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(57) Abstract: Light Sheet Theta (LS-0) Microscopy achieves large sample imaging capabilities without aftecting the imaging depth or
the image quality. An optical layout places a detection objective normal to the sample surface, while placing the illumination objectives
that generate light sheets at an angle (theta) signiticantly smaller than 90 degrees. In this contiguration, the light sheets enter from
same side of the sample as the detection objective. The intersection of the light-sheet and the detection focal plane results in a line

illumination-detection profile that is discriminated by a camera.
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RAPID HIGH-RESOLUTION IMAGING METHODS FOR LARGE SAMPLES

BACKGROUND

[0001] There is an increasing need for methods and devices that permit rapid high-
resolution imaging of the structure and function of large three-dimensional objects, for
example broad slabs of substantial thickness, in particular, fully intact biological samples
such as large slices of biological tissues. An example of this is brain tissues the importance
of which, to neuroscience research is underscored by the announcement of high profile
initiative including White House sponsored BRAIN Initiative for building
Neurotechnologies.

[0002] In the known technique of light sheet microscopy (LSM), a thin sheet of light
illuminates a sample from the side and an orthogonally arranged objective detects the
emitted signal from the illuminated plane. Fig. 1A is a figurative illustration of a light sheet
microscope. A detection optical system 100 has a camera 110 that receives image light
signal through an imaging lens 108 and an objective 104 having a high numerical aperture
(NA) for discriminating feature in a relatively thick sample 115. The sample 115 is
illuminated by light sheets 114 and 112 which are projected from illumination objectives
102 and 106 into the sample so as to focus a pair of light sheets 114 and 112 on the front
focal plane of the imaging system. Three dimensional volumes of samples are acquired by
either moving the sample 115 step-wise to image it plane-by-plane or by synchronously
moving the aligned light-sheet and detection objective stepwise through the stationary
sample. The acquired image “stack™ (i.e., the collection of 2D planes) provides three-
dimensional information about the sample. Samples larger than the field-of-view of the
microscope (i.e. the part of sample visible at one position) are imaged by acquiring tiles of
stacks which are then stitched together. Such volumes can also be acquired repeatedly with
time delaysto allow capturing of the dynamics of living samples.

[0003] The configuration of light sheet microscopy provides two key advantages:
minimum possible energy load on the sample (therefore minimum photobleaching and
phototoxicity) and very high imaging speeds. The imaging depth (i.e., the sample dimension
along the imaging axis) is generally determined by the working distance of the detection
objective, which puts a physical limit, and the optical scattering properties of biological
tissue being imaged. The overall intact sample size that can be imaged is also restricted in

one of the two other sample dimensions (i.e., the dimension along the light sheet
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propagation direction indicated in Fig. 1A at 117 and labeled “limit on sample size™) as the
light-sheet needs to penetrate the tissue for illumination.

[0004] A commonly used configuration (Fig. 1B) that can address these limitations
provides a detection objective 130 and illumination objective 130 whose optical axes are at
45 degrees to sample surface normal. This configuration reduces the imaging depth inthe
sample as the effective working distance of the detection objective is limited because of the
angle. Also because of the geometry constraints of physical size of detection objective 130
(i.e. the objective may physically ram into the sample). The working distance is adversely
affected as indicated by the arrowheads. In addition, using an angled detection objective
results in aberrations, especially for high resolution detection objectives. Light sheets can
also be generated through the detection objective itself (i.e. using of same objective for
illumination and detection), as in oblique plane microscopy for example described by
Dunsby in US Patent Publication 8582203. This however comes at the cost of reduction in
the image quality, imaging depth (as the signal is detected off the native imaging plane) and
also high photo damage.

SUMMARY

[0005] Presently described are embodiments of a microscope which may be
identified as Light Sheet Theta Microscopy (LSTM), also referred to herein as LSTM. The
LSTM microscope provides the ability to resolve images in substantial depth as in a light
sheet microscopy while providing the ability to scan samples having a large area. Variations
also provide faster scanning by imaging on opposite sides of the sample.

[0006] Objects and advantages of embodiments of the disclosed subject matter will
become apparent from the following description when considered in conjunction with the

accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0007] Embodiments will hereinafter be described in detail below with reference to

the accompanying drawings, wherein like reference numerals represent like elements. The

accompanying drawings have not necessarily been drawn to scale. Where applicable, some
features may not be illustrated to assist in the description of underlying features.

