100 µm steps allowed us to probe the inhibitory neural activity within 
the entire volume of 3,020 µm × 1,500 µm × 600 µm (50 µm to 650 µm below the dura) at 1 
Hz, a 50× gain in image rate (Fig. 16C). Because subpopulations of these cytosolic-GCaMP6s-
expressing GABAergic neurons exhibited synchronized activity, we observed highly-correlated 
background fluctuation across the FOV. As a result, we found that correlation-based ROI 
segmentation algorithms40-42,47 failed to detect active neurons with accuracy. As shown in Fig. 
15B, many neurons cannot be distinguished from the background in the correlation image. As 
a result, most ROIs segmented by the original CNMF-E42 (Fig. 15C, D) fell in the background, 
and do not have the correct shapes.  

In contrast, since these neurons were clearly resolved on the intensity image (Fig. 15A), 
we modified the CNMF-E pipeline to segment ROIs based on local contrast of fluorescence 
intensity rather than local correlation and then model the neuropil background with a spatially 
smooth low-rank matrix, which is detailed as follows.   

All in vivo images were registered in 2D with either a piecewise35 or full-frame iterative 
cross-correlation-based rigid motion correction algorithm48. Because neuron shapes here are 
consistently quasi-ellipsoidal and neurons are not densely packed, we can easily use a template-
matching method to detect cell locations and create ROI masks for individual neurons. However, 
the neurons’ activity cannot be simply extracted by averaging pixels within each ROI, because 

Figure 15 Correlation-based initialization failed in data acquired with GABAergic neurons. (A) Time-averaged intensity image. 
Inset: the principle of correlation coefficient calculation. (B) Correlation image. (C) ROIs detected by the original CNMF-E method 
over the correlation image. (D) ROIs detected over the mean-intensity image. 



Chapter 4: Data analysis in two-photon Bessel focus scanning microscopy      27 
 

the background fluctuations are highly correlated with the neural signal (with some correlation 
coefficients higher than 0.7) and individual neural signals are highly correlated as well. We 
developed a simple solution to separate individual neurons’ signals from the background, based 
on the empirical observation that the background is spatially smoother than the shape of a single 
neuron. A related approach can be found in Ref42.  

Figure 16 Mesoscale volumetric functional imaging of GABAergic neuron ensembles within multiple 
cortical areas of an awake mouse. (A) Schematic drawing and two-photon fluorescence images showing FOV 
covering multiple cortical areas (C1–C5). AVA, anteromedial visual area; PPAA, posterior parietal association 
area; V1, primary visual cortex. (B) Maximum intensity projections of six (D1–D6) 100-µm-thick Gaussian 
image stacks covering a 3,020 × 1,500 × 600 µm volume (301 images, 2-µm pixel and z-step). Post-objective 
power = 24–96 mW, increased exponentially with depth. (C) Six Bessel images of the same volume (2-µm 
pixel, 100-µm z-step size). Post-objective power: 36, 51, 70, 99, 120 and 120 mW, respectively. (D) ΔF/F of 
9,247 neurons in D1–D6, sorted by decreasing correlation with pupil area (top trace). In D5 and D6, ΔF/F 
traces were multiplied by 8.0 and 12.0, respectively, to aid visibility.(E) Traces of the pupil area and example 
calcium transients. Blue, red and gray indicate varying correlation with pupil area. (F) Map of correlation 
coefficients for individual neurons. (G) Histogram distribution of correlation coefficients. (H) Mean of 
correlation coefficients of neurons in different cortical areas (top) and depths (bottom). Data were taken 
from n = 1 mouse. 
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We began by estimating the background values of the pixels outside of all neurons’ ROIs 
with a low-rank matrix factorization model, and then filled the background values with neurons’ 
ROIs by interpolating the pixel values on ROI boundaries. The low-rank approximation ensured 
that the background sources have large spatial ranges and the interpolating strategy preserves 
the spatial smoothness of these sources. Once the background was estimated, extracting a single 
neuron’s shape and activity was then simply done by running a rank-1 matrix factorization on 
the background-subtracted data within each ROI. The pipeline with parameters used for Fig. 
16, Fig. 17, and Fig. 18 are summarized below:  

1. Compute the mean image of the video over time and filter the image with a mean-centered 
truncated 2D Gaussian template (gaussian width 𝜎𝜎 = 2.5 pixels and the truncated size is 
10 × 10 pixels). 

2. In the resulting image following step 1, find all pixels that are local maxima within an area 
of 5 × 5pixels. All pixels with values above a manually selected threshold will be selected 
as neuron centers.  

3. Create ROI masks for each neuron by creating a circular region (diameter=10 pixels, 20 
mm) surrounding the identified neuron centers.  

4. Mask all ROIs out from the raw video data 𝑌𝑌 ∈ ℝ𝑑𝑑×𝑇𝑇 (d is the number of pixels and T is 
the number of frames) and fit the model 𝑌𝑌 = 𝑌𝑌𝑜𝑜𝑖𝑖 = 𝑈𝑈𝑈𝑈 + 𝑏𝑏0 ⋅ 𝑳𝑳𝑇𝑇  (note that 𝑌𝑌  has no 
neural signals after we mask all ROIs out) by running a truncated-k (k=3 here) singular 
value decomposition on the masked video data (𝑈𝑈 ∈ ℝ𝑑𝑑×𝑘𝑘,𝑈𝑈 ∈ ℝ𝑘𝑘×𝑇𝑇 ,𝒃𝒃𝟎𝟎 =  𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎(𝒀𝒀) ∈
ℝ𝑑𝑑). Both 𝑈𝑈� and 𝑏𝑏�0 have missing values for pixels inside the ROIs.  

5. Run MATLAB built-in function regionfill to fill the missing values in the estimated 𝑈𝑈� and 
𝑏𝑏�0, and then reconstruct the background signal 𝑌𝑌�𝑜𝑜𝑖𝑖 =  𝑈𝑈�𝑈𝑈�  +  𝑏𝑏�0 ⋅ 𝑳𝑳𝑇𝑇. 

Figure 17 Customized CNMF-E 
pipeline successfully detected 
the neurons and output ROIs 
with correct shapes and 
locations. (A) time-averaged 
intensity image. (B) detected 
ROIs in the initialization step 
based on local-contrast. (C) 
Final output after ROIs with 
incorrect shapes and/or small 
𝛥𝛥𝛥𝛥/𝛥𝛥 (<5%) were deleted.  
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6. Let 𝑌𝑌𝑠𝑠𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 =  𝑌𝑌 −  𝑌𝑌�𝑜𝑜𝑖𝑖. For every detected neuron in step 2, fit a model 𝑌𝑌𝑖𝑖 = 𝒎𝒎𝑖𝑖 ⋅ 𝒄𝒄𝑖𝑖𝑇𝑇  +
 𝑏𝑏𝑖𝑖,0 ⋅ 𝑳𝑳𝑇𝑇  by requiring 𝒎𝒎𝒊𝒊,  𝒎𝒎𝒊𝒊,𝟎𝟎 ∈ ℝ≥𝟎𝟎

𝒅𝒅, 𝑐𝑐𝑖𝑖 ∈ ℝ𝑻𝑻  and 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎(𝑐𝑐𝑖𝑖) =  0 , where 𝑌𝑌𝑖𝑖  is 
constructed from 𝑌𝑌𝑠𝑠𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠  by only selecting pixels in the 𝑖𝑖 -th neuron’s ROI. After we 
process one neuron, we update 𝑌𝑌𝑠𝑠𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 by subtracting 𝑌𝑌�𝑖𝑖 = 𝑏𝑏�𝑖𝑖 ⋅ �̂�𝑐𝑖𝑖

𝑇𝑇  +  𝑏𝑏�𝑖𝑖,0 ⋅ 𝑳𝑳𝑇𝑇. We also fit 
the estimated 𝑏𝑏�𝑖𝑖,0  with a 2D Gaussian function 𝑓𝑓(𝐸𝐸,𝑦𝑦)  =  𝛽𝛽 +  𝛼𝛼 ⋅
𝑏𝑏−(𝑥𝑥−𝑥𝑥0)2/(2𝜎𝜎𝑥𝑥2)−(𝑦𝑦−𝑦𝑦0)2/(2𝜎𝜎𝑦𝑦2)  and delete the neurons with R-squared values (variance 
explained by the model / total variance) smaller than a user-specified value (~0.55); these 
deleted neurons typically have non-neural shapes or can sometimes correspond to merges 
of multiple cell shapes. 

7. Compute 𝛥𝛥𝛥𝛥/𝛥𝛥 for all neurons. Calcium dynamics for the 𝑖𝑖-th neuron without neuropil 
contamination (𝛥𝛥𝛥𝛥 + 𝛥𝛥) is first reconstructed as ∑𝑌𝑌�𝑖𝑖  plus the sum of 𝑏𝑏�0 within the 𝑖𝑖-th 
neuron’s ROI. We then determine 𝛥𝛥𝛥𝛥 and 𝛥𝛥 from the reconstructed traces.  

For the most part, the extracted ∆F/F does not include surrounding neuropil activity, due 
to the background subtraction described above. However, signal contamination by out-of-focus 
excitation of fluorescence structures near the cortical surface constituted a time-invariant 
additional background signal, which was absorbed into the baselines (F) of detected ROIs and 
remained throughout the processing pipeline. As this out-of-focus background fluorescence 
increased exponentially with imaging depth, neurons in 450 – 650 µm depth had artefactually 
small ∆F/F values (Fig. 16C, D), which nevertheless did not affect the correlation computation, 
or the conclusions related to the data shown in Fig. 16. Taking the dataset in Fig. 17 as an 
example, the initialization step (Fig. 17B) accurately located the neurons in the time-averaged 

Figure 18 Comparison of neuropil subtraction 
methods. ΔF/F of calcium transients of the same 
9,247 neurons in Figure 3 calculated after 
neuropil subtraction using (A) CNMF-E method 
and (B) the standard method of using signal 
from neighboring pixels as neuropil 
contribution. (C) Correlation coefficient 
distributions of the calcium traces for neurons in 
different cortical depths range.  
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intensity image (Fig. 17A), and the Gaussian template successfully constrained the shapes of 
most initialized ROIs to be ellipsoidal. After the ROIs with bad Gaussian fitting (in step 6 above) 
or 𝛥𝛥𝛥𝛥/𝛥𝛥<5% were deleted, the final output of this pipeline was generated (Fig. 17C).  

 The customized CNMF-E method detected 9,247 active neurons within this volume and 
extracted their calcium transients without background neuropil activity (Fig. 16D). Although it 
is obvious that the locations of the detected ROIs fit well with the original data (Fig. 17C), the 
neuropil or background subtraction needs further validation. To validate the automatic neuropil 
subtraction approach employed here, we compared these calcium transients with those obtained 
with the more established method of neuropil subtraction, where fluorescence signal from 
pixels surrounding each ROI was used to calculate neuropil contribution49. We found that the 
calcium transients calculated for the same neuron show high correlation coefficient across all 
depths, indicating that our CNMF-E pipeline produced very similar traces to those from the 
standard method of neuropil subtraction (Fig. 18).  

Across all depths and over all cortical areas, we observed diverse spontaneous GABAergic 
neural activity patterns, with neurons whose activity was positively or negatively correlated 
with pupil area (see Fig. 16E for example ROIs with red and blue traces for highly positive and 
negative correlation, respectively), as well as neurons with spontaneous firings that were un-
correlated with the arousal level (gray traces, Fig. 16E). We visualized the rich spontaneous 
activity distributions by color-coding all 9,247 neurons based on their Pearson correlation 
coefficients (CCs) between their calcium transients and the pupil area (Fig. 16F). A positive 
CC value indicates that the neuron increased its activity during pupil dilation and arousal 
(orange, red neurons); a negative CC value meant that the activity of the corresponding neuron 
decreases when pupil dilates (blue, purple neurons). Within the entire neural ensemble, 16% of 

Figure 19 Analysis on 
GABAergic neuron 
ensemble activity within 
multiple cortical areas of 
an awake mouse using 
manually segmented ROIs. 
(A, B) Same as Fig. 16A, B. 
(C) Calcium transients 
(ΔF/F) of 6,613 neurons in 
the six depth ranges, sorted 
by decreasing correlation 
with pupil area (top trace). 
(D) Map of the Pearson’s 
correlation coefficients (CC) 
for individual neurons, 
color-coded by its CC value. 
n = 1 mouse was used for 
this experiment. 
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neurons exhibited highly correlated (CC>0.4) and 5% highly anti-correlated (CC<-0.4) 
spontaneous activity with arousal (Fig. 16G).  

With the neurons color-coded, some general trends became apparent. From the more 
posterior V1 to the more anterior somatosensory areas, there was an increase of proportion of 
neurons whose activities are positively correlated with arousal. As a result, the average CCs of 
neurons in these cortical areas increased from posterior to anterior (Fig. 16H). For each cortical 
area, there was also a depth-dependence in the CC distributions of these GABAergic neurons. 
At more superficial layers (e.g., 50 – 250 µm below dura), there were larger fractions of highly 
correlated or anti-correlated neurons. In contrast, for GABAergic neurons located in the 
infragranular layers (e.g., 450 – 650 µm below dura), there were much fewer highly anti-
correlated neurons and, to a lesser extent, fewer highly correlated neurons. The net result was 
that deeper interneurons have larger average CCs than the superficial interneurons. Similar 
trends were observed when the same analyses were applied to 6,613 neurons segmented by 
hand (Fig. 19).  

In conclusion, the customized CNMF-E pipeline successfully extracted spontaneous 
activities from large neural ensembles in the mouse brain. The next section of this chapter 
explores the application of CNMF-E in a different animal model, Drosophila, to study stimulus-
evoked responses from neural populations.  

4.4 CNMF-E analysis for odor-driven response in the mushroom body of Drosophila 
Just like the spontaneous rhythm of the brain, in the nervous system, sensory stimuli are 

also represented by activities from populations of neurons. A general feature of sensory systems 
is that the dense representations from broadly tuned peripheral neurons are transformed and 
sparsely coded by the narrowly tuned neurons in higher-order nuclei in the nervous system. 
Drosophila has the best mapped peripheral olfactory code of any organisms50,51. It has been 
known that the drosophila olfactory receptor neurons (ORNs) and the neurons they synapse 
onto, projection neurons (PNs), both respond to a wide range of different odors52. In contrast, 
the small Kenyon cells (KCs) in the mushroom body (MB), an area involved in olfactory 
learning and memory53-57, receive inputs from PNs and are sparsely coded and highly odor-
specific. Therefore, drosophila olfactory system is ideal to study such population coding widely 
observed in neural information processing.  

