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Abstract: Laser scanning is widely employed in imaging and material processing. Common
laser scanners are often fast for 2D transverse scanning. Rapid focal depth control is highly
desired in many applications. Although remote focusing has been developed to achieve fast focal
depth control, the implementation is limited by the laser damage to the actuator near laser focus.
Here, we present a new method named pupil plane actuated remote focusing, which enables
sub-millisecond response time while avoiding laser damage. We demonstrate its application
by implementing a dual-plane two-photon laser scanning fluorescence microscope for in vivo
recording of calcium transient of neurons in mouse neocortex.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Laser scanning is widely employed in many key areas. In material processing [1], laser scanning
based material cutting and engraving has been routinely used to achieve high dimension accuracy
and tight tolerance [2]. In additive manufacturing [3], laser scanning based 3D printing has been
commercialized for a broad range of materials. In medicine, laser scanning has been applied
to vision correction [4] and endoscopic imaging [5]. In biology, laser scanning serves as the
foundation for a variety of 3D imaging technologies [6—12]. Thus, the advances of laser scanning
method can broadly benefit many disciplines.

Common laser scanners such as polygon scanners and galvo scanners only implement fast
transverse scanning [13,14]. The axial scan typically involves mechanical adjustment of the
focusing lenses and is therefore very slow. To achieve faster axial scanning, a variety of solutions
have been developed, such as liquid lens cells [15,16], ultrasonic lenses [17,18], holographic
wavefront control [19-21], remote focusing [22,23], etc. Liquid lens cell has its advantage of
simplicity and low cost. Mechanical lens surface deformation can achieve focal depth control
at ~100 Hz rate. A major issue of liquid lens is the spherical aberration. The ideal defocusing
wavefront, ndcos(6) where n is the index of refraction, d is the defocusing distance and 6 is
the angle of incidence, depends on the numerical aperture (NA) of the objective lens [22]. As
the majority of the objective lens design is based on the Abbe sine condition, the pupil plane
spatial profile has nonlinear dependence on cos(€). Therefore, the wavefront profiles for lenses
of different NA are unlike. The mismatch between the liquid lens wavefront and the ideal
defocusing wavefront leads to aberration (greater focal volume and reduced peak intensity).
Ultrasonic lenses rely on the acoustic wave induced refractive index change to achieve high-speed
(100 kHz — 1 MHz) focus tuning, which is faster than most scanners. However, similar to the
liquid lens cell, it also suffers from spherical aberration [17]. For aberration free defocusing,
holographic wavefront control has been utilized [20,21,24-27]. Deformable mirrors or spatial
light modulators (SLM) can be employed to generate the desired defocusing wavefront. Residual
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system aberration can also be corrected [19]. For long defocusing range, SLM is the preferred
solution for its ample degrees of freedom with up to ~200 Hz update rate. However, each update
is only for a defined defocusing distance. For a continuous axial scanning (e.g. over a range
of ~200 focal locations), the scan rate will be quite slow (e.g., 1 Hz with a 200 Hz SLM). The
development of remote focusing nicely solved these problems [22,23]. Using a pair of objective
lenses of identical defocusing wavefront profiles and telecentric tube lenses, remote focusing
can nicely relay the focal movement from one lens to the other. To achieve fast defocusing
control, a galvanometer actuated miniature mirror was placed near the focal plane of the proximal
objective, which enabled sub-millisecond step response time and kHz rate continuous scanning.
A limitation for practical implementation is its power handling capability. In comparison, the
liquid lens cells, ultrasonic lenses and holographic wavefront control all operate in the pupil
plane, where the power density is well below that of the focal plane. Such a design has enabled
the operation of high peak intensity lasers for both imaging and material processing. For remote
focusing, the focusing actuator is located near the focal plane where the peak intensity is high,
which could lead to damage to the optical surface. Therefore, the focal plane actuation design of
remote focusing hindered the applications with high peak laser intensity despite its advantages of
low aberration and high speed.