[0008] Figs. 1A and 1B illustrate embodiments of prior art light sheet type

microscopes.
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[0009] Fig. 2 illustrates specific features of LSTM, according to embodiments of the
disclosed subject matter.

[0010] Fig. 3A illustrates a LSTM microscope that employs a single light sheet
illuminating a single linear region, according to embodiments of the disclosed subject
matter.

[0011] Fig. 3B illustrates LSTM that employ double light sheets illuminating a

single linear region, according to embodiments of the disclosed subject matter.

[0012] Fig. 3C illustrates LSTM microscope that employ double light sheets
illuminating respective linear regions, embodiments of the disclosed subject matter.

[0013] Fig. 3D illustrates the volume of the sample that is discriminated by the
detection arm in combination with the focus, the selection of pixels of the imaging device,
and the light sheet intersection with the focal plane, according to embodiments of the
disclosed subject matter.

[0014] Figs. 4A and 4B show scanning modes, including a first 4A that scans a light
sheet in a single axis perpendicular to an oblique (with respect to the sample surface) optical
axis and a second 4B that scans a light sheet in dual axes both oblique and parallel to the
sample surface, according to embodiments of the disclosed subject matter.

[0015] Fig. 5A shows a LSTM microscope for illustrating various features of the
disclosed subject matter.

[0016] Figs. 5B through 5D illustrate optional illumination arms that employ various
optical components for providing various features, according to embodiments of the
disclosed subject matter.

[0017] Fig. 6 illustrates the simultaneous acquisition of illuminated linear regions in
separate planes at independent coordinates of the axis that is perpendicular to the illuminated
line and parallel to the sample surface, according to embodiments of the disclosed subject
matter.

[0018] Figs. 7A through 7E illustrate stages of a scan of a single “tile” of a larger
slab which scan is performed optically for one of a matrix of positions of an X-Y-Z-theta
stage that positions the slab, according to embodiments of the disclosed subject matter. Note
that the line readout in camera and illumination can be synchronously scanned in opposite
direction as well.

[0019] Fig. 8 illustrates a controller connected to actuators of the various

embodiments to permit automated operation of the LSTM system, according to
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embodiments of the disclosed subject matter.
[0020] Fig. 9 shows the compositing of the images of multiple tiles to create a 3D

image of slab, according to embodiments of the disclosed subject matter.

[0021] Fig. 10is a block diagram of another embodiment for implementing LSTM.
[0022] Figs. 11A-B depict the physical geometric constraints for the objectives in
the Fig. 10 embodiment.

[0023] Figs. 12A-D depict a comparison of the illumination path lengths of the Fig.
10 embodiment and LSM for a sample of the same thickness and width.

[0024] Figs. 13A-B depict the effective light sheet thickness for the Fig. 10
embodiment.

[0025] Figs. 14A-D depict a comparison of energy load on the sample in LSM and

the Fig. 10 embodiment.
[0026] Fig. 15A depicts a calculation of an effective working distance for an

illumination objective.

[0027] Fig. 15B depicts the range of allowable angular positions for the objectives in
the Fig. 10 embodiment.

[0028] Fig. 16 compares LSTM and LSM imaging of a ~2 cm wide and ~5 mm thick
rat brain slice, stained for vasculature.

[0029] Figs. 17A and 17B illustrate LSTM system with an integrated microtomy
apparatus, according to an embodiment of the disclosed subject matter.

[0030] Fig. 18 illustrates relationships of angles between features of certain
embodiments.

[0031] Fig. 19 illustrates GRIN lens embodiments for forming light sheets.

[0032] Fig. 20 illustrates an alternative scanning mechanism suitable for 1D or 2D

scanning as described with reference to Figs. 4A and 4B.

DETAILED DESCRIPTION

[0033] Presently described are embodiments of a microscope which may be
identified as Light Sheet Theta (LS-0) Microscopy, also referred to herein as LSTM. LSTM
achieves planar imaging by employing obliquely arranged illumination light sheets from the
same side of the sample as the detection objective. This configuration alleviates limitations
on the lateral dimensions of the sample, while providing similar or better imaging depth,