Although KCs in MB are known to have sparse representations of odor identities, many 
questions still remain to be answered, e.g. whether the tonotopic mapping of peripheral neurons 
will be preserved in KC space, and whether the neural coding in KC space is indeed sparse even 
when sampling from a large pool of neurons and applying a diverse range of odors. Condensing 
these questions into a main challenge one will face when studying population coding in 
drosophila MB: how to accurately probe the activities from a large population of neurons 
simultaneously during a single recording session. Bessel-focus scanning technology is 
especially beneficial for population coding study in drosophila for the following reasons: First, 
due to the small size of KCs, axial motion of the brain can easily cause the objects of interest 
to shift out of focus in conventional two-photon fluorescence microscopy, whereas a Bessel-
beam like focus renders the imaging more resistant to axial motion; Second, several-fold 
increase of system throughput means hundreds of more KCs can be simultaneously probed, and 
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considering the MB has only ~2000 KCs, it is possible to monitor this entire population 
simultaneously at video rate using Bessel focus scanning technology; Third, the non-survival 
surgery to remove the fly cuticle prior to imaging results in a significantly lower success rate 
compared with the chronic craniotomies in rodents, which again requires a high-throughput 
imaging method that allows one to make the most from any successful sample preparation. 

As shown in Fig. 20, a Bessel focus could easily cover the entire drosophila mushroom 
body extending over an 80μm range. To minimize the neuropil contamination and reduce spatial 
overlapping from neurons, KCs here were labeled with nuclear-targeted GCaMP6s. As a 
preliminary demonstration of the technology, three different odorants were applied and the 
odor-driven responses from the KCs were recorded. CNMF-E was then run on the data to 
automatically segment ROIs and extract neural activities.  

However, conventional CNMF-E has the following drawbacks when processing this data 
(Fig. 20B, D):  

(1) CNMF-E tends to draw ROIs over dark background which are likely to be neuropil 
activities caused by GCaMP6s that escaped from the cell nuclei.  

(2) Neuron’s nuclei are circular, whereas the shape of detected ROIs are highly 
heterogenous.  

(3) CNMF-E cannot automatically delete ROIs with non-physiological time constants 
which may correspond to bleaching or noise. These ROIs should be part of the background 

Figure 20  Odor-driven KC activities extracted by improved CNMF-E.  (A) KCs under conventional Gaussian beam imaging 
with depth coded by color. (B)-(E) A single 2D scan of Bessel focus covered the entire volume of KCs cells within a single 
2D scan. (B) (C) ROIs detected by original CNMF-E and improved CNMF-E, respectively. (D) (E) Magnified views of regions 
enclosed by the blue rectangles in (B) and (C), respectively. (E), the output from the improved CNMF-E clearly matches 
the original data better than (D), since it has better neuron shapes and no false positive over the dark background. (F) 
Spatial footprints and temporal traces from example neurons detected.  
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fluctuation. Post-processing deletion of these ROIs can reject them from the pipeline output, 
but fails to correct the background modeling.  

To address the challenges described above, the following modifications to the original 
CNMF-E code was made accordingly:  

(1)  Intensity constraints are added in the initialization step, where instead of using only 
the correlation and peak-to-noise ratio images for the initialization42, the time-averaged 
intensity image is also incorporated.  
In the original CNMF-E, local maxima on the following image are identified as the 
initialized centers of neurons: 𝐼𝐼𝑛𝑛𝑖𝑖𝐼𝐼 = 𝐶𝐶𝑛𝑛 ⋅ 𝐵𝐵𝑁𝑁𝑃𝑃, where 𝐶𝐶𝑛𝑛 is the correlation image, 
𝐵𝐵𝑁𝑁𝑃𝑃 is the peak-to-noise ratio image42.  
In the improved version of CNMF-E: 𝐼𝐼𝑛𝑛𝑖𝑖𝐼𝐼 = 𝐶𝐶𝑛𝑛 ∙ 𝐵𝐵𝑁𝑁𝑃𝑃 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴, where 𝐴𝐴𝐴𝐴𝐴𝐴 is the time-
averaged intensity image first smoothed by a 2D Gaussian filter. Now, the local 
maxima on the 𝐼𝐼𝑛𝑛𝑖𝑖𝐼𝐼 image will need to have high correlation, high peak-to-noise ratio, 
and high local contrast. And as shown in Fig. 20C, E, this method can successfully 
avoid ROI searching in the dark background region.  

(2) Shape constraints are applied by adding a 2D Gaussian fitting step in both initialization 
and iteration steps. The Gaussian fitting is inherited from Ref 16 as in section 4.3.  
Every time when a ROI is detected, the spatial footprint of the corresponding ROI will 
be fitted by a 2D Gaussian function. ROIs with small fitting error and correct size 
require no further processing at this moment. ROIs with large fitting error will be 
discarded and absorbed into the background. ROIs with reasonable fitting error but 
incorrect size will be cropped and pixels outside the specified radius from the fitted 
peak will be dumped into the residual background. The residual background is then 
loaded into the iteration steps to search for neurons remaining in the background.   

(3) Towards the end of the matrix factorization step but before updating the background 
modeling, ROIs with non-physiological time constants are moved from neural outputs 
to the background. In this way, any background fluctuation is accounted for in the next 
background modeling step, which will facilitate the baseline determination and 
calculation of 𝛥𝛥𝛥𝛥/𝛥𝛥.   

As in Fig. 20 B-E, the improved CNMF-E clearly outperforms the original CNMF-E in 
terms of matched ROI shapes and a significantly lower false positive rate.  More than 400 
neurons were found responsive to at least one of the three odorants applied (Fig. 20F). However, 
as in Fig. 20C, most of the neurons remain inactive during the experiments, which implied the 
potential diversity of odorants that can be represented by KCs, and the sparse coding feature in 
the Drosophila MB.  

4.5 Evaluation of signal demixing in CNMF for nuclear-targeted GCaMP6s in mouse 
visual cortex 

Two-photon Bessel-focus scanning microscopic data we have presented to CNMF-E so far 
all contains minimal overlapping due to sparse labeling, and efforts have mainly been made to 
improve the ROI segmentation and background modeling tasks. Unlike modifications 
demonstrated in the previous sections, i.e. adding shape constraints or altering initialization 
criteria, the demixing function of CNMF-E is embedded into the process of matrix factorization, 
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and is much less straightforward to modify without changing the basic CNMF-E framework. 
Nevertheless, demixing is expected to be the most challenging while very powerful function of 
the algorithm, since precisely demixing activities from overlapping neurons potentially enables 
Bessel focus scanning microscopy in densely labeled samples, although its reliability and 
accuracy are yet to be validated.  

To testify the demixing efficacy of the CNMF-E algorithm, responses to drifting gratings 
from neurons in the mouse primary visual cortex (V1) were acquired under both Gaussian and 
Bessel modes. The neurons were labeled with nuclear-targeted GCaMP6s for optimal signal-
to-background ratio and uniform ROI-shapes to simplify the demixing process. Neurons 
monitored under Gaussian mode were manually segmented and their orientation tuning profiles 
were extracted using methods previously developed in lab58. These Gaussian data were taken 
as ground truth. In contrast, recordings acquired under the Bessel mode was first fed into the 
CNMF-E pipeline to go through the automatic segmentation and demixing process. The output 
of CNMF-E was further processed to characterize the neurons’ orientation selectivity in the 
same way as the Gaussian data. Ideally, the matched neurons in Gaussian and Bessel should 
have identical tuning profiles, i.e. the same preferred orientation, comparable ANOVA test p-
value. After the first round of comparison, however, we found cases where a neuron in Gaussian 
cannot find a match in Bessel, or vice versa (data not shown). Therefore, as the initial validation, 
the real Bessel data was replaced with simulated Bessel data, which was generated as the 
average of a few Gaussian stacks acquired at different depths, so that all ROIs correctly detected 
by CNMF-E in the simulated Bessel data should have a matched ground truth ROI (Fig. 21) in 
the single-plane Gaussian data. The averaging process was selected instead of maximum 
intensity projection to simulate the projection effect of a two-photon Bessel focus.  

As in Fig. 21A, this specific simulated Bessel data was generated from 6 Gaussian image 
sections taken at 180μm, 190 μm, 200 μm, 210 μm, 220 μm and 234 μm below dura, and then 
loaded into the CNMF-E pipeline. 429 neurons were detected from the Gaussian stack in total 
and the following analysis was then performed: 

(1) The raw signal without demixing (Fraw) was extracted directly from the simulated 
Bessel data, by averaging all pixels within the spatial footprint of the detected ROI.  

(2) The matched ROI in the ground truth data was located, whose activity was marked as 
FG. In order to locate the matched ROI:  

a. Create a mask for the current ROI from the CNMF-E output for the simulated 
Bessel data, 𝐼𝐼𝑖𝑖 ∈ ℝ𝑀𝑀×𝑁𝑁, where M and N denote the dimension of each frame, i 
is the index of the ROI. Elements within the contour of this ROI equal to 1, 
whereas elements outside the ROI boundary are 0.  

b. Generate masks for all ground truth ROIs, 𝐼𝐼𝑜𝑜 ∈ ℝ𝑀𝑀×𝑁𝑁, j is the index of the ROI 
in the ground truth data and was generated manually. Again, all elements except 
those enclosed within the ROI is 0.  

c. Find the index j, so that: 𝐸𝐸𝑏𝑏𝐸𝐸𝑜𝑜  �𝐼𝐼𝑖𝑖 ∙ 𝐼𝐼𝑜𝑜�1, subject to 
�𝐼𝐼𝑖𝑖∙𝐼𝐼𝑜𝑜�1
‖𝐼𝐼𝑖𝑖‖1

> 0.5  
(‖𝐴𝐴‖1 is the l1 norm of A, which equals to the sum of all its entries if A is 
constrained to be non-negative) 
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d. If a qualified j is found, then the jth ROI from the ground truth data is regarded 
as a match for the ith ROI from the simulated Bessel data, and is excluded from 
the search pool for the (i+1)th or later ROIs. Otherwise, ith ROI from the 
simulated Bessel data is rejected from any further analysis.  

e. Repeat steps a-d for all ROIs from CNMF-E for the Bessel simulated data.  
(3) For each ROI detected by CNMF-E, let FCNMF-E be its temporal activity output from 

CNMF-E, then FCNMF-E, Fraw, and FG were all plotted in the same graph (Fig. 21 G).  
(4) The correlation coefficients between FG and FCNMF-E, FG and Fraw, with Fraw and FCNMF-

E, were calculated as cc1, cc2, cc3, respectively.  

If the demixing function of CNMF-E works effectively,  FCNMF-E should be almost identical 
to FG, and activity crosstalk from overlapping but differently orientation-tuned neurons should 
be removed from the CNMF-E output. As a result, cc1 should be reliably higher than cc2 among 

Figure 21 CNMF-E’s demixing 
function requires further 
optimization.  (A) Simulated 
Bessel data generated by 
average 6 Gaussian stacks 
together. Orange contours show 
the ROIs detected by CNMF-E. 
(B) Projected orientation tuning 
map (color coded by preferred 
orientation). An orientation 
tuning map was generated for 
each single-plane Gaussian 
data, then the orientation tuning 
maps from all Gaussian planes 
were projected together to 
generate this final map. (C) 
Orientation tuning map 
calculated from CNMF-E output 
for simulated Bessel data. 
Simulated Bessel data was 
loaded into CNMF-E, and then all 
ROIs from CNMF-E output were 
fed into the orientation tuning 
analysis pipeline to generate this 
map.(D)(E)(F) Enlarged views of 
regions enclosed by the small 
green rectangle boxes in 
(A)(B)(C), respectively. (G) 
Activities of neurons shown in 
(D)-(F). For each neuron, the top 
black trace is the raw signal. 
Middle panel is the CNMF-E 
output. Bottom panel is the 
ground truth activity from the 
Gaussian data. (H) Summary 
graph of correlation coefficients 
for all 429 neurons in this 
recording session.  



Chapter 4: Data analysis in two-photon Bessel focus scanning microscopy      36 
 

all the detected ROIs. Specifically, when cc3 is low, which means FCNMF-E is significantly 
different from Fraw, cc1 should be significantly higher than cc2 since CNMF-E is expected to 
trim the traces towards the ground truth.  

However, none of the expectations described above was observed. First, some orientation-
tuned neurons are missing when comparing the neural maps color coded by preferred 
orientations in Fig. 21 B, E with the maps in Fig. 21 C, F. The former was generated by 
projecting tuning maps from individual Gaussian planes (ground truth), and the latter was 
generated by directly analyzing the tuning properties of CNMF-E output. There are two possible 
reasons for this observation: the crosstalk from overlapping neurons with different properties, 
and the low signal-to-background ratio in the simulated Bessel data which affects the number 
of ROIs CNMF-E can detected and the number of ROIs passing the threshold of response 
amplitude (10% ∆F/F). Second, taking the three overlapping neurons enclosed by the green 
rectangle boxes in Fig. 21 A-F as an example, it is obvious that the crosstalk appearing in the 
raw signal persists in the demixed result from CNMF-E (Fig. 21G, red boxes), and the CNMF-
E demixing even lowers the traces’ correlation coefficients with the ground truth. Third, among 
all the neurons detected, 180 out of 429 neurons (42%) have higher correlations to ground truth 
after demixng, and the remaining 58% deviate farther away from the ground truth after 
demixing. The mean correlation coefficients before and after demixing are 0.65 and 0.62, 
respectively. As in Fig. 21H, the majority of correlation coefficients with ground truth data 
from the CNMF-E output (solid black line) are below those from the raw signal (gray dashed 
line), especially when the former is smaller than 0.4, suggesting errors in the demixing process. 
Therefore, existing CNMF-E gives worse-than-chance performance in terms of signal demixing 
and requires optimization before application.  