To enable a high-speed focal depth control without laser damage to the system, we have
developed a new method, named pupil plane actuated remote focusing (PRF). The idea is to have
two opposing objective lenses with their optical axes tilted with respect to each other (Fig. 1). We
will use a high NA objective lens as the input lens such that it can provide sufficient solid angle
to match that of the tilted output lens. In this way, the transverse movement of the input laser
focus on its focal plane (Ayg in Fig. 1) can be decomposed into the axial (Az) and the transverse
movement (Ay) of the output laser focus. With such a configuration, the focal depth control can
be implemented by a galvo at the pupil plane of the input lens where the laser beam is large
and the laser intensity is low. As the common applications of laser scanning already include a
transverse 2D scanner, the transverse movement (Ay) coupled with the axial scanning can be
canceled by the 2D scanner to form purely axial scanning. From the perspective of degrees of
freedom, we will only use three galvos to achieve fast arbitrary 3D positioning, e.g. one for y and

z, one for x and one for y.
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Fig. 1. Objective lens configuration for pupil plane actuated remote focusing.

2. Methods

We implemented the PRF module with an output NA of 0.8 and combined it with a two-photon
laser (930 nm, 140 fs) scanning fluorescence microscope (Fig. 2(a)), which allowed us to quantify
its spatial resolution and explore its neuroscience applications. We employed an NA 1.4 oil
immersion objective as the input lens and an NA 0.8 water dipping objective as the output lens.
The optical axis of the NA 0.8 objective was tilted by 45 degree from that of the NA 1. 4 lens. At
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NA 0.8, the solid angle was 37 degree in water. With the additional 45 degree tilting, the largest
angle was 82 degree, corresponding to a maximum input NA of 1.317, which was supported by
the NA 1.4 input lens. The input lens required a cover slip, which was positioned by a linear
stage (UMRS.16, Newport) such that the optical focus was on the surface between the cover slip
and water. Experimentally, we used a 3-axis stage (9062-XYZ, Newport) to position the NA 0.8
objective such that its output beam was collimated along its optical axis. We further adjusted the
cover slip position so that the beam profile was round and uniform. Scanning with the single-axis
galvo 1 would shift the laser focus transversely on the focal plane of the input lens, which was
projected into the transverse and the axial focus scanning of the output lens. Galvo 2 provided
2-axis transverse scanning. The collective control of these three scanning axes (three degrees of
freedom) allowed us to achieve fast (130 ps small-step and 500 ps large-step response time) 3D
focus control.
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Fig. 2. (a) System design for PRF based two-photon laser scanning fluorescence microscope.
Galvol, single axis galvo scanner (8315k Cambridge Technology); L1-6, achromatic
telecentric relay lenses with focal length 125, 300, 300, 187.5, 125, and 500 mm; Galvo2,
two-axis galvo scanner (8315k Cambridge Technology); BP, bandpass filter (535/150
Semrock). (b) Defocus distance’s dependence on galvo 1 voltage.

For two-photon imaging, we employed the scanimage software [14] for image recording. To
flexibly shift the image location in 3D, we combined the scanimage galvo control analog signals
with xy offset signals using analog signal summing amplifiers (SIM980, SRS). The three analog
control signals, one for galvol and two for xy offset allowed us to achieve 3D positioning. In this
work, we utilized the PRF to implement a dual-plane calcium imaging, in which we switched the
imaging between two axial locations. To synchronize the image recording with the focal depth
switching, we utilized the frame trigger offered by scanimage to update the signal to galvol and
the offset signal to the y axis of galvo 2.

To calibrate the axial scan range and the y offset value that was needed to form purely axial
scanning, we immobilized 0.2 um diameter fluorescence beads (F8811, ThermoFisher) in 2%
agar and positioned the agar sample using a precision linear stage (VP-25XA, Newport). After
applying different voltage value to galvo 1, we controlled the vertical axis of the linear stage such
that the same beads were back in focus. The stage reading allowed us to determine the axial shift
(Fig. 2(b)). Next, we adjusted the y offset value of galvo 2 such that the beads returned to their
original location on the image, which allowed us to determine the y offset values for achieving
purely axial shift.

To evaluate the system performance for in vivo calcium imaging, we used 2-mouth old wild-
type C57BL/6 mice which were injected with 200-300 nl AAV 1-Syn-GCaMP6s-WPRE-SV40
(100843-AAV1, Addgene) in the primary sensory cortex 14 days before the imaging. We
surgically removed the skull and implanted a 3 mm diameter No. O cover glass as the cranial
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window. During the imaging, calcium data were collected from layer 1 and 2/3 of the primary
sensory cortex. Changes of fluorescence normalized by the baseline fluorescence level (AF/F)
were quantified from regions of interest (ROI). The minimum 10% of each cell’s fluorescence
was defined as the baseline value (F) [28].