quality, low photo-bleaching and high imaging speed for larger samples. LSTM allows
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imaging of larger samples with high uniform resolution across the entire sample. In
addition, LSTM achieves uniform illumination across the entire imaging field-of-view, in
contrast to the non-uniform Gaussian illumination commonly used in LSM, thus enabling
quantitative imaging across the entire sample. LSTM allows imaging of large samples
including thick slabs of cleared andlabelled post-mortem healthy and diseased human brains
as well as imaging of large animal intact brains, including rat and primate brains. Moreover,
LSTM facilitates in sifu detection of thousands of transcripts in expanded tissue samples.
[0034] An embodiment is illustrated figuratively in Fig. 2, Illumination beam is
formed through illumination objectives 142 in combination with preceding optics which
form a sheet of light 144. The preceding optics may include scanning mirrors and
electrically tunable lenses for scanning, sheet formation optical elements that may include a
cylindrical lens, and a partial block 140 the combined effect of which are to form the light
sheets 144 in desired positions traversing across and along each respective optical axis.
Note that the effect of the block 140 is to form the light sheet such that it is not blocked by
the detection objective. By forming the light sheet through a side of the illumination
objective, the light sheet has a central axis that is oblique to the illumination objectives
optical axis and is closer to parallel with the sample surface plane and further from the
surface normal. This configuration may place the angle of the light sheet (or sheets)
between the angles of the light sheets in the prior embodiments Figs. 1A and 1B.

[0035] To provide the ability to scan large samples as in large sample imaging
capabilities without affecting the imaging depth or the image quality. The optical layout is
summarized in Fig. 2. The basic idea is to place the detection objective normal to the sample
surface, while placing the illumination objectives that generate light sheets at an angle
(theta) significantly smaller than 90 degrees. In this configuration, the light sheet enters
from same side of the sample as the detection objective. The formed light sheets are
arranged at an angle relative to the detection plane. The intersection of the light-sheet and
the detection focal plane results in an illuminated linear volume discriminated by the
detection arm that appears end-on at 219 in Fig. 3A.

[0036] Referring momentarily to Fig. 3D, the illuminated linear volume 219 is
actually a small volume that is discriminated through not only the high NA detection
objective (and other detection optics) which define the front focal plane but also the
selection of pixels on the sSCMOS camera 110 sensor which exclude out-of-plane light in a

manner similar to a slit and also exclude light that is adjacent to the linear volume 219 that is
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targeted. This detected line 219 can be selected using illumination scanning optics that
move the line 219 by moving the region where the light sheet intersects the front focal plane
while simultaneously selecting the portion (i.e., the elongate region of pixels) on the sCMOS
(or any other scientific camera) camera sensor that are detected. Call this line-by-line
detection. This effectively scans the detection optics simultaneously with the illumination
optics. That is, the syncing of line-by-line detection of SCMOS camera with the line
illumination ensures that only the signal from that particular illuminated linear volume 219
is detected and interference from other sources of scattering or illumination are rejected.
[0037] By scanning this illuminated linear volume 219, the entire front focal plane
may be illuminated and captured. The scanning on the illumination side may be performed,
as later explained, by one or more mirrors, electrically tunable lenses, or alternatives thereto
(e.g., rotating prisms, diffraction optics, MEMs pico projectors, electrically controllable
spatial light modulators, tunable Acoustic lens (e.g. TAG Lens) and others commended by
the state of the art for this purpose. This can also be achieved by synchronously scanning the
illumination objective along the light sheet propagation direction alternatively or in
conjunction with other scanning mechanisms.). The scanning of the light sheet in
combination with the selective sampling of lines on the sCMOS camera imaging plane
together may capture a “tile” portion of a larger sample to be imaged in its entirety. By
syncing the illuminated linear volume 219 with the line-by-line detection of the sCMOS
camera 110, high quality images of the plane are acquired.

[0038] According to embodiments, three different modes of detection may be
provided with respective embodiments or through a single embodiment with multiple user-
selectable modes. Referring to Fig. 3A, in a first mode, a single light sheet 210 is used to
generate an illuminated linear volume 219. An exposed pixel line 204 is illustrated
schematically to show that it corresponds to a column of pixels (or multiple columns or
numerical synthesis of the signals from multiple columns effective to provide the selection
of desired optical signal and exclusion of undesired such as scattered light from regions
outside the illuminated linear volume 219). The cone of light captured and imaged from the
illuminated linear volume 219 is indicated at 218 to indicate a high NA detection objective.
[0039] A second mode is as that illustrated in Fig. 2 and further described by Fig. 3B
where a single illuminated linear volume 219 is generated by a single detection arm and dual
light sheets 212. A third embodiment shown in Fig. 3C provides two light sheets 212, one

on each side of the detection objective. The two light sheets may independently scan two
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different portions, for example two halves, of the plane as illustrated by the two image light
cones 220A and 220B. (Note, that for detection of a light sheet, the term “wedge” may be
more appropriate than “cone”, but it should be clear from context when is being identified
by the latter term). As indicated above, the scanning may be done with the sample and the
detection and illumination arms in respective fixed positions while the light scanning optics
provide motion of the illuminated linear volume 219 and, simultaneously, the exposed pixel
lines 205 are selected by sampling of the image plane of the camera chip 206. Note that in
the figure the left pixel line 205 may correspond to the right light cone 220B and the right
pixel line 205 may correspond to the left light cone 220A if the detection optics flips the
image about the optical axis.