4.6 Conclusions and discussion 
At the circuit level in the mouse brain, we took advantage of a mesoscope equipped with a 

Bessel-focus scanning module and demonstrated simultaneous monitoring of the spontaneous 
activity of >9,000 GABAergic neurons within 600 µm cortical depth of four cortical areas. In 
a drosophila brain, a standard two-photon system with a Bessel focus scanning add-on was 
sufficient to cover and monitor the activities from more than 1000 KCs in the fly’s MB. 
Compared to conventional 3D scanning approaches, Bessel focusing scanning microscopy 
generates information-rich datasets with much smaller sizes, facilitating image processing and 
data analysis, where a pipeline for automatic ROI segmentation and activity extraction is highly 
beneficial. Existing data analysis approaches are powerful41,42,59-61, but require customization 
and optimization for specific datasets. Two different versions of modified CNMF-E42 were 
applied to analyze the mesoscale spontaneous activities of mouse cortical GABAergic neurons, 
and the odor-driven responses of KCs in the drosophila’s MB, respectively, and both 
customized pipelines proved to be successful in terms of ROI segmentation and activity 
extraction.  

Although these two customized pipelines worked sufficiently for the applications involved, 
a pipeline that has more robustness for different data types will be highly beneficial. 
Additionally, despite the previous success in simulation59,60, a careful orientation tuning 
characterization for neurons in mouse V1 showed that the intrinsic demixing function of 
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CNMF-E is not powerful enough for real datasets (Fig. 21). With the recent progress of machine 
learning and deep neural networks, a more reliable demixing approach may come into being 
soon, which can enable high-throughput Bessel focus scanning microscopy in densely labeled 
samples.  
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Chapter 5: A highly-integrated multifunctional two-photon 
fluorescence microscope 

5.1  Introduction and system layout 
5.1.1 Adaptive optics (AO) for in vivo brain imaging 

In many biological samples, even with the most high-end research microscopes, 
diffraction-limited resolution at high NA can rarely be achieved. Especially when we image 
through opaque samples, e.g., a mouse brain, to resolve structures with a size comparable to the 
diffraction-limited resolution or/and at large depths, sample-introduced aberrations must be 
corrected. Adaptive optics62 (AO), originally developed by astronomists to correct for aberrated 
telescope images formed by light waves from distant stars and distorted by the atmosphere 
around the earth, has been applied to biological imaging62-66. Akin to the air masses with 
varying refractive indices in telescope imaging, biological tissues with heterogenous optical 
properties often degrades the wavefront of a traversing light wave in fluorescence microscopy. 

 In all AO systems, the basic instrumentation includes a device to measure the wavefront 
aberrations and a device to shape the light wavefront, i.e., to correct for the aberrations. Methods 
for adaptive optical fluorescence microscopy can be sorted into two categories based on their 
aberration measurement strategies: direct wavefront sensing and indirect wavefront sensing. 
Direct wavefront sensing, the method inherited directly from astronomical telescopes, measures 
the local slopes of the wavefront emitted from a ‘guide star’, using a wavefront sensor, e.g., 
Shack–Hartmann (SH) wavefront sensor. The term ‘guide star’ originates from telescopic 
imaging and refers to a natural star or an artificial one (e.g. by shining a laser into the 
mesosphere)62. In biological samples, however, such 3D confined, isolated, and self-luminous 
objects rarely exist naturally, and the direct wavefront sensing method can sometimes require 
exogenous light-emitting particles to be introduced as a guide star. In contrast, indirect 
wavefront sensing, which measures the wavefront aberration utilizing the images or the signal 
intensity, does not require an additional wavefront sensing device or a ‘guide star’ and can work 
in opaque samples.  

One class of indirect wavefront sensing methods, with similar working principles as an SH 
sensor but utilizing the focusing process of the excitation beam, calculates the local slopes of a 
light wavefront from the displacements of the resulting images. In this method, the back pupil 
of the objective is segmented and illuminated serially62,63. By calculating the displacement of 
images taken through each illuminated pupil segment, the displacement of the corresponding 
light rays, i.e., the local slope of the wavefront can be obtained. This method requires the object 
used for aberration measurement to be well isolated and 3D confined (a well-isolated natural 
structure, or exogenous objects, e.g., injected fluorescent beads), just as the guide star for SH 
sensor based direct wavefront sensing, although the aberration correction pattern after the 
measurement can improve the quality of images taken with densely labeled structures in the 
same sample as well.  

To perform aberration measurement via indirect wavefront sensing using densely labeled 
structures, AO with full-pupil illumination strategy is the method of choice, which will also be 
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the method employed in the system presented in this chapter62,66-68. In this method, the back 
pupil of the objective is still segmented, but instead of being illuminated serially, they are 
illuminated simultaneously, with the phase or intensity of half the segments modulated at 
distinct frequencies 68,69. Such modulations result in fluctuations in the recorded fluorescence 
signal due to the interference between modulated rays and the reference focus formed by the 
stationary segments. The modulation effects from different segments can then be distinguished 
as distinct bands on the Fourier Transform (FT) of the recorded signal. After repeating the 
modulation process under all tip/tilt settings, the local wavefront slope for each pupil segment 
is determined as the tip/tilt combination giving the maximum Fourier amplitude for the 
corresponding frequency band, since maximum interference effect is expected when the 
modulated rays overlap with the reference focus. Then the entire process can be repeated for 
the other half of segments. After the tip/tilt measurement, the same frequency-multiplexing 
principle can be applied to reconstruct the wavefront phase70, where the optimal phase for each 
segment is estimated from the phase of the FT.  

Such multiplexed AO method requires modulations of pupil segments, ideally at high speed. 
SLM, the device commonly used for aberration correction, is too slow for such modulation. 
Therefore, an additional deformable mirror (DM) can be added to the system67 for mere 
modulation, or alternatively, both modulation and correction can be realized by a single high-
speed DM68.  

The single-DM configuration is employed in the system discussed here. The DM has 37 
active segments in total, and each segment has piston, tip, and tilt controls. For phase 
modulation, piston applied to each segment is varied periodically. For intensity modulation, a 
large tip (or tilt) is applied intermittently, and a field stop after the DM will block the rays from 
the corresponding segment when the tip (or tilt) is in place.  

5.1.2 Theory of remote focusing in multiphoton fluorescence microscopy 
In contrast to lateral steering of the laser beam in a multiphoton fluorescence microscope, 

axial scanning often requires translation of the imaging objective mounted onto a piezo stage, 
the speed of which is limited by the mechanical inertia of the objective. Axial scanning methods 
without objective/sample movement are named as remote focusing, which is discussed below.  
For example, a wavefront shaping device, e.g., an SLM, an ETL or an AOD, could curve the 
wavefront entering the objective to focus onto a smaller (Fig. 22B) or larger depth (Fig. 22C) 
relative to the designed focal plane (Fig. 22A). However, image quality at these shifted focal 
depths will degrade due to aberration (Fig. 22), the reason for which is explained as follows.  

Most modern microscopes are designed using the Abbe sine condition71:  

𝑠𝑠𝑖𝑖𝑛𝑛𝛾𝛾𝑖𝑖 = 𝑠𝑠𝑜𝑜
𝑠𝑠𝑖𝑖

𝑠𝑠𝑖𝑖𝑠𝑠𝛾𝛾𝑜𝑜
𝑀𝑀

       ( 5.  1 ) 

( 𝛾𝛾𝑧𝑧 and 𝛾𝛾𝑖𝑖 being the angles which the corresponding rays through an ideal point object and 
its image make with the optical axis, 𝑛𝑛𝑧𝑧 and 𝑛𝑛𝑖𝑖 being the refractive indices of the object and 
image spaces, and 𝑀𝑀 being the lateral magnification factor) which means that only objects in a 
specific plane can form stigmatic images.  Another imaging condition: Herschel condition, 
where all on-axis objects can form stigmatic images, requires the following equation to hold:  
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sin2 �𝛾𝛾𝑖𝑖
2
� = 𝑠𝑠𝑜𝑜

𝑠𝑠𝑖𝑖
⋅
sin2�𝛾𝛾𝑜𝑜2 �

𝑀𝑀𝑎𝑎
     ( 5.  2 ) 

(𝑀𝑀𝑠𝑠 being the axial magnification factor) 

Abbe and Herschel conditions cannot hold simultaneously unless71: 

𝛾𝛾𝑧𝑧 = 𝛾𝛾𝑖𝑖      ( 5.  3 ) 

𝑀𝑀 = 𝑀𝑀𝑠𝑠 = 𝑠𝑠𝑜𝑜
𝑠𝑠𝑖𝑖

      ( 5.  4 ) 

This means that stigmatic imaging in 3D requires the system to have a lateral and axial 
magnification factor of 𝑠𝑠𝑜𝑜

𝑠𝑠𝑖𝑖
, e.g., 1.33x for water-dipping objectives. In most modern microscope 

systems, the magnification factor 𝑀𝑀 can rarely meet this requirement (e.g., the objectives in 
Table 1), therefore stigmatic imaging in 3D cannot be realized, and a converging or diverging 
wavefront entering the objective will lead to spherical aberrations at the focus (Fig. 22B, C).  

To achieve stigmatic imaging in 3D, AO can be combined with remote focusing72 to 
recover diffraction-limited resolution over an axial range of up to a few hundred microns. 
Alternatively, an additional remote focusing (RF) objective can be introduced to the system to 
recover system magnification to meet equation 5.4, thus in principle enables aberration-free 
remote focusing 9-12,16,17,73.  As shown in Fig. 22D, E, a lightweight mirror is placed at the focal 
plane of the RF objective, and the mirror can be translated along the optical axis at kHz. A 

Figure 22 Schematic of remote focusing. 
(A) A flat light wavefront entering an 
objective will focus onto a tight focus on the 
designed focal plane, while a converging 
wavefront (B) focuses onto a more 
superficial plane, and a diverging wavefront 
(C) focuses on to a larger depth. Spherical 
aberrations occur in both (B) and (C). (D) 
Remote focusing utilizing two objectives to 
compensate for the aberration. (E) 
Expanded version of (D), where the mirror 
reflection is schematized as an additional 
objective. Imaging objective: the objective 
to focus the excitation beam into the 
sample. PBS: polarization beam splitter. 
QWP: quarter waveplate. Remote focusing 
(RF) objective: the objective focusing onto 
the lightweight mirror that can be 
translated axially at kHz frequency.   

Incoming laser beam will be reflected to the 
RF objective by the PBS. Since light will go 
through the QWP twice before returning to 
the PBS, beam reflected by the RF mirror 
will transmit through the PBS and enter the 
image objective. An axial displacement of 
the mirror results in an axial shift of the 
focus in the sample. 
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displacement of the mirror results in an axial scan of the focus formed by the imaging objective 
inside the sample. The conjugation optics between the two objectives (blue dashed box, Fig. 
22E), can include only two lenses, or multiple pairs of lenses with focal lengths 𝑓𝑓1, 𝑓𝑓2, … 𝑓𝑓2𝑠𝑠 
(ascending index from the RF objective to the imaging objective). If the immersion media of 
the imaging objective with focal length 𝑓𝑓𝑧𝑧𝑜𝑜𝑜𝑜2 has a refractive index of 𝑛𝑛2, and the immersion 
media of the RF objective (usually air) with focal length  𝑓𝑓𝑧𝑧𝑜𝑜𝑜𝑜1 has a refractive index of 𝑛𝑛1, to 
meet equation 5.4, the following equation should also hold:  

𝑀𝑀 = 𝑓𝑓1
𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜1

⋅ 𝑓𝑓3
𝑓𝑓2

… 𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜2
𝑓𝑓2𝑛𝑛

= 𝑠𝑠1
𝑠𝑠2

     ( 5.  5 ) 

∴ 𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜2
𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜1

⋅  �𝑓𝑓1
𝑓𝑓2

… 𝑓𝑓2𝑛𝑛−1
𝑓𝑓2𝑛𝑛

� = 𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜2
𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜1

⋅ 1
𝑀𝑀𝑐𝑐

= 𝑠𝑠1
𝑠𝑠2

    ( 5.  6 ) 

𝑀𝑀𝑐𝑐 being the magnification factor of the conjugation optics between the two objectives, 
from the RF objective to the imaging objective.  

∴ 𝑀𝑀𝑐𝑐 = 𝑠𝑠2⋅𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜2
𝑠𝑠1⋅𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜1

= 𝑟𝑟2
𝑟𝑟1

     ( 5.  7 ) 

𝑟𝑟1  and 𝑟𝑟2  being the beam radius at the back pupil of the RF and imaging objectives, 
respectively. Additionally:  

𝑁𝑁𝐴𝐴1 𝑠𝑠𝑓𝑓𝑓𝑓 = 𝑟𝑟1
𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜1

    ( 5.  8 ) 

𝑁𝑁𝐴𝐴2 𝑠𝑠𝑓𝑓𝑓𝑓 = 𝑟𝑟2
𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜2

    ( 5.  9 ) 

𝑁𝑁𝐴𝐴1 𝑠𝑠𝑓𝑓𝑓𝑓 and 𝑁𝑁𝐴𝐴2 𝑠𝑠𝑓𝑓𝑓𝑓 being the effective NA of the laser beam through the RF and imaging 
objectives, which can be smaller than the factory NAs if the objectives are underfilled.  

From equation 5.7 – 5.9, we can have the following conclusion:  
𝑁𝑁𝐴𝐴2 𝐵𝐵𝑒𝑒𝑒𝑒

𝑁𝑁𝐴𝐴1 𝐵𝐵𝑒𝑒𝑒𝑒
= 𝑠𝑠2

𝑠𝑠1
      ( 5.  10 ) 

Since a mirror displacement of 𝑍𝑍𝑥𝑥 results in a 2𝑍𝑍𝑥𝑥 axial translation of the RF objective 
focus with respect to the original focal plane, from equation 5.4, the relationship between mirror 
movement and focal shift in sample should follow:  

𝑍𝑍 = 2𝑍𝑍𝑥𝑥 ⋅ 𝑠𝑠1
𝑠𝑠2

      ( 5.  11 ) 

Although in principle the dual-objective setting should enable aberration-free remote 
focusing, in practice, obtaining a large scan volume with remote focusing, i.e., large FOV and 
large axial scanning range, will require custom design of the entire optical system12. The dual-
objective setting without custom designed optics was tested via Zemax simulation and 
presented in the Appendix. Considering the degraded image quality at large focal shifts and 
accumulated power loss when beam traversing three objectives (twice through the RF objective, 
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once through the imaging objective), an SLM-based remote focusing strategy is adopted in the 
final system design instead.  