3. Results

We employed 0.2 um diameter fluorescence beads to characterize the spatial resolutions (Fig. 3)
over a defocusing range of ~240 um. At each defocusing value, we recorded a 3D stack with
0.8 um axial spacing, which allowed us to extract the spatial resolutions. Within a range of 200
um, the transverse resolutions were rather consistent while the axial resolution varied (3-6 um),
which was nonetheless adequate for imaging neuronal somata and dendrites.
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Fig. 3. Spatial resolution characterized by two-photon imaging of 0.2 um beads. (a, b)
Transverse and axial cross-section images with 0 defocusing. Scale bar, 0.5 pum. (c-e)
Gaussian fitting with the full width at half maximum (FWHM) value shown. (f-h) Focus
FWHM as a function of defocusing distance.

We employed the PRF system for dual-plane in vivo calcium imaging of neuronal activity in
the awake mouse brain (Fig. 4). With the kHz non-resonant galvo scanner, we set the line rate to
1 kHz. With 240 lines per image, the frame rate was ~4 Hz. With the PRF based focal plane
switching, we used the odd number frames to record at focal plane 1 (cerebral layer 1) and even
number frames to record at focal plane 2 (cerebral layer 2/3). The axial separation between the
two planes was ~200 pum (Fig. 4). To compensate for the tissue scattering induced focus intensity
difference, we also dynamically (based on the scanimage frame trigger) adjusted the driving
signal of the power control EO modulator (350-80-LA-BK, Conoptics). The average imaging
power was 12 mW and 20 mW for plane 1 and 2, respectively. The animal was fully awake during
the imaging. The spontaneous calcium transients from somata, dendrites and dendritic trunks
were extracted from the time-lapse imaging (Figs. 4(b)—4(e)).
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Fig. 4. Dual-plane in vivo calcium recording of neuronal activity in awake mouse brain.
(a) Spatial configuration of the two imaging planes. (b, c) Image and calcium transients of
dendrites and somata in the upper plane. (d, e) Image and calcium transients of dendritic
trunks and somata in the lower plane.
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4. Discussion

The key advantage of PRF is the greatly improved power handling capability. In conventional
remote focusing systems, to fully utilize the scan range, the actuator needs to travel across the
focal plane to access both the positive and the negative defocusing regions. Even if the focal
plane can be avoided, the laser spot size on the actuator ranges from tens to a few hundred
microns. In comparison, with PRF, the laser spot size on the actuator (galvo) ranges from several
millimeters to above centimeter. Given the same laser damage threshold, PRF improves the
power handling capability by at least three orders of magnitude, which is greatly beneficial to
both material processing and imaging. For example, the protected silver coating can typically
withstand a few hundred mW CW laser power for a 1 um diameter spot, which is actually close
to the power encountered in multiphoton imaging systems, not to mention that the employed
sources are femtosecond pulsed lasers.

We utilized the stepwise axial motion in the dual-plane calcium imaging measurement.
Depending on the nature of applications, other scanning methods such as curved 3D scanning
[22] can also be applied. As all three degrees of freedom are controlled by galvo scanners,
monotonic scanning along 3D curves can achieve sub millisecond scanning time.

5. Conclusion

Towards greater power handling capability and avoiding laser damage, we have developed the pupil
plane actuated remote focusing. Using tilted objective lenses, we convert the transverse scanning
of one lens into the combined axial and transverse scanning of the second lens. Combining
PRF with the conventional 2D scanner, we can use three galvo actuators to scan the laser focus
in 3D. To evaluate its performance and demonstrate its application, we combined PRF with
a two-phonon laser scanning microscope. Using a stepwise axial shift, we implemented the
dual-plane in vivo calcium recording of the neuronal activity in awake mouse brain. Further
development in scanning control is expected to enable more advanced recording methods such as
3D curved scanning, as shown in the initial remote focusing report [22]. PRF can broadly benefit
applications that require a few hundred mW or more laser power, especially for systems using
energetic laser pulses. As laser scanning is widely employed in imaging and material processing,
this development will be valuable to many applications.
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