[0040] Other variant scanning modes are possible for each of the foregoing modes.
For example, there are two scanning modes for scanning the illuminated linear volume 219
for planar illumination. Referring to Fig. 4A, a first of these scanning modes is where the
light sheet is only displaced laterally (i.e. perpendicular to the light sheet propagation
direction) as indicated by laterally displaced light sheets 237 and 239 which defined
illuminated linear volumes 240A and 240B (these are positions along a front focal plane of
the light sheet (beam waist) that traverses the plane indicated at 241. The latter may be
accomplished using a galvo mirror, for example. In this scanning mode, referred to herein
as 1-axis scanning (1-AS), the intersection of the light sheet and focal plane happens at
different position in the light sheet.

[0041] Referring to Fig. 4B, in a second scanning mode, referred to herein as 2-axes
scanning (2-AS), the front focal plane of the illumination optics is translated axially as well as
transversely. By permitting the focused position of light sheet (i.e. the beam waist) to be
scanned along the light sheet propagation direction as well as transversely, particularly in
synchrony with the lateral scanning (as in the first mode) so that the thinnest part of the light
sheet intersects with the detection plane, the front focal plane of the illumination optics can
intersect with the detection front focal plane, resulting in very high image quality. In the
latter mode, high-NA illumination objectives, results in much thinner light sheets.

[0042] To characterize and compare these modes of illumination and detection,
micron scale fluorescent beads and CLARITY-cleared human brain tissue stained with
nuclear stain DAPI were imaged. The resulting image volumes revealed that 2-AS allows for
much more uniform axial resolution across the entire field-of-view, whereas both 1-AS and

conventional LSM imaging produce reduced image quality on the periphery of the field-of-
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view. Simultaneous two-sided illumination from two symmetrically arranged illumination
arms (as seen in Fig. 3B), provided higher signal and reduces the illumination artifacts
caused by opaque objects in the illumination path thus improving the uniform planar
illumination and detection prerequisite for achieving quantitatively accurate imaging.
[0043] The three-dimensional volumes are acquired by either moving the sample
across the illuminated sheet in a stepwise manner (or continuously at slow speed, while
imaging), or by synchronously moving the effective illumination light-sheet and the exposed
pixel line resolved by the detection arm. Imaging speed can be further increased by
simultaneously imaging the sample from opposed detection arms on respective opposite faces of
the sample. In addition, a continuous motion of the sample may be used to traverse laterally
instead of moving the exposed pixel line. The continuous traversal is faster than step-wise

motion as linear stages may take significant amount of time for starting and stopping.

[0044] The various LSTM system embodiments enable imaging experiments of large
sample size with extremely high resolution similar that of light sheet microscopy. In LSTM
microscopy the detection objective remains normal to the sample surface, and the
illumination objectives are placed at an angle (significantly different from 90 degrees, as
close to 90 degrees as allowed by the geometry), thus removing the limitations demonstrated
in Figs. 1A and 1B. The light- sheet intersects with the detection plane of the objective in a
line profile, which is then scanned horizontally to create an effective planar illumination
upon integration. The synchronization of the line profile and the line-by-line detection of the
sCMOS camera results in rejection of any signal other than the line profile. There are three
modes that include use of one light-sheet and the modes of using of two light-sheets
described above. Also, embodiments permit the use of two sheets independently to
simultaneously image the two halves of the plane (resulting in 2 times higher imaging
speed.) There are two methods to generate intersected illumination profiles. One where the
light-sheet is only displaced laterally Fig. 4A (i.e. perpendicular to its propagation direction)
and one where the light-sheet is also displaced axially (i.e. along the direction of

propagation, which in combination with lateral displacements allows the generation of much

thinner light sheets).
[0045] Some application examples include:
[0046] Imaging of thick slabs of human brain, or other organs, that are cleared by

using any of the tissue clearing procedures including CLARITY, iDISCO, uDISCO, SeeDB,

ClearT and Scale. These procedures employ a cocktail of chemicals to render the tissue
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transparent while preserving structural and molecular content. These tissues can come from
normal or diseased states including, but not limited to, various types of cancers, neurological
disorders and other diseased biopsies.