The SLM is conjugated to the rear aperture of the imaging objective (Fig. 23).  As 
demonstrated previously, instead of using a quadratic phase pattern to shift the focus, the 
following phase pattern should be applied to the SLM to achieve aberration-free remote 
focusing72:  

Φ(𝑟𝑟) = 𝑛𝑛 ⋅ 𝑘𝑘 ⋅ 𝐸𝐸�1 − (𝑟𝑟⋅𝑀𝑀)2

�𝑠𝑠⋅𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜�
2 = 𝑛𝑛 ⋅ 𝑘𝑘 ⋅ 𝐸𝐸 (1 − (𝑟𝑟⋅𝑀𝑀)2

2�𝑠𝑠⋅𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜�
2 + (𝑟𝑟⋅𝑀𝑀)4

8�𝑠𝑠⋅𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜�
4 − ⋯ ) ( 5.  12 ) 

𝑛𝑛 being the refractive index of the immersion medium, 𝑘𝑘 being the wave vector of the laser 
beam, 𝑓𝑓𝑧𝑧𝑜𝑜𝑜𝑜 being the focal length of the objective, 𝐸𝐸 being the desired focus shift, 𝑀𝑀 is the 
magnification from the SLM to the rear pupil, and 𝑟𝑟 being the radial coordinate on the SLM 
The additional terms from (𝑟𝑟⋅𝑀𝑀)4

8�𝑠𝑠⋅𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜�
4 indicate the aberrations introduced by a mere quadratic 

remote focusing pattern.  

Alternatively, reverberation two-photon microscopy is another way to obtain volumetric 
information at high speed74, where a 50/50 beam splitter direct half of the laser power into a 
defocus module. The defocused beam, also temporally delayed, returns to the beam splitter 
where half of the power is reflected into the defocus module again. Beam going through the 
defocus module for different times focus onto different depths in the sample and fluorescence 
excited by different foci can be separated in time. As a result, information from multiple planes 
can be obtained without the need of axial scan.  

5.1.3 Bessel-beam generation with adaptive optics 
As described in 5.1.1, AO measurement and correction often occur at a device conjugated 

to the rear aperture of the objective, i.e., the Fourier plane of the objective focal plane, where 
only the phase, but not the amplitude of the incident wavefront can be corrected. Such strategy 
provides sufficient correction efficiency for a conventional Gaussian beam29,63,68, but not for a 
Bessel-like beam, whose annular illumination pattern at the objective back aperture necessitates 
an effective amplitude correction as well. In contrast, a phase-only correction at the 
sample/focal plane, when propagating towards the pupil plane, can compensate for both the 
amplitude and phase distortions. Therefore, using the Bessel-focus generating SLM that is 
conjugated to the objective focal plane for AO correction is the method of choice under the 
Bessel-focus scanning mode, although the aberration measurement still needs to be performed 
using a device at the pupil plane, i.e., the DM in our system (Fig. 23). The correction pattern to 
be applied on the Bessel-focus generating SLM is a Fourier Transform of the aberration 
measured with the pupil-conjugated device. The Fourier Transform of a phase-only pattern, 
however, contains both phase and amplitude terms that cannot be directly applied to a phase-
only SLM. There are two workarounds for this issue: first, discard the amplitudes and only 
apply the phase terms; second: use double-phase method, where SLM pixels are grouped into 
squares of 2 by 2 pixels to generate both phase and amplitude in each square75,76. The former 
sacrifices the accuracy, whereas the latter trades in the spatial resolution. Since discarding the 
amplitude terms is more straightforward, this is themethod we will start with.  
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5.1.4 System overview77,78 
Fig. 23 is a detailed diagram of the entire system. The system has an AO module, a Bessel 

module, and a remote focusing module. Gaussian and Bessel modes are mutually exclusive, but 
either of them is allowed to run with or without remote focusing. In addition, the Bessel beam 
generation path also allows an easy switch between the Bessel mode and aberration 
measurement mode. To save the power loss occurs at the DM reflection, DM is only included 
in the aberration measurement mode, but not the Bessel scanning mode. Custom mirror mounts 
positioned with two dowel pins and secured with two screws can be easily swapped in and out 
of the system to switch among different operation modes. 2-inch diameter lenses with long focal 
length are used, to permit enough space for these mirror mounts and daily operation.  

There are four custom base plates in total in the system: AO Bessel base, vertical scan base, 
detection base, and remote focusing base (Fig. 24). The thickness of these bases was carefully 
selected so that they can be directly machined from MIC6 aluminum plates. All of them have 
10-24 tapped holes and 3-mm press-fit holes to secure the custom-designed mounts, and 1/4-
20 tapped holes with 1-inch separation for off-the-shelf optics to be added if needed later on. 
AO Bessel base (blue, Fig. 24) is the only plate directly mounted onto the optical table, that 
holds all custom designed pieces except the fluorescence detection module. Vertical scan base 
(purple, Fig. 24) is secured to the AO Bessel base, holding 𝑆𝑆3, 𝑆𝑆4, and galvo X (Fig. 23). 
Detection base (black, Fig. 24) is connected to the vertical base via two dowel pins. The 
coordinates of dowel holes on the detection base are referred to the top surface of the detection 
base, so that tolerance of the plate thickness will not affect conjugation from galvo X to the 
objective rear aperture. Elevated by 4 custom-designed steel blocks (also secured onto the AO 
Bessel base with 10-24 screws) that hold four 14-inch damped dynamic posts (Thorlabs, Inc.), 
the remote focusing (RF) base (red, Fig. 24) hold most parts in the remote focusing module. 
All the remote focusing methods (reverberation method and dual-objective method) introduced 
in 5.1.2 can be tested on this block, although only the design for the SLM-based RF method is 
discussed in detail in the remaining sections of this chapter.  

All custom-designed mounts to be mounted onto the base plates contain at least two 
clearance holes for 10-24 screws, and two dowel holes for 4-mm diameter pins. One diamond-
shape locating pin (JPDB3-4, MISUMI Inc.) is used together with a round-shape locating pin 
(JPBB3-4, MISUMI Inc.) to accurately locate most of the mounts. The pins have a 3-mm-
diameter leg to match the dowel holes on the base plates, and a 4-mm-diameter head on the 
other end. Although the dowel holes on the base plate were designed to be press-fit, most of 
them ended up being slip-fit due to manufacturing error.   

Most mirrors in the system are high-reflection dielectric coated mirrors designed for 45° 
angle of incidence (AOI). Since DM and SLMs in the system are both used at 10° AOI, two 
protected silver mirrors (𝑀𝑀4, 𝑀𝑀23, Fig. 23, PF05-03-P01, Thorlabs Inc.) at 35° AOI are used to 
direct the light back to orthogonal orientations.  In addition, a 2-inch diameter protected silver 
mirror (PF20-03-P01, Thorlabs Inc.) is placed above the objective to reflect both the excitation 
beam and the diverging fluorescence (𝑀𝑀12, Fig. 23).  

An enclosure was designed for this microscope, which enclose all parts from 𝑀𝑀4 inside the 
dark chamber (Fig. 23).  
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Figure 23 System design layout. EOM: electro-optical modulator, which is a Pockel cell here. BS: beam sampler. PD: photodiode. BE: beam expander. Motorized BE: 
motorized beam expander, reversely orientated as a beam reducer in the system. I 1- 9: irises. FS: field stop. LP: laser positioner, a pair of right-angle prism mirrors fixed 
onto translation stages, following or followed by another layertec mirror to adjust beam height. M 1- 30: mirrors. L 1-11: Thorlabs doublet lenses. S1-S5: Special Optics 
scan lenses, effective focal length 44mm. TL: Special Optics tube lens, effective focal length 160 mm or 172 mm. D 1-2: dichroic mirrors. Em 1-2: emission filters.  



Chapter 5: A highly-integrated multifunctional two-photon fluorescence microscope       45  
 

 

5.2 Design of the standard two-photon path with AO 
5.2.1 Design of beam magnification from the laser to the DM 

To obtain the location and size of the beam waist, beam diameter at two different locations 
were measured using a scanning-slit optical beam profiler (Thorlabs BP209-IR): at 12cm from 
laser port, beam diameter is 1.2356mm; at 46cm from laser port, the beam diameter is 
1.2803mm.  

With the following equation:  

w(z) = w0�1 + � z
zR

 �
2

      ( 5.  13 ) 

Beam waist size is calculated as:    

 w0 = 0.6177mm; d0 = 2w0 = 1.2354mm  

Rayleigh range: 

Figure 24 System overview in Autodesk Inventor. The inventor model of the entire system. White labels mark the four 
bases made from MIC6 aluminum plates. AO-Bessel base (blue, Unique tools Inc.) is directly mounted onto the optical 
table, holding the vertical scan base (purple, Max Planck Florida Institute), and the RF base (red, Unique Tools Inc.). The 
detection base (black, Unique Tools Inc.) is elevated from the optical table by a custom-designed steel block plus four 
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 zR = π⋅w0
2

λ
= 1.332 m    ( 5.  14 ) 

The distance to the beam waist giving the 1.2356 mm diameter should be:  

z1 = 22.23 mm = 2cm 

Therefore, the beam waist should be: 12 − 2 = 10cm from the laser output port, outside 
the laser.  

As in Ref68, a beam with 4-mm-diameter waist at the DM is optimal for AO correction 
using the Hex-111 deformable mirror. Therefore, a 5x beam expander (BE, Fig. 23, GBE05-B, 
Thorlabs Inc.) is inserted in the beam path, followed by the motorized beam expander with a 1-
4X variable expansion ratio (Motorized BE, Fig. 23, 56-30-1-4X-λ, Special Optics) that is 
reversed to function as a beam reducer. In the hardware control program, there are the following 
options for the magnification factor of the motorized beam reducer, 𝑀𝑀𝑥𝑥 : 1x, 0.667x, 0.5x, 
0.333x, 0.25x.  

𝑑𝑑 = 𝑀𝑀𝑥𝑥 ⋅ 5𝑑𝑑0     ( 5.  15 ) 

A default 𝑀𝑀𝑥𝑥 of 0.667x will give a beam diameter of 4.13mm, close to 4 mm. The other 
magnification settings are to be used in Bessel beam generation. 

5.2.2 Design of the laser positioner  
As in Fig. 23, the first laser positioner in the system, 𝐿𝐿𝐵𝐵1 , is placed in between the 

motorized beam expander and the DM. The laser positioner is composed of three mirrors, two 
of which are right-angle prism mirrors mounted onto translation stages (Fig. 25). By translating 
the right angle prism mirrors, both the lateral position and the height of the reflected beam can 
be adjusted. In Gaussian path, the laser positioner is only to compensate for imperfect daily 

Figure 25  Schematic of a laser positioner. (A) The laser positioner is composed of two right-angle prism mirrors mounted 
on translation stages, plus an additional fixed mirror. (B) The diagram of the X component in a laser positioner, where a 
translation of the mirror will change the lateral position of the reflected beam. (C) The diagram of the Y component in a 
laser positioner, where a translation of the prim mirror together with the additional fixed mirror mount can change the 
height of the exiting beam.   
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alignment from the laser to the motorized beam expander, and the positions of the translation 
stages should not vary for more than 0.1mm every day.  

In the Bessel mode, since different beam sizes are used to generate Bessel foci of different 
lengths, the laser positioner is necessitated to compensate for beam wandering after changing 
the expansion ratio of the motorized beam expander, so that the beam always hits the Bessel-
generation SLM at the center.  

5.2.3 Design of the scan module 
The scan lenses and the tube lens F172 were designed to accept ±20° optical scan angles 

at the conventional galvos. All these lenses have an enlarged head and a slimmer shank (Fig. 
26A), and their mounts are designed to match this shape (Fig. 26B). To allow manual lens 
translation along both directions from the designed position, each lens also has a 0.1"-thick 
spacer ring to be slid on from the shank (Fig. 26C). To mount a scan/tube lens, the lens with its 
matched spacer is pushed in from the larger aperture, and the designed position is when surface 
S of the lens (Fig. 26A), the spacer and surface S’ of the mount (Fig. 26B) tightly fit together. 
When translation towards the shank side is necessary, the lens should be mounted directly 
without the spacer. The slot holding the lens is 0-0.001" smaller in diameter the lens, where the 
gap on top of the slot allows the lens to be pushed through (Fig. 26) and tightened via 8-32 
screws later.  

There are two different tube lenses that can be employed in the system, F172 and F160. 
The locations of the two tube lens mounts are restrained by the same pair of dowel holes/pins, 
but secured by different pairs of screws (Fig. 26C). Additionally, the F160 tube lens is at the 
correct distance from the objective rear aperture, but not F172 since its designed working 
distance is too short to leave space for a dichroic filter. Although F172 was designed to accept 
±20° optical scan angles, such displacement results in a FOV similar to F160 but only half the 
designed size79,80. With F160 at the correct position and F172 displaced, in simulation, the 
scanning system can accept ±10° optical scan angles. The design in the following sections is 

Figure 26 Design of scan/tube lens mount. (A)  shape diagram of the scan/tube lenses, with different diameters on the two 
ends. (B) Autodesk Inventor model of the F172 mount, where the slot holding the tube lens has different-size apertures on two 
sides, matching the lens shape. Mounts for other scan/tube lenses have similar design. (C) The Autodesk Inventor model 
showing the two tube lenses with their mounts in place in the system. The yellow mount is for F172 tube lens, and the smaller 
dark mount inside is for the F160 tube lens.  
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based on F160 tube lens, and the magnification from the last galvo to the objective back aperture 
is:  

𝑀𝑀𝑆𝑆𝑇𝑇 = 𝑓𝑓𝑇𝑇𝑇𝑇
𝑓𝑓𝑆𝑆𝑇𝑇

= 160
44

= 3.64    ( 5.  16 ) 

Inheriting the design from Ref 63, the galvos in the system are all conjugated with each 
other by the scan lenses (𝑆𝑆1 through 𝑆𝑆4, Fig. 23). The system has two different scan paths: a 
path with one resonant galvo  (CRS08K-S3-S-045 CRS 8kHz, Cambridge Technology, Inc.) 
and two conventional galvos (6SD11587, 60° OPT-PP, Cambridge Technology, Inc.), referred 
to as the resonant path below, and a path with two conventional galvos only, referred to as the 
conventional path below (Fig. 23).   