[0047] Imaging of large animal intact brains, including rat and primate brains. The

current state-of-the-art technology has been limited to imaging samples of mouse brain size.

[0048] Live imaging applications in imaging mouse brain for functional activity.
[0049] Live imaging of 3D cell cultures.
[0050] Referring to Figs. SA and 5B, an LSTM system configured to image two sides

of a slab simultaneously has four illumination arms 303A, 303B, 303C, 303D. A single
illumination arm of the current embodiment is shown in Fig. 5B at a larger size. In each
illumination arm 303 A, 303B, 303C, 303D, a light source 302 applies an input LASER
whose diameter is expanded by a beam expander (BE) represented by the pair of lenses 304
and 306. An iris 307 remove the low-intensity peripheral parts of the expanded beams. The
beam can be selectively diverted using a pair of flipping mirrors 310 and 316 or permitted to
pass directly to a cylindrical lens 318. When the beam passes through the cylindrical lens
318, it is compressed in one dimension to generate a sheet-shaped profile. Thereafter, the
beam is scanned by an optical scanning device 320, for example a one or two dimensional
galvo mirror scanner. A first dimension of the scanner may scan the emerging sheet beam in
a path that is generally perpendicular to the plane of the sheet and the second dimension, if
present, may provide a degree of freedom for alignment. The focused sheet is then imaged
on the sample via a scan lens 322 (f-theta lens which converts angular motion of Galvos to
lateral motion), a tube lens 324 and the illumination objective 330, the stop 326 serving the
function previously described with reference to block 140 of Fig. 2. When the flipping mirrors,
which may be motorized, are in the divert position, the beam is reflected and routed through a U-
shaped path by mirrors 308, 314 and arelay lens system 310. An electrically tunable lens
(ETL) 312 can be controlled electrically at high speed to allow axial displacements described
in Figure 1E. The ETL is placed in at the conjugate focal plane by using the lens relay lens
system 210. This selectable routing may be controlled by motorized flip mirrors 310, 316.
The optical scanning device 320 allows fast lateral displacements of the final sheets as shown
in Figs. 4A and 4B. The detection arm includes the components described above with regard
to Fig. 2, including detection objective 338, a tube lens 328 and sCMOS camera 330.

[0051] Note that instead of subsystems 300A and 300B being positioned to scan

different layers of the sample, they may image the same layer simultaneously, permitting the
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captured image data to be combined to increase resolution. Variations may also be provided
such as illumination arm or arms on one side and detection arm on the opposite side of the
sample. Also, the block 140 may be eliminated and also made movable so that it can be
adjusted from a range of 0% blockage to a major fraction of the aperture of the illumination
objective. Any of the claimed embodiments may be modified to provide additional
embodiments with zero or adjustable blockage.

[0052] It will be clear that any of the mirror or other deflectors such as optical
scanning device 320 may be substituted by equivalent light redirectors. Such may include
refracting as well as reflecting components or other types of light manipulation devices.
Lenses may be of any suitable type. Wave-guide-based devices including fiber optics may
also be substituted for beam reflectors. Devices other than ETLs may be employed to
manipulate the axial position of the front focal plane of the illumination arm, including but
not limited to, mounting of illumination objective on fast piezo motors for axial motion
profile. The camera 330 may also be replaced, for example by a scannable line sensor.
Instead of a sheet beam, a scanned pencil beam may be projected over a target illuminated
linear volume 219 although such alternatives may have characteristics that are adverse to the
functions of speed provided by the illustrated and described embodiments.

[0053] A sample 336 may be mounted for translation and rotation movement, for
example, mounted on an XYZ-theta motorized stage. This may permit the sample 336 to be
scanned over multiple tiles. The illumination arm of Fig. 5B is replicated four times as shown
in Fig. 5A. This allows multiple modes of illumination and image detection. Fig. SA shows
an LSTM system 300 with two identical LSTM subsystems 300A and 300B. Each LSTM
subsystem has a respective detection arm 301A and 301B, one directed for detection at each
face of the sample 336. Each detection arm 301 A, 301B has a pair of illumination arms,
detection arm 301 A having illumination arms 303 A and 303B and detection arm 301B
having illumination arms 303C and 303D. The sample 336 may be surrounded by immersion
liquid according to any relevant techniques. The four LSTM subsystems may scan at each of
multiple discrete tile-specific positions of the translation system. Each scan images a layer,
indicated at 332. The layer for each tile may be composited by stitching to form a full layer of
the sample. In addition, the acquisition of multiple layers may be done for each tile, each
layer being composited by stitching, to form a full layer. That is each tile-specific position of
the translation system may acquire multiple layers.