When high-speed lateral beam steering is not required, the conventional galvo path should 
be selected to circumvent the power loss at the resonant galvo and the two additional scan lenses 
(𝑆𝑆1 and 𝑆𝑆2, conjugating the resonant galvo and conventional galvo Y). In the resonant path, the 
resonant galvo, together with one conventional galvo, can achieve high-speed 2D imaging at 
tens of Hz for images of 512x512 pixels. The reason we need both conventional galvos in the 
resonant path is that the resonate galvo can only resonant around its resting position within a 
small angle, i.e. once set up, the offset of its scanning trajectory cannot be defined by users. 
Both conventional galvos are therefore required to translate the small resonant-galvo-defined 
FOV in 2D so that high-speed 2D scanning can be achieved anywhere inside a large FOV.  

As shown in Fig. 23, the two paths share one of the conjugation lenses between the DM 
and the first galvo. Mirror 𝑀𝑀7 is designed for users to switch between the two paths, i.e., when 

Figure 27 Galvo mount with translation design for the switching between the two paths. (A) diagram for the error that 
occurs in a fixed galvo mount when rotating the galvo. Green bar: correct location of galvo Y for conventional path. Gray bar: 
the location of galvo Y by simply rotating it for 90° from the green bar location, which is shifted from the designed galvo 
position for the resonant path, the yellow bar.  (B) The bottom of the designed Y galvo mount. Elliptical holes allow translation 
of the galvo mount: the mount should be pushed to the left end in conventional path, and the right end  in the resonant path.  
(C) Autodesk Inventor model of the mount for galvo Y. (D) Autodesk Inventor model of the resonant galvo mount. 
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𝑀𝑀10 is in the light path, the conventional galvo path is selected. Besides swapping 𝑀𝑀10, galvo 
Y also needs to be rotated manually to accept the incoming beam entering from opposite sides 
in the two configurations (Fig. 27A). The rotation leads to a lateral shift of the reflected beam 
due to the non-negligible thickness of the galvo mirror (gray bars, Fig. 27A). A specially 
designed galvo mount is employed to compensate for this error (Fig. 27 B, C). The elliptical 
dowel holes at the bottom of the mount allows mount translation, which also prevent the mount 
from rotating at the two ends of the holes, but not in between. The mount needs to be placed at 
the right end of its travel range when the laser beam propagates along the conventional path, or 
at the left end for the resonant path. Furthermore, unlike most other custom-made parts in the 
system, where one diamond-shape locating pin is used together with a round-shape locating pin, 
for these elliptical holes, both pins have to be round shape.  

The conventional galvos mounts (Fig. 27C) utilize the same strategy as the scan lens 
mounts. The galvos will be pushed through the cylindrical slot, and tightened with screws once 
at the correct position/angle. For the specific conventional galvos used in the system, the mirror 
dimension exceeds the diameter of the pillar, and a slit at the bottom of the cylindrical slot (Fig. 
27) is necessary for the mirror head to go through. Users need to take extra caution when 
mounting the galvos to avoid scratches. In contrast to the conventional galvo mounts, the 
resonant galvo mount (Fig. 27D) is sealed with x-mm thick windows. The resonant galvo is 
inserted from the top, and fixed with a set screw from the side. A sealed mount can significantly 
reduce the 8kHz vibration noise of the galvo that is within the hearing range of humans.  

5.2.4 Design of magnification from DM to galvos 
Since objectives with different NAs and back aperture sizes will be employed for different 

applications, the magnification factor from the DM to the objective back aperture needs to be 
adjusted accordingly to match the DM image size and objective rear pupil diameter. Since the 
magnification from the scan lens to the tube lens (𝑀𝑀𝑆𝑆𝑇𝑇 ) is fixed, this magnification is 
determined by the 4𝑓𝑓 system between the DM and galvos, 𝐿𝐿1 (focal length 𝑓𝑓1) and 𝐿𝐿2 (focal 
length 𝑓𝑓2).  

Back pupil diameter is calculated as follows:  

𝑁𝑁𝐴𝐴 = 𝐵𝐵𝐵𝐵𝐷𝐷
2𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜

     ( 5.  17 ) 

𝑓𝑓𝑧𝑧𝑜𝑜𝑜𝑜 is the objective focal length, which can also be expressed as follows:  

𝑓𝑓𝑧𝑧𝑜𝑜𝑜𝑜 = 𝑇𝑇𝑇𝑇
𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜

      ( 5.  18 ) 

Where 𝑇𝑇𝐿𝐿 is the tube length (𝑇𝑇𝐿𝐿 for objectives from Olympus and Nikon are 180 mm and 
200 mm, respectively), 𝑀𝑀𝑧𝑧𝑜𝑜𝑜𝑜 is the magnification of the objective. Therefore, the back pupil 
diameter of the objective can be calculated as:  

𝐵𝐵𝐵𝐵𝐷𝐷 = 2 𝑇𝑇𝑇𝑇
𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜

⋅ 𝑁𝑁𝐴𝐴     ( 5.  19 ) 

BPD for all the objectives to be used in the system are listed in the following table:  
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Table 1 Objective back pupil diameter (BPD) and focal length 

Objective Tube length (mm) Back pupil diameter 
(mm) 

Focal length 
(mm) 

25X/1.05NA, Olympus 180 15.12 7.2 
10X/0.6NA, Olympus 180 21.6 18 

16X/0.8NA, Nikon 200 20 12.5 
10X/0.45NA, Nikon 200 18 20 
4X/0.2NA, Nikon 200 20 50 
The image of the DM at the objective rear aperture should match the aperture size. The 

DM is 4.5 mm long along the hexagonal axis (𝐿𝐿𝐷𝐷𝑀𝑀1), and 3.75 mm on the shorter axis (𝐿𝐿𝐷𝐷𝑀𝑀2). 
To fill the 25X objective, the magnification from DM to the objective rear aperture (𝑀𝑀𝐷𝐷𝐷𝐷) 
should be:  

𝑀𝑀𝐷𝐷𝐷𝐷 = 𝑀𝑀𝑆𝑆𝑇𝑇 ⋅ 𝑀𝑀𝐷𝐷𝐷𝐷 =  𝐵𝐵𝐵𝐵𝐷𝐷𝑂𝑂𝐵𝐵𝑦𝑦𝑚𝑚𝑝𝑝𝑝𝑝𝐵𝐵25𝑋𝑋

𝑇𝑇𝐷𝐷𝐷𝐷1
= 3.36     ( 5.  20 ) 

Where 𝑀𝑀𝐷𝐷𝐷𝐷 is the magnification from DM to galvos.  

∴ 𝑀𝑀𝐷𝐷𝐷𝐷 = 𝑓𝑓2
𝑓𝑓1

= 𝑀𝑀𝐷𝐷𝑂𝑂
𝑀𝑀𝑆𝑆𝑇𝑇

= 0.92      ( 5.  21 ) 

For beam entering the 16X Nikon objective (and the other objectives):  

𝑀𝑀𝐷𝐷𝐷𝐷
′ = 𝐵𝐵𝐵𝐵𝐷𝐷𝑁𝑁𝑖𝑖𝑁𝑁𝑜𝑜𝑛𝑛16𝑋𝑋

𝐵𝐵𝐵𝐵𝐷𝐷𝑂𝑂𝐵𝐵𝑦𝑦𝑚𝑚𝑝𝑝𝑝𝑝𝐵𝐵25𝑋𝑋
⋅ 𝑀𝑀𝐷𝐷𝐷𝐷 = 1.21   ( 5.  22 ) 

Since using different lens pairs to achieve 𝑀𝑀1 and 𝑀𝑀1′ will lead to a different total optical 
path length (OPL) from the DM to the first galvo, which means the DM needs to be translated 
when switching objectives. Thus, the strategy here is to swap the pair of lenses (doublet lenses 
drawn in purple, 𝛥𝛥2′, 𝛥𝛥1′ in Fig. 23) so that:  

𝑀𝑀𝐷𝐷𝐷𝐷
′ = 1/𝑀𝑀𝐷𝐷𝐷𝐷    ( 5.  23 ) 

Now the total OPL from DM to the first galvo remain unchanged for the two different 
settings. According to Ref. 68, underfilling the objective can improve AO correction efficiency 
and imaging depth, and to make both 𝑀𝑀𝐷𝐷𝐷𝐷and 𝑀𝑀𝐷𝐷𝐷𝐷

′  close to the desired magnification, a pair of 
lenses with 300 mm and 250 mm focal length was chosen, resulting the final magnifications to 
be:  

𝑀𝑀𝐷𝐷𝐷𝐷 = 𝑓𝑓2
𝑓𝑓1

= 0.83    ( 5.  24 ) 

𝑀𝑀𝐷𝐷𝐷𝐷
′ = 𝑓𝑓1′

𝑓𝑓2′
= 𝑓𝑓1

𝑓𝑓2
= 1.2    ( 5.  25 ) 

Additionally, adapters with different lengths are designed for all objectives in Table 1 
except the 10X/0.6NA Olympus objective to maintain the correct rear aperture location during 
objective switching.   
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5.2.5 Design of a rotary objective and an epi-fluorescence module 
  To minimize spherical aberration and coma caused by a tilted craniotomy window during 

in vivo imaging, careful alignment to make the window perpendicular to the objective axis is 
required prior to imaging62-66. This is not a problem when imaging a brain region close to the 
brain midline (Fig. 28A). However, when looking at structures more lateral, the mouse head 
needs to be tilted for a large angle to meet the perpendicularity requirement (Fig. 28B), which 
makes it difficult for the mouse to perform behavior tasks. Therefore, a rotary objective is ideal 
for mouse behavior study (Fig. 28C), and the question is: how to design the detection path so 
that the emitted fluorescence entering the PMT is stationary during the rotation of the objective.  

In a typical fluorescence microscope, a dichroic mirror is placed right above the 
microscope objective to transmit the excitation light and reflect the emission light. If such a 
design is inherited, the entire detection path including the epi-fluorescence module will need to 
be rotated together with the objective. To avoid such a design, a 2-inch-diameter protected silver 
mirror (𝑀𝑀12, Fig. 22, PF20-03-P01, Thorlabs Inc.) instead of a dichroic mirror is mounted onto 
the rotary stage and will rotate together with the objective during the rotation. The mirror is 
stationary with respect to the objective, and reflects both the excitation and emission light. As 
long as the rotation axis of the stage is coaxial with the incident laser beam, a rotation of the 
objective will not affect the co-axiality of the system.  

Although the objective rotation does not affect the system alignment, it does require 
additional attention for system AO correction. Since the objective remains stationary to the 
mirror while the mirror rotates with respect to the incident beam, the correct pattern applied to 
the beam also rotates with respect to the objective. Therefore, if the objective introduces non-
negligible aberration, system AO correction needs to be done after aligning the objective and 
the mouse craniotomy window.  

An eyepiece will be helpful for users to locate the focal plane and FOV prior to experiments, 
therefore, a switch between epi-fluorescence and two-photon fluorescence modes is required. 

Figure 28 A rotary objective is ideal for animal behavioral study involving lateral brain regions. (A) To image a region 
close to the brain midline, the light from the objective can be made perpendicular to the imaging window easily. (B) To 
image a more lateral region, if the objective is not rotatable, the head of mouse will need to be tilted for a large angle. 
(C) To image a more lateral region, if the objective is rotatable, the mouse can be imaged without tilting the head.   
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Additionally, the eyepiece should be located on the detection base rather than the rotary stage 
to reduce the total weight in rotation. As in Fig. 29A, B, the two slots in the mount displayed 
in green allow two threaded rods and parts connected to them to move up and down. With the 
rods at the top, the dichroic filter is placed in between the tube lens and 𝑀𝑀12 and the two-photon 
fluorescence excitation mode is selected. In contrast, when the rods are moved towards the 
bottom, the protected silver mirror reflects both the epi-illumination light and the emitted 
fluorescence, which allows the user to observe the sample from the eyepiece or record the epi-
fluorescence image with a camera. The rods can be tightened with two female threaded round 
standoffs (91125A441, McMaster-Carr Inc.).  

5.3 Design of a Bessel focus scanning module 
5.3.1 Design of the light path 

As mentioned in section 5.1.4, the Bessel focus scanning module should allow aberration 
measurement utilizing the DM, but should bypass the DM to save extra power when Bessel 
mode is in use, since the aberration correction will be performed by the same SLM for Bessel 
beam generation. The detailed configurations for the two modes are listed as follows:  

(1) Bessel beam path: to switch from Gaussian to Bessel, remove the mirror in between 
the first laser positioner 𝐿𝐿𝐵𝐵1 and the DM (𝑀𝑀6, Fig. 23), and insert the 𝑀𝑀22(Fig. 23) to 
direct the Bessel beam back to 𝐿𝐿1 and galvos afterwards.  
With this configuration, the laser beam exiting 𝐿𝐿𝐵𝐵1 will directly go to the periscope in 
front of the Bessel-beam generation SLM (Fig. 23). After being modulated by the SLM, 
the beam will go through the mask and then to the second laser positioner (𝐿𝐿𝐵𝐵2, Fig. 
23). 𝐿𝐿𝐵𝐵2 is necessitated to center the Bessel ring onto the conjugation planes afterwards 
(the galvo plane and the objective back pupil plane).  