[0054] Figs. 5C and 5D show other variations of illumination arms that may be

10
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substituted for the illumination arms of Fig. 5SA. Fig. 5C shows the illumination arm of Fig.
5B without the U-shaped diverted path, flipping mirrors and relay lens components. This
provides the scanning functionality described relative to Fig. SA but without the flexibility of
switching the ETL in and out of the illumination arm. Fig. 5D shows an illumination arm
suitable for the scanning mode depicted in Fig. 4A without the axial displacement of the light
sheet front focal plane 241. The illumination arm of Fig. 5D has not ETL in the light path.
[0055] Referring to Fig. 6, a de-synchronized line- by-line detection mode for
simultaneously capturing of the emitted signals is shown. This operating mode can be
performed with the LSTM system 300 of Fig. 5A, for example. Illumination sheet beams 353
and 354 are directed toward a first surface of a sample and illumination sheet beams 366 and
362 are directed toward an opposite surface of the sample. The two pairs of illumination
beams in concert with the detection arms (not shown explicitly) including camera image
detectors that discriminate respective pixel columns 350 and 360 capture illuminated linear
volumes 219A and 219B at laterally different positions. This arrangement minimizes light
interference between the two offset targets. Thus, by scanning with a phase difference
between the two detection arms, two sides of a sample can be scanned simultaneously with
minimal mutual interference.

[0056] The LSTM system may have a controller to perform a function that
automatically performs a calibration by sparsely automatically sampling of the imaging
planes at multiple positions in the sample. According to an embodiment, the LSTM system
may be controlled to perform a sparse traversal of alarge sample in order to extract parameters
that affect the positions of the illuminated linear volumes 219 such as surface variations and
variations in index of refraction. Thus, a sparse matrix of samples can be captured and analyzed
for these variations and stored in order to create a fine traversal itinerary. This ultimately may
speed and improve the imaging quality of the acquisition of optical data in a large sample. The
traversal itinerary may employ adaptive correction of the detected parameters and interpolation
of the parameters from the sparse intervals. The adaptive optics may correct, for example,
light sheet displacement relative to the detection focal plane.

[0057] Figs. 7A through 7E illustrate stages of a scan of a single “tile” of a larger
slab which scan is performed optically for one of a matrix of positions of an X-Y-Z-theta
stage that positions the slab, according to embodiments of the disclosed subject matter. Fig.
8 illustrates a controller connected to actuators of the various embodiments to permit

automated operation of the LSTM system, according to embodiments of the disclosed

11
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subject matter. Fig. 7A shows illumination sheet beams 353 illuminating illuminated linear
volume 219 in an initial position to the right of a tile 370 to be imaged at a fixed position of
aslab 372. The slab may be moved by a traversing system 406 (See Fig. 8) that moves an
X-Y-Z-theta stage, for example, under control of a controller 410. For a sequence illustrated
in Figs. 7A through 7E, the stage may remain in a fixed position after which it’s z position
may be changed in steps until an entire volume is scanned and then the stage moved to a
different coordinate (See Fig. 9) to sample an array of tiles of a slab. The data may be
composited to form an image of the slab, as discussed. In the sequence from Fig. 7A to 7E,
the illumination beam is traversed by controlling the optical scanning device 320 with the
controller 410. The controller may position the motorized flip mirrors 310, 316 to pass
illumination light through the electrically tunable lens (ETL) 312. Thus, the sheet beams 353
will be moved progressively or in stages, a few of which are shown in Figs. 7A-7E. At each
position (progressive and continuous or discrete) the exposed pixel line 204 is sampled
thereby selecting a then-current line image of the illuminated linear volume 219. The
selection of image data of the camera, storage, and sampling as well as compositing may be
performed automatically by the controller 410 connected to the camera 330.