Figure 29 Rotary objective and epi-fluorescence module. (A) The objective is mounted on a rotary stage. A camera 
and eyepiece are mounted on top of the objective. (B) A reflective mirror and a dichromic filter below are mounted 
on a rail together. When the threaded rod is moved to the top of the rail, the dichroic mirror is in the light path to 
direct the emitted fluorescence to the PMTs. When the rod is moved to the bottom, the reflective mirror (Thorlabs 
PF2 protected silver mirror) is in the light path, which allows viewing through eyepiece or the epifluorescence 
camera. (C) The epi-fluorescence module, viewed from a different angle showing the epi-illuminator.  
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(2) Aberration measurement path: to measure the aberration in the light path, mainly from 
the Bessel SLM, there are three modifications required to switch from setting (1):  
a. Swap out the first lens after the Bessel SLM (𝐿𝐿3, Fig. 23).  
b. Swap out the annular mask.  
c. Insert a 0.5-inch-diameter protected silver mirror (𝑀𝑀23 , Fig. 23, PF05-03-P01, 

Thorlabs Inc.) and a 0.5-inch-diameter dielectric mirror (𝑀𝑀24, Fig. 23) to direct the 
light onto the DM.  

d. Remove 𝑀𝑀22 (Fig. 23).  

Under this setting, laser beam will still go through the Bessel SLM, although the SLM 
is no longer conjugated to optics afterwards and is treated as a reflective mirror. The 
mask is removed during aberration measurement, but the mask plane is still conjugated 
to the DM by 𝐿𝐿4 and 𝐿𝐿5, and then to the galvos by 𝐿𝐿1 (𝐿𝐿2′) and 𝐿𝐿2 (𝐿𝐿1′).  

The most challenging part when designing the Bessel path is to match the optical path 
lengths under different configurations. Since DM is conjugated to the galvos:  

𝑂𝑂𝐵𝐵𝐿𝐿𝐷𝐷𝑀𝑀→𝑇𝑇1 = 𝑓𝑓1    ( 5.  26 ) 

Under aberration measurement mode:  

𝑂𝑂𝐵𝐵𝐿𝐿𝑇𝑇5→𝑀𝑀23→𝑀𝑀24→𝐷𝐷𝑀𝑀 = 𝑓𝑓5    ( 5.  27 ) 

Under Bessel focus scanning mode:  

𝑂𝑂𝐵𝐵𝐿𝐿𝑇𝑇5→𝑀𝑀23→𝑀𝑀19→𝑀𝑀20→𝑀𝑀21→𝑀𝑀22→𝑇𝑇1 = 𝑓𝑓5 + 𝑓𝑓1  ( 5.  28 ) 

Note that although 𝑀𝑀23 is not in the light path under Bessel focus scanning mode, it is still 
included in equation 5.28, so that we can have the following equation based on 5.26 - 5.28:  

𝑂𝑂𝐵𝐵𝐿𝐿𝑀𝑀23→𝑀𝑀19→𝑀𝑀20→𝑀𝑀21→𝑀𝑀22 = 𝑂𝑂𝐵𝐵𝐿𝐿𝑀𝑀23→𝑀𝑀24→𝐷𝐷𝑀𝑀→𝑀𝑀22  ( 5.  29 ) 

And this is the equation to determine the location of mirrors in the Bessel path, after the 
focal lengths of 𝐿𝐿3 - 𝐿𝐿5 are selected as:  

𝑓𝑓3 = 250 𝐸𝐸𝐸𝐸;  𝑓𝑓4 = 300 𝐸𝐸𝐸𝐸; 𝑓𝑓5 = 400 𝐸𝐸𝐸𝐸 

The optical distances are finalized concurrently using MATLAB (Mathworks) and 
Autodesk Inventor (Autodesk) to ensure there is no collision or beam clipping/blocking.  

5.3.2 Laser positioner in the Bessel module 
There is a second laser positioner (𝐿𝐿𝐵𝐵2 , Fig. 23) after the annular amplitude mask, 

responsible for centering the Bessel ring onto the rear pupil of the objective. 𝐿𝐿𝐵𝐵2 is placed as 
close to the mask as possible, so that the annular illumination has yet to spread out upon hitting 
the 𝐿𝐿𝐵𝐵2. Same as 𝐿𝐿𝐵𝐵1, a change of beam height is inevitable to adjust the beam height, therefore, 
the beam is first elevated for 1 inch by the periscope before the Bessel SLM (𝑀𝑀10 and 𝑀𝑀11, Fig. 
23) and then lowered for 1 inch by 𝐿𝐿𝐵𝐵2. A 1" thick plate is inserted between the mounts of  𝑀𝑀14, 
𝑀𝑀15 and 𝐿𝐿3  and AO-Bessel base, so these three mounts are still designed for beam with a height 
of 5". 
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5.3.3 Beam size in the Bessel module  
Ideally, beam size utilized for aberration measurement of the Bessel-focus scanning path 

should be the same as the beam size used for Bessel beam generation. Although this cannot 
always be met since much smaller beam size is generally required for Bessel-focus scanning 
microscopy with low-NA objectives, e.g., a GRIN lens, the default beam size for the most 
frequently used high-NA objectives should be used for aberration measurement.  

With 𝑓𝑓4 and 𝑓𝑓5fixed, the magnification from the mask plane to the DM (𝑀𝑀𝑀𝑀𝐷𝐷) is: 

𝑀𝑀𝑀𝑀𝐷𝐷 = 𝑓𝑓5
𝑓𝑓4

= 1.333     ( 5.  30 ) 

Under the aberration measurement mode, based on equation 5.15, beam arriving at the DM 
should have a waist of:  

𝑑𝑑𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐴𝐴𝐷𝐷 = 𝑀𝑀𝑥𝑥 ⋅ 5𝑑𝑑0 ⋅ 𝑀𝑀𝑀𝑀𝐷𝐷    ( 5.  31 ) 

When 𝑀𝑀𝑥𝑥 = 0.5 (the magnification of the motorized beam expander) and 𝑑𝑑0 = 1.24 𝐸𝐸𝐸𝐸 
(the beam waist diameter of the laser output),  𝑑𝑑𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐴𝐴𝐷𝐷 = 4.133𝐸𝐸𝐸𝐸, which is the optimal 
setting for AO correction as discussed in 5.2. Therefore, the expansion ratio of the motorized 
beam expander for Bessel focus scanning is selected as 0.5X (Table 2). As described in 5.2.2, 
when a different setting is used for the Bessel beam path, 𝐿𝐿𝐵𝐵1 (Fig. 23) can be adjusted to center 
the beam onto the SLM in the Bessel module.  

Figure 30 Model of the Bessel mask and 
Bessel mask holder in Autodesk Inventor. 
(A) The entire Bessel mask assembly, with 
an xyz translation stage, a mask holder, 
and the Bessel mask. (B) Model of one of 
the two masks designed in this thesis 
(mask 1 in Table 2). (C) Mask holder, with 
holes in group No.1  labeled. These holes 
are to assemble the two pieces of the 
mask holder together. (D) Mask holder, 
viewing from a different angle. The holes 
marked in group 2 can be used to clamp 
and tighten the mask placed inside the 
slot.  
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Additionally, although Bessel beam at the objective rear pupil plane is a small ring, at the 
sample plane, however, the pattern often spreads out. As a result, all mirrors after the Bessel 
beam generation  have 25 mm diameter to avoid beam clipping.  

5.3.4 Design of the Bessel mask assembly 
The Bessel mask is mounted onto a 3D translation stage assembly (Fig. 30A), with 

translation range of 2 inches along X and Y, and 1 inch along the optical axis (Z).  All masks 
in the system are designed to be 2" x 2" so that every annual filter can be moved into the light 
path by stage translation, and a single mask plate has 5 by 4 annular filters in total (Fig. 30B). 
The mask holder (Fig. 30C, D) consists of two pieces. The piece with counterbore holes on the 
side allows the mask holder to be screwed onto the translation stage assembly (Fig. 30A, D). 
Besides these two holes, there are other two groups of holes, which are marked as group 1 and 
2 in the assembled mask holder (Fig. 30C, D). Group 1 (Fig. 30C) contains counterbores on 
one piece, and tapped holes on the other piece, so that the two pieces to be secured together. 
Once the two pieces are assembled together, the slot in the middle permits the mask plate to 
slide in and sit onto the bottom (Fig. 30A).  The mask slot is narrowed on both ends along the 
x direction, and other group of counterbores/tapped holes fall onto these narrow edges (Fig. 
30D). The mask can be clamped and restrained by tightening screws onto the 4 holes in group 
2 (Fig. 30D).  

5.3.5 Design of Bessel foci with various axial lengths 
To start with, the NA of the desired Bessel foci, i.e. the outer diameter of the annular filter 

(𝐷𝐷𝑥𝑥𝑧𝑧) should be determined. Based on equation 2.11:  

𝑁𝑁𝐴𝐴𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐷𝐷𝑚𝑚𝑜𝑜⋅𝑀𝑀𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
2𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜

     ( 5.  32 ) 

Where 𝑀𝑀𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the magnification from the Bessel mask plane to the objective rear 
aperture.  

∴ 𝐷𝐷𝑥𝑥𝑧𝑧 = 2𝑓𝑓𝑧𝑧𝑜𝑜𝑜𝑜 ⋅
𝑁𝑁𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
𝑀𝑀𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

   ( 5.  33 ) 

Note that 𝑓𝑓𝑧𝑧𝑜𝑜𝑜𝑜 and 𝑀𝑀𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 vary with the objectives being used in the system.  

For 25X/1.05NA objective with a rear pupil size of 15.12 mm: 

𝑀𝑀𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑓𝑓5
𝑓𝑓4
⋅ 𝑓𝑓2
𝑓𝑓1
⋅ 𝑓𝑓𝑇𝑇𝑇𝑇
𝑓𝑓𝑆𝑆

= 4.04     ( 5.  34 ) 

For other objectives:  

𝑀𝑀𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  𝑓𝑓5
𝑓𝑓4
⋅ 𝑓𝑓1′
𝑓𝑓2′
⋅ 𝑓𝑓𝑇𝑇𝑇𝑇
𝑓𝑓𝑆𝑆

= 5.82    ( 5.  35 ) 

𝑁𝑁𝐴𝐴𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 should be 0.4 for all objectives except GRIN lenses with 0.5 sample-side NA, 
where 𝑁𝑁𝐴𝐴𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 around 0.3 gives the best performance21. With the information above, 𝐷𝐷𝑥𝑥𝑧𝑧 can 
be calculated. From there, the inner diameter of the mask and the period of the binary pattern 
on the SLM, can be adjusted concurrently to obtain Bessel foci with different lengths. 
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Additionally, expansion ratio of the motorized beam expander can be modified to vary the axial 
length of a Bessel focus. In the end, 40 annular filters distributed on two mask plates are 
designed via simulation13 (Table 281). For GRIN lenses, both 0.28NA and 0.32NA options are 
available.  

Table 2 Masks for Bessel focus scanning module (simulated axial FWHM of the excitation PSF)  

NA of Bessel beam for conventional objectives: 0.4; NA of Bessel beam for GRIN lenses: 0.32NA or 0.28NA. 

Mask 1 

Row Column Outer D (mm) Inner D (mm) Objective (Mag/NA) 

Axial FWHM (μm)  

Motorized beam expander expansion ratio 

0.667X 0.5X 0.333X 0.25X 

1 1 1.4258 1.0000 25X/1.05NA 61.2 72.8 39.8 26.2 

1 2 1.4258 1.0500 25X/1.05NA 69.2 82.6 35.0 26.6 

1 3 1.4258 1.1040 25X/1.05NA 90 70.2 33.4 28.6 

1 4 1.4258 1.1408 25X/1.05NA 106.6 55.8 34.2 30.6 

2 1 1.4258 1.1800 25X/1.05NA 96.2 50.2 36.6 33.8 

2 2 1.4258 1.2156 25X/1.05NA 70.6 48.2 39.8 37.8 

2 3 1.4258 1.2572 25X/1.05NA 61.8 52.2 47.0 45.4 

2 4 1.4258 1.3000 25X/1.05NA 68.6 63.8 60.6 59.8 

3 1 1.4258 1.3100 25X/1.05NA 72.2 68.2 65.4 - 

3 2 1.4258 1.3200 25X/1.05NA 77 73.8 71.4 - 

3 3 1.4258 1.3300 25X/1.05NA 83.4 80.6 78.2 - 

3 4 1.4258 1.3400 25X/1.05NA 89.4 87.0 85.0 - 

4 1 2.4750 2.0180 10X/0.6NA - - 73.2 - 

4 2 2.4750 2.0252 10X/0.6NA 94.4 99.6 69.8 42.6 

4 3 2.4750 2.0850 10X/0.6NA 107.6 135.4 58.2 43 

4 4 2.4750 2.1500 10X/0.6NA 141.6 117.8 55 46.2 

5 1 2.4750 2.2080 10X/0.6NA 173 86.6 57.8 52.6 

5 2 2.4750 2.2580 10X/0.6NA 125 80.6 65.4 61.4 

5 3 2.4750 2.3080 10X/0.6NA 104.2 88.2 79.4 76.6 

5 4 2.4750 2.3400 10X/0.6NA 110.6 101.4 95 - 

Mask 2 

Row Column Outer D (mm) Inner D (mm) Objective (Mag/NA) 

Axial FWHM (μm) 

  beam expander expansion ratio 

0.667X 0.5X 0.333X 0.25X 
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1 1 1.7188 1.3000 16X/0.8NA 73.2 97.8 45.4 30.6 

1 2 1.7188 1.3840 16X/0.8NA 94.4 89.8 39.4 32.6 

1 3 1.7188 1.4060 16X/0.8NA 125.4 78.2 39.4 33.8 

1 4 1.7188 1.4260 16X/0.8NA 125.0 70.6 40.2 35.4 

2 1 1.7188 1.4436 16X/0.8NA 125.0 63.8 41.0 36.6 

2 2 1.7188 1.4800 16X/0.8NA 107.0 57.8 43.8 40.6 

2 3 1.7188 1.4976 16X/0.8NA 91.4 57.0 45.8 43.0 

2 4 1.7188 1.5200 16X/0.8NA 79.4 57.8 49.0 46.6 

3 1 1.7188 1.5576 16X/0.8NA 73.8 63.4 57.8 55.8 

3 2 1.7188 1.5800 16X/0.8NA 77.4 70.6 66.2 64.6 

3 3 1.7188 1.6000 16X/0.8NA 83.4 78.2 74.6 73.4 

3 4 2.1154 1.7600 0.5/0.2NA GRIN lens - - - 65.4 

4 1 2.1154 1.6500 0.5/0.2NA GRIN lens - - - 69.0 

4 2 2.1154 1.4200 0.5/0.2NA GRIN lens - - - 112.6 

4 3 1.8510 1.5000 0.5/0.2NA GRIN lens - - - 76.2 

4 4 1.8510 1.4100 0.5/0.2NA GRIN lens - - - 78.2 

5 1 2.2000 1.8440 0.5/0.5NA GRIN lens - - - 67.8 

5 2 2.2000 1.7640 0.5/0.5NA GRIN lens - - - 68.6 

5 3 1.9250 1.6000 0.5/0.5NA GRIN lens - - - 81.0 

5 4 1.9250 1.4800 0.5/0.5NA GRIN lens - - - 81.0 

 

5.4 Design of the remote focusing module 
  As introduced in 5.1.2, a SLM-based remote focusing (RF) module is designed for this 

microscope, and the entire RF module (except three mirror mounts 𝑀𝑀25 through 𝑀𝑀27 and one 
lens mount 𝐿𝐿6 in Fig. 23) are on the elevated RF base. The current RF module only occupies a 

Figure 31 Mount for 𝑴𝑴𝟐𝟐𝟐𝟐 and 𝑴𝑴𝟐𝟐𝟐𝟐 in Fig. 23. Both mirrors 
are  glued onto the bottom of the windows. 𝑀𝑀25 reflect 
the incoming light into the RF path toward 𝐿𝐿6, where the 
light remains parallel to the optical table. 𝑀𝑀26 reflect the 
downward propagating light exiting the RF module back 
towards 𝐿𝐿1 (𝐿𝐿2′).  
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small part of the RF base (Fig. 24) allowing easy adding of optics later on, and a high-speed 
SLM (1920 x 1152, Meadowlark Optics Inc.) is employed for remote focusing.  

 As in 5.1.2 and the Appendix, RF introduces spherical aberration to the conventional 
Gaussian beam focus. In contrast, with an annular illumination profile, Bessel beam is 
intrinsically resistant to spherical aberration21. Therefore, putting the RF module after the SLM 
can potentially tackle or partially solve the problem caused by RF-introduced spherical 
aberration, which is the adopted design for this system.  

To turn on RF function, 𝑀𝑀25 and 𝑀𝑀26 in Fig. 23 need to be in place. With very limited 
space and many mirrors nearby to swap in and out, 𝑀𝑀25 and 𝑀𝑀26 are held by a single custom 
mirror mount (Fig. 31).  𝑀𝑀25 direct the incoming beam into the RF module where the beam 
remains parallel to the optical table, while 𝑀𝑀26 accepts the light propagating perpendicular to 
the optical table and reflects it back towards 𝐿𝐿1 (𝐿𝐿2′).  

When the light does not propagate within a single plane, light polarization can be altered. 
If the planes of incidence in the periscope involved are perpendicular to each other, s and p 
polarizations will be swapped after the periscope. If the planes of incidence are parallel, s and 
p polarizations remain unchanged. However, if the planes of incidence are neither parallel or 
perpendicular, but at a skew angle, light polarization after the periscope will neither be s or p, 
but skew to the wavefront. This will be a problem for wavefront shaping devices that requires 
a certain polarization of the incoming light, e.g., an SLM, since a greater portion of the incident 
light cannot be modulated. Therefore, before the light hits all the SLMs in the system, any two 
planes of reflection are parallel or perpendicular to each other (e.g., 𝑀𝑀13 and 𝑀𝑀14, the two laser 
positioners, and 𝑀𝑀27  and 𝑀𝑀28 , in Fig. 23). In contrast, skewed planes of incidence can be 
tolerated after the RF SLM since it is the last wavefront shaping device in the system. To direct 
the beam reflected by the RF SLM back to the standard path with the least number of reflections, 
𝑀𝑀30 reflects the light downwards to 𝑀𝑀26, with the planes of incidence at these two mirrors 
forming a 20° angle. 

The design for the RF module needs to meet the following additional requirements:  

(1) The beam size on the RF SLM should match the SLM area, and the beam returning to 
𝐿𝐿1 should have the same size as before entering the RF module. Therefore:  

Figure 32 Autodesk  Inventor model for 𝑳𝑳𝟗𝟗. 𝐿𝐿9 is mounted at the 
bottom surface of RF base.  
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𝑀𝑀𝑅𝑅𝐹𝐹 = 𝑓𝑓7
𝑓𝑓6
⋅ 𝑓𝑓9
𝑓𝑓8

= 1     ( 5.  36 ) 
(2) Since the RF SLM is conjugated to the rear pupil of the objective 

𝑂𝑂𝐵𝐵𝐿𝐿𝑇𝑇9→𝑀𝑀23→𝑇𝑇1 = 𝑓𝑓9 + 𝑓𝑓1     ( 5.  37 ) 
𝑂𝑂𝐵𝐵𝐿𝐿𝐷𝐷𝑀𝑀→𝑀𝑀22→𝑇𝑇6 = 𝑓𝑓6     ( 5.  38 ) 

With the three equations above met and a matched beam size (10 mm diameter) at the RF 
SLM, lenses selected for the final design of the system are:  

𝑓𝑓6 = 300 𝐸𝐸𝐸𝐸, 𝑓𝑓7 = 750 𝐸𝐸𝐸𝐸, 𝑓𝑓8 = 500 𝐸𝐸𝐸𝐸, 𝑓𝑓9 = 200 𝐸𝐸𝐸𝐸 

Note that the optical axis of 𝐿𝐿9 is perpendicular to the optical table, and the lens is mounted 
onto the bottom surface of the RF base plate (Fig. 32).    

5.5 Optical alignment  
5.5.1 Pockel cell (Conoptics 350-105-02) alignment 

The pockel cell was placed right after a mirror very close to the laser port (Fig. 23), so that 
daily beam deviation will not affect the Pockel cell transmission for more than 2%. From Sept. 
2020 to Mar. 2021, the transmission droped from 87 % to 86.5%, even less than 1%, so this 
alignment is reliable.  

The Pockel cell was connected to the driver and controlled by the front panel voltage during 
the alignment. This specific pockel cell has an integrated half wave plate (HWP) and input 
polarizer to attenuate the laser power, since the maximum power allowed by the Pockel cell is 
advertised to be 2.5W. However, after communicating with the company, we learnt 2.8W output 
(the output power at 900nm for Insight X3, Spectra Physics Inc.) is likely to be fine. During our 
experiments, the integrated half wave plate is always placed at the position with maximum 
transmission, and the output beam from the pockel cell should be monitored for any blooming 
or irregularity as a result of heated index-matching media inside the Pockel cell.  

Since the orientation of the input polarizer is orthogonal to the output polarizer, when there 
is no voltage applied, the output should always be zero, regardless of the polarization of input 
laser beam. However, when I experimentally tested the Pockel cell, a negative voltage had to 
be applied to the Pockel cell for the transmission to drop to minimum, which indicates a 
misalignment inside the Pockel cell, between the integrated input polarizer and the output 
polarizer. The voltage output from the driver required to compensate for this misalignment 
varied from -30 - -50 (the reading on the front panel of the Pockel cell driver) from day to day.  

The first step to align the Pockel cell is to use the alignment tool to maximize its 
transmission (Model 103, Conoptics Inc.). A PBS and a HWP were used to attenuate the power 
entering the alignment tool to below 100 mW. The alignment tool was mounted onto the Pockel 
cell mount (Model 102, Conoptics Inc.) and the knobs on the mount were adjusted to maximize 
the transmission. At the specific beam size and wavelength (900 nm) of laser, a good alignment 
with this tool should give a transmission > 93%. Once this transmission ratio is achieved, the 
alignment tool can be removed and the Pockel cell can be placed in. The PBS and HWP should 
also be removed before starting the alignment with Pockel cell itself.  



Chapter 5: A highly-integrated multifunctional two-photon fluorescence microscope       60  
 

 

 For Pockel cells without an input polarizer (e.g., other pockel cells currently used in the 
lab (e.g., 350-80-LA, Conoptics Inc.), the alignment aims to minimize the output power when 
there is no voltage applied. However, since this Pockel cell has an input polarizer, the output is 
always minimal without voltage applied. Therefore, to align this Pockel cell, a voltage reading 
~300 was applied by rotating the knob at the front of the Pockel cell driver, and the alignment 
aims to maximize the output power, i.e. maximize the transmission. After every round of 
alignment, the knob may need a minimal adjustment to compensate the altered Pockel cell 
orientation and maximize the output power. The final transmission at 900nm is ~87%, with an 
extinction ratio higher than 200:1 (maximum Pockel cell output : minimum Pockel cell output). 

The polarization of the output beam from the Pockel cell was also characterized. The PBS 
was placed after the Pockel cell, and power for both horizontally and vertically polarized 
components were measured. Vertically polarized light was measured to be >1000 times stronger 
than the horizontally polarized light after the Pockel cell.  

5.5.2 Beam alignment through the first laser positioner (𝑳𝑳𝑳𝑳𝑳𝑳, Fig. 23) 
The designed beam height can be found in the Autodesk Inventor model, which is 4.75 

inch above optical table before entering the first 𝐿𝐿𝐵𝐵1. 𝐿𝐿𝐵𝐵1 raises the beam to 5" above the AO-
Bessel base for optics afterwards. Two irises (𝐼𝐼1, 𝐼𝐼2) were used to align the beam entering 𝐿𝐿𝐵𝐵1. 
𝐼𝐼1 was placed at just enough distance from 𝑀𝑀3 so that a 5X beam expander (BE, Fig. 23) can 
be inserted (note that for this step of alignment, neither BE nor motorized BE is installed in the 
light path yet), and 𝐼𝐼2 was installed right outside the optical enclosure. By adjusting 𝑀𝑀2 and 𝑀𝑀3 
to direct the beam through the centers of 𝐼𝐼1 and 𝐼𝐼2, the beam entering 𝐿𝐿𝐵𝐵1 should now follow 
the designed path.  

Each of the two prism mirrors (MRA15, custom ultrafast enhanced coating, Thorlabs Inc.) 
in 𝐿𝐿𝐵𝐵1 was glued onto an adapter plate that is secured to a translation stage. The prism mirrors, 
and all other optics in the system that need adhesives are glued using Thorlabs acrylic anaerobic 
adhesive (LOC312, Thorlabs Inc.). The adhesive package contains a bottle of primer and a 
bottle of glue. The primer was first spread onto the contacting surface uniformly, and then a 
drop of glue was added on top. The mirror was then placed onto the desired position, and the 
correct amount of glue should result in a glued area with ~1cm diameter. Sufficient glue is 
required to secure the counterparts together, but excessive amount of glue can distort the mirror 
surface and introduce additional aberrations.  

During the experiments, the adapter plate for the X component (the first prism mirror to 
reflect the light in the horizontal plane) in 𝐿𝐿𝐵𝐵1 was found to have parallelism issue, which 
reflected the beam 1° upward. A piece of 0.02"-thick plastic shim is placed between the adapter 
plate and the translation stage. By adjusting the location of the shim with the relative tightness 
of screws mounting the adapter plate, the tip/tilt of the plate and the prism mirror on top can be 
adjusted until the beam height right after and ~25" away from the 𝐿𝐿𝐵𝐵1 were at the same height, 
i.e. 5" above the AO-Bessel base. Additionally, since the adapter plates were secured by only 
four screws without dowel pins, their positions required some fine adjustment by hand. 𝑀𝑀6 was 
removed from the system so that beam exiting 𝐿𝐿𝐵𝐵1 would propagate towards 𝑀𝑀13 (the periscope 



Chapter 5: A highly-integrated multifunctional two-photon fluorescence microscope       61  
 

 

in front of the Bessel SLM). The correct angle of the adapter plate in the X component of 𝐿𝐿𝐵𝐵1 
was identified as when the beam hit the center of 𝑀𝑀13.  

5.5.3 Alignment of the 5X fixed magnification beam expander 
The beam expander is held by a mirror mount, and the mirror mount is fixed by an optical 

post and post holder, which allows free adjustment of height. The entire assembly is mounted 
onto a single-axis translation stage to translate perpendicular to the optical axis in the horizontal 
plane. During the alignment, the beam expander was first tuned for the best collimation. Beam 
sizes at three different positions  after the beam expander (roughly at z = 0 cm, z = 50cm,  and 
z = 100 cm) were measured to find the setting with no beam focusing and minimum beam 
divergence. Second, the tip/tilt, height, and position in X were adjusted, until the beam went 
through the center of 𝐼𝐼1 and 𝐼𝐼2 again (𝐼𝐼1 for X position adjustment, and 𝐼𝐼2 for tip/tilt adjustment). 
The beam expander was considered as co-axial with the existing light path then.  

5.5.4 DM alignment  
The next step is to align the DM. Since all the conjugation lenses in the system are designed 

to be mounted with SM2 retaining rings (Thorlabs Inc.), irises with SM2 external thread can be 
added to the lens mounts to facilitate beam alignment. During setting up the system, a 
combination square (2007A5, McMaster Carr Inc.) was also intensively used to identify the 
height and lateral position of the laser beam.  

The DM is held with a 2-inch kinematic mirror mount (KS2, Thorlabs Inc.), and the mirror 
mount is mounted to an XYZ translation stage (461-XYZ-M, Newport Corporation Inc.). In 
this way, both tip/tilt and location of the DM can be adjusted. A lens mount (without lens) with 
an iris was placed at the location of 𝐿𝐿2′, and the combination square was placed next to 𝑀𝑀24 to 
read the beam location of the reflection light from the DM. Since the beam incident to the DM 
has already been adjusted to the correct height (see 5.5.2), beam reflected by the DM should 
remain 5" above the AO-Bessel base once the beam reaches the correct height at either of these 
two locations. By adjusting the tip/tilt of the kinematic mount holding the DM to center the 
beam at the 𝐿𝐿2′ iris, and translating the DM assembly along the optical axis to direct it to the 
correct position at the combination square, the alignment could be finished after a few iterations.  

5.5.5 Beam alignment from DM to galvo Y, resonant galvo path 
To align the beam from DM to the resonant galvo, 𝐼𝐼5, an iris at 𝐿𝐿1′, 𝐼𝐼7 and 𝐼𝐼4 were utilized. 