[0058] Figs. 20A through 20D further illustrate what is happening during a scan.
20A and 20B show the projection of the illuminated line on the camera sensor at one end of
the cross-axis scan and at an arbitrary intermediate point along the scan to an opposite end
for a microscope that does not flip the position of the image across the optical axis. Figs.
20A and 20B show the projection of the illuminated line on the camera sensor at one end of
the cross-axis scan and at an arbitrary intermediate point along the scan to an opposite end
for a microscope that does flip the position of the image across the optical axis.

[0059] Note that although the drawings of Figs. 7A-7E suggest that the detection
arm does not flip the image about the axis as would typically happen in microscopes.
Embodiments in which the line source on one side of the optical axis are imaged on an
opposite side are also contemplated in this context.

[0060] Fig. 9 shows the compositing of the images of multiple tiles to create a 3D
image of slab, according to embodiments of the disclosed subject matter. Each tile may be
formed by the sequence illustrated in Figs. 7A-7E and for each, z-axis slices may be acquired.
An array of tiles — multiple ones for each level of depth acquired — may be obtained to image
aslab volume. The speed may be doubled by acquiring samples at two depths

simultaneously using a system such as described with regard to Fig. SA.
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[0061] Fig. 10 depicts another embodiment for implementing LSTM. Each of the
illumination arms 500 in this embodiment includes a LASER source 502, collimators 504
(e.g., using ~10 mm output beam diameter), ETL 508, cylindrical lens 512, galvo scanner
514, scan lens 516, tube lens 520 and illumination objective 530 (e.g., a Olympus Macro
4x/0.28 NA). In this embodiment, a first iris 506 is incorporated after the collimator 504 to
remove the peripheral spread of Gaussian beams; a one dimensional slit 510 is incorporated
before the cylindrical lens 512, to control the effective numerical aperture of illumination; and
asecond iris 518 is incorporated at the conjugate plane, between scan lens 516 and the tube
lens 520, to control the light sheet height for minimizing unwanted illumination. In some
embodiments, a stop (not shown, but similar to the stop 326 in the Fig. 5A embodiment) may
be provided just before the illumination objective 530.

[0062] In some embodiments, the illumination arms 500 are mounted at an
approximately 60° angle relative to the detection arm 550 fixed on an optic table. In
alternative embodiments, this angle may vary within the parameters discussed in connection
with Fig. 15B. Optionally, to facilitate the optical alignment of the system, all the three
optical arms 500, 550 may be mounted on two manual translation stages. Optionally, an
open top sample chamber filled with an immersion oil (e.g., with a Refractive Index of 1.454)
may be used. Optionally, samples may be mounted in a quartz cuvette attached to the base of
the sample chamber.

[0063] In this embodiment, two thin light sheets are generated by using two
illumination optical arms 500. When the illumination objectives are air objectives, a 3D
printed cap with a coverslip (e.g., a 1 inch diameter quartz coverslip) may be used to seal the
objective for oil immersion use.

[0064] The detection arm 500 in this embodiment includes a detection objective 552
(e.g., Olympus 10x/0.6NA/8mmWD or 25x/1.0NA/8mmWD), a tube lens 556, and an
sCMOS camera 558 (e.g., a Hamamatsu Orca Flash 4.0 V3). In some preferred
embodiments, an emission filter (not shown) is disposed between the detection objective 552
and the tube lens 556.

[0065] A list of suitable parts and their sources that may be used in this embodiment
is provided in Table 1.

Source |Cat. Number [Qty [Description
Detection unit
Thorlabs lCXY2 | 1 |60 mm Cage System Translating Lens Mount for @2" Optics
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Source Cat. Number |Qty [Description
Thorlabs LCP90F 1 |60 mm Removable Cage Plate
Thorlabs SM2A20 1 |SM2 -M38 ADAPTER FOR NIKON TUBE LENS
Thorlabs S%L%- 2 |SM2 Lens Tube, 3" Thread Depth, One Retaining Ring Included
Thorlabs LCP09 ) 60 mm Cagg Plate with ©2.2" Double Bore for SM2 Lens
Tube Mounting
Thorlabs ERI10 4 |Cage Assembly Rod, 10" Long, @6 mm
Thorlabs SMIAI 1 |Adapter with External SMOS5 Threads and Internal SM1 Threads
Thorlabs SM2A3] 1 Adapter with External C-Mount Threads and Internal SM2
Threads
Hamamatsu [C13440 1 |Digital camera
Custom ObjAdater 1 [Custom made Adapter from SM2 to M34 threading
Thorlabs SM2V10 1 |@2" Adjustable Lens Tube, 0.81" Travel
Olympus i%;l anN, 2 |Oil immersion Objective
Thorlabs LCPO1B 2 |60 mm Cage Mounting Bracket
Thorlabs RS2 2 |@1" Pillar Post, 1/4"-20 Taps, L =2", 8-32 Adapter Included
Thorlabs TBB0606 2 |Large-Area Translation Stage, 6" x 7.66"
Two Illumination units
Thorlabs SM2V10 2 |@2" Adjustable Lens Tube, 0.81" Travel
Custom ObjAdater 2 |Custom made Adapter from SM2 to M34 threading
Macro
Olympus 4x/0.28NA 2 |Air Objective
/29.5WD
Thorlabs SM2A20 2 |SM2 - M38 ADAPTER FOR NIKON TUBE LENS
Thorlabs CXY2 2 |60 mm Cage System Translating Lens Mount for 92" Optics
Thorlabs LCP09 ) 60 mm Cagg Plate with ©2.2" Double Bore for SM2 Lens
Tube Mounting
Thorlabs LCPO1B 4 160 mm Cage Mounting Bracket
Thorlabs RS2 4 |@1" Pillar Post, 1/4"-20 Taps, L =2", 8-32 Adapter Included
Thorlabs TBB0606 4 |Large-Area Translation Stage, 6" x 7.66"
Thorlabs ERO5 8 |Cage Assembly Rod, 1/2" Long, @6 mm
Thorlabs LCPO2 6 |30 mm to 60 mm Cage Plate Adapter, 8-32 Tap
LI1695RM- "
Thorlabs A 2 |@1", N-BK7 Mounted Plano-Convex Round Cyl Lens
Thorlabs CRMIL Cage Rotation Mount for @1" Optics, Double Bored with
Setscrew, 8-32 Tap
Thorlabs CP20S 2 |30 mm Cage System Iris, ©20.0 mm Maximum Aperture
Thorlabs CPOOF ) 30 mm Remqvable Cage Plate, Front and Back Plate, Internal
SM1 Threading
Thorlabs CXY1 ) 30 mm Cage System, XY Translating Lens Mount for @1
Optics
Thorlabs CP12 ) 30 mm Cagg Plate, @1.2" Double Bore for SM1 Lens
Tube Mounting
Thorlabs LCPO1 4 60 mm Cage Plate, SM2 Threads, 0.5" Thick, 8-32 Tap

(Two SM2RR Retaining Rings Included)
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Source Cat. Number |Qty [Description
Thorlabs CLS-SL 5 rSn(i?ln Lens with Large Field of View, 400 to 750 nm, EFL=70
Thorlabs ERI18 6 |Cage Assembly Rod, 18" Long, @6 mm
Thorlabs LCP50S 2 |60 mm Cage System Iris, ©50.0 mm Maximum Aperture
EL-16-40-
Optotune  [TC-VIS- 2 |Electrically Tunable Lens
5D-C
Thorlabs ER4 18 |Cage Assembly Rod, 4" Long, @6 mm
Thorlabs VA100C ) 30.mm Cage System Adjustable Slit, 8-32 Tap, Imperial
Micrometer
Thorlabs GVS001 2 |1D Galvo System, Silver-Coated Mirror, PSU Not Included
Thorlabs GCMO01 2 |1D Galvo 30 mm Cage System Mount
Omicron Custom 2 |Collimator with ~10 mm bead diameter output
Omicron SOLE-6 1 |LASER engine with 4 lines: 405, 488, 561, 647 nm
Mounting Base
Thorlabs MBI1236 1 |Aluminum Breadboard 12" x 36" x 1/2", 1/4"-20 Taps
Thorlabs RS12 4 |@1" Pillar Post, 1/4"-20 Taps, L = 12", 8-32 Adapter Included
Thorlabs C1001 4 |Post Mounting Clamp for @1" Post
Motorized XYZ Stage and sample mounting
Thorlabs LNRS50S 3 |50 mm (1.97") TravelMax Translation Stage, 1/4"-20 Taps
Thorlabs LNRS50P3 1 XY Adaptgr Plate for LNR50 TravelMax Stages, Imperial
Hole Spacings
LNRS0P2 5 Right-Angle Bracket for LNR50 TravelMax Stages, Imperial
Threads
Custom Sample 1 |Custom made 3D printed sample chamber
chamber
Controls & electronics
National PXle- .
Instruments |PCIe8381 1 |Control PCle card for PXI chasis
National NI PXIe- .
Instruments 11028 1 [PXI express chasis