𝑀𝑀10 is held by a kinematic mount with three knobs (Polaris-K1F, Thorlabs Inc.), which allows 
both tip/tilt adjustment and translation. The knobs were adjusted until the beam went through 
the centers of 𝐼𝐼5 and 𝐿𝐿1′. Then, before mounting the resonant galvo into the light path, M11 was  
adjusted so that the reflected beam was at the correct height and position as in the design (beam 
should propagate parallelly to the base plate surface 5 inch above it, and parallel to the base 
plate’s edge on the walkway side at a 11.88 inch distance, which was confirmed with the 
combination square). Then, with 𝑆𝑆1, 𝑆𝑆2, galvo Y and  all out of the light path, by adjusting 𝑀𝑀11 
and resonant galvo, the beam was made coaxial with the path determined by 𝐼𝐼7 and 𝐼𝐼4. Note 
that 𝐼𝐼7 is fixed to the vertical scan base, on the opposite side to 𝑆𝑆3, 𝑆𝑆4 and galvo X.  
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5.5.6 Beam alignment from DM to galvo Y, conventional galvo path 
By inserting 𝑀𝑀7 into the light path, the conventional galvo path was selected. First, without 

𝑀𝑀9 in the path, 𝐼𝐼3 and the combination square (placed at a distance from 𝐼𝐼3) were used together 
to determine the tip/tilt and position of 𝑀𝑀8. Then, 𝑀𝑀9 was added back to the system, and 𝐼𝐼4 and 
𝐼𝐼7 together assisted directing the beam along the designed path to hit the center of galvo 𝑌𝑌.  

5.5.7 Centering the angle of galvos.  
If galvo Y is placed at the correct position, the horizontal incident light should be directed 

upward perpendicularly, and the reflected upgoing light at galvo Y should be 2" away from the 
vertical scan base. This was confirmed for both the resonant galvo path and the conventional 
galvos path, by translating the custom galvo mount described in Fig. 27. Similarly, the 
combination square with an infrared viewer can be used together to make sure the light reflected 
by galvo X is parallel to the base of the detection path. Under these conditions, the galvos should 
all be at their center locations.  

5.5.8 Verification of the conjugation 
Note that no lenses had been added to the system until this step.  

First, put all scan lenses and the tube lens (F160) in place. If the conjugation between galvos 
or between galvo X and objective rear aperture is successful, rotating a galvo will not translate 
the image onto the next galvo, or onto the objective rear aperture.  

The successful conjugation between galvos were confirmed. However, an error was found 
in the mount for 𝑆𝑆5, resulting in a 1.2-cm shift of the conjugation plane at the objective rear 
aperture.  By taking out the spacer (as in Fig. 26C), and manually push the scan lens in for ~2 
mm, the correction conjugation at the objective back pupil was recovered.  

Adding conjugation lenses caused the previous alignment to drift off slightly, for example, 
beam reflected by the resonant galvo after adding 𝑆𝑆1 and 𝑆𝑆2 deviated ~0.8° and no longer went 
through the centers of 𝐼𝐼7 and 𝐼𝐼4. This may be due to the error in the custom-made mounts of the 
scan lenses, or misalignments among different components inside the lenses themselves. As 
long as the conjugation works properly, such drifting does not affect the beam location at those 
conjugation planes.  

5.5.9 Centering the DM image at the back aperture of the objective 
Now, conjugation lenses between the DM and the galvo should also be in place. This would 

also change the previous alignment (e.g., the beam at 𝐼𝐼4 in the conventional galvo path shifted 
for ~0.7 mm with conjugation lenses added), so would switching the two lenses (𝐿𝐿1, 𝐿𝐿2, Fig. 
23) to change the system magnification, which is likely caused by the flatness/parallelism error 
of the lens-holding socket in the custom designed lens mounts. However, this again does not 
affect the conjugation, and furthermore, the laser positioner can compensate for these errors if 
necessary.   

There is one more step that can only be done when the DM is operatable: to center the DM 
onto the objective rear aperture. To do this, we need a pattern on the DM marking its center, 
and then translate the DM until the center of the DM image co-localize with the center of the 
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objective’s rear aperture. After centering the DM image, however, it is likely the beam needs 
to be shifted slightly by adjusting 𝐿𝐿𝐵𝐵1 and the axial location of the DM. Quick re-alignment of 
optics in 5.5.3 – 5.5.5 may also be necessary. For now, this step cannot be done since the DM 
is still not functioning. 

5.5.10 Alignment and setup of the motorized beam expander 
The motorized beam expander has two groups of lenses, each with a motor. With the two 

groups of lenses placed at different locations, expansion ratio can be altered. The factory 
calibration .txt files turned out to be wrong, so the motorized BE was re-calibrated (at 900nm 
wavelength) for correct expansion ratios and best beam collimation. After the calibration, it was 
installed in the light path with the custom-designed mount (Fig. 24).  

To align the motorized BE, an additional iris,  𝐼𝐼9 was added into the system, and 𝐼𝐼9 is 
coaxial to 𝐼𝐼1  and 𝐼𝐼2  (Fig. 23). The most commonly used setting for the standard AO path: 
0.667X was chosen for the alignment. When 𝑀𝑀18  and 𝑀𝑀4 are not in the light path, 𝐼𝐼2 and 𝐼𝐼9 
together can make sure the beam exiting the motorized BE remains coaxial with the alignment 
before. The mount for motorized BE has both tip/tilt and XY translation adjustments. The tip/tilt 
adjustment was used to center the beam at 𝐼𝐼9 and the translation adjustment to center the beam 
at 𝐼𝐼2.  

5.5.11 Alignment of Bessel focus scanning module 
The SLM is mounted onto an XYZ translation stage, and the factory housing for the SLM 

itself allows for tip-tilt adjustment. Initial alignments were performed using 0.5X (3.1 mm 
diameter) Gaussian beam. To align the Bessel SLM, the Bessel laser positioner (𝐿𝐿𝐵𝐵2 in Fig. 23) 
was removed, and an iris was added at 𝐿𝐿3. With the combination square placed at 20" away 
from 𝐿𝐿3, the tip/tilt and position of the Bessel SLM were tuned until the beam centered at both 
𝐿𝐿3 and on the combination square. Similar error of the parallelism of the adapter plates in  𝐿𝐿𝐵𝐵2 
were found, just as in 𝐿𝐿𝐵𝐵1. The same protocol in 5.5.2 was used to compensate for this error. 
The mounting orientation of the X component was again manually adjusted so that the light 
passes through the center of 𝐿𝐿4 while hitting the correct position on the combination square 
placed right after the 𝐿𝐿𝐵𝐵2.  

All mirrors in 𝑀𝑀17  through 𝑀𝑀24  are fixed onto a custom designed mount without any 
freedom, requiring the mirror mounts to be highly accurate. The first version of those mirror 
mounts was found to have manufacturing errors and new mounts are still being manufactured, 
so the final alignment of the Bessel module has not been justified yet.   

5.5.12 Daily alignment  
After setting up the motorized BE, an additional iris, 𝐼𝐼8 was added right in front of it (Fig. 

23). 𝐼𝐼8 is coaxial with 𝐼𝐼1 and 𝐼𝐼2, and is ~30 inches away from 𝐼𝐼1. For daily alignment, 𝑀𝑀2 and 
𝑀𝑀3 should be adjusted so that the laser beam centers at both 𝐼𝐼1 and 𝐼𝐼8. 𝐿𝐿𝐵𝐵1 can then account for 
any residual variations in beam location at the DM plane from day to day.  
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5.6 To-do list and future plan 
(1) The dichroic filters in the detection path and system data acquisition remain to be tested. 

Initial testing was able to obtain signal from PMT using yellow-green beads, but the 
cross-talk between green and red channels seem to be abnormally high.  

(2) The DM is having hardware communication problems in the system, which need to be 
solved before we can have a functional AO module.  

(3) The Bessel path remains to be aligned once the mirror mounts are ready.  
(4) The Remote Focusing path remains to be set up.  
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Chapter 6: Conclusion 

Since the first demonstration of Bessel focus scanning technology in multiphoton 
fluorescence microscopy18,19, the Ji lab has explored its incorporation into different systems and 
vast applications in various neurobiology study13-15,82,83. Due to the flexibility and compactness 
of a Bessel module, it can be easily added to an existing multiphoton fluorescence microscope. 
Due to the magnitudes of reduction in data size compared with other high-throughput 
volumetric imaging methods, multiphoton Bessel focus scanning microscopy makes data 
storage and processing more efficient. The thesis discussed recent progress on two-photon 
Bessel focusing scanning microscopy.   

The first application described in this thesis is to incorporate Bessel beam into a two-photon 
microendoscope based on GRIN lenses. Despite the substantial aberrations of GRIN lenses 
compared with conventional objectives, synapse-resolving Bessel focus could still be generated 
through these endoscopes, and activities of neurons distributed in a 3D volume could be 
simultaneously probed within a single 2D scan. Furthermore, the resistance of Bessel focus 
scanning technology to axial motion eased the image registration process in our data, where 
running a 2D registration plugin in Fiji33 was already sufficient to correct for sample motion.  

The next part of the thesis discussed data analysis methods optimized for the large-scale, 
information-rich data acquired in two-photon Bessel focus scanning microscopy. The different 
analysis methods presented are all equipped with functions of automatic ROI segmentation  and 
neural activity extraction, but are suitable for data with different object features. Despite the 
great many success of these methods, demixing activities from overlapping neurons to enable 
the application of Bessel focus scanning in densely labeled samples remains a problem to be 
addressed.  

The last section of the thesis presented a custom-designed two-photon fluorescence 
microscope with various imaging modes. With the help of ray-tracing and CAD modeling, the 
system is designed to be highly integrated, stable, and easy to operate. In the process of the 
system design, different methods for RF were explored and compared. A detailed alignment 
protocol was provided, although the part involving Bessel focus scanning module and RF 
module remains to be completed.  

In conclusion, the thesis demonstrated the flexibility and effectiveness of volumetric 
imaging in two-photon Bessel-focus scanning microscopy. In combination with other state-of-
the-art technologies, e.g., AO and remote focusing, and data analysis tools, we expect Bessel 
focus scanning technology to be widely applied for neurobiology questions that require high-
throughput volumetric imaging at subcellular or synaptic resolution.  
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Appendix: Ray tracing of dual-objective remote focusing 

Since the scan lenses and tube lenses in the system are already designed and manufactured 
to accept large scan angles, the ray tracing here is to find the best workaround to add a remote 
focusing unit into the existing system. With a general rule that doublet conjugation lenses with 
longer focal lengths (lower NA) should introduce less aberration, the main question is: where 
to insert the remote focusing module. Two settings were tested78:  

A. 1 RF module after galvos 

If the RF module is inserted after the galvos, rays at the imaging objective and RF objective 
can be fully symmetric, and the aberrations through the two objectives can be compensated 
more effectively. As in Fig. A.1, the focal shift range with a 0.4 or higher Strehl ratio at the 
FOV center reaches beyond 1mm, which is sufficient for most volumetric imaging experiments. 
However, with this setting, we need a custom-designed RF objective for the angle range, which 
can cost ~$45,000. Therefore, the next configuration tested is to insert the RF module before 
the galvo, so that an ordinary commercial objective could be used as the RF objective.  

A. 2 RF module before galvos 
If the RF module is placed ahead of the galvos, beam will remain parallel to the optical 

axis throughout the entire axial scanning unit. However, the defocused beam exiting the axial 
scanning unit may cause trouble (field curvature, spherical aberrations, clipping, etc.) 
afterwards, especially during lateral scanning. To address these problems, the entire mesoscope 
system equipped with such an axial scanning unit12 was designed jointly to maximally 
compensate for these aberrations.  

One of the main problems is the magnification problem, i.e. a large-diameter beam is 
required when entering the remote focusing objective, whereas a small diameter beam is ideal 
for the galvos and scan lenses.  If a beam diameter of 5 mm is maintained throughout the axial 
and lateral scanning units, on-axis strehl ratio drops to 0.4 at -200 µm focal shift (data not 

Figure A. 1 Simulation results of a 
RF module after the galvos. (A) 
layout in Zemax. The conjugation 
lenses 1 and 2 are both the scan 
lens with 160mm focal length in 
5.2.3. (B) Strehl ratio vs. scan 
angle (0-10°) across the -600µm – 
600µm focal shift range. Strehl 
ratio drops to 0 even at the center 
of FOV at 600µm focal shift. Black 
line: diffraction limited strehl 
ratio. Colors: different 
wavelengths of light.  



Appendix: Ray tracing of dual-objective remote focusing       72  
 

 

shown). To address this problem, the configuration in Fig. A. 2 is selected. 5 mm-diameter 
beam enters the simulated axial scanning unit, and magnified by the two conjugation lenses 
(AC508-100-B, AC508-400-B, Thorlabs Inc.) for 4 times before entering the RF objective. 
When the beam is reflected back by the axial scanning mirror, the two conjugation lenses will 
now de-magnify the beam and shrink it back to a diameter of 5 mm. Since the beam remains 
parallel to the  optical axis before entering the optical scanning unit,  multi-configuration setting 
in Zemax is used instead of the field angles. The simulation results are summarized in Table A. 
1.  

Table A. 1 Remote focusing simulation results for configuration in Fig. A.2 

 -600 µm -400 µm -200 µm 0 µm 200 µm 400 µm 600 µm 
On-axis strehl ratio 0.05 0.8 0.9 0.9 0.7 0.3 0.5 
Lateral scan range 
for a strehl ratio > 

0.2 

-- 0 – 15 ° 
(30° peak 
to peak) 

0 – 15 ° 
(30° peak 
to peak) 

0 – 20 ° 
(40° peak 
to peak) 

0 – 8 ° 
(16° peak 
to peak) 

0 – 6 ° 
(12° peak 
to peak) 

0 – 6 ° 
(12° peak 
to peak) 

Although the results are acceptable, considering the aberrations and power loss introduced 
by the two additional objectives and four additional conjugation lenses, the SLM-based module 
is chosen for remote focusing.  

  

Figure A. 2 Remote focusing 
unit with two additional 
conjugation lenses.  
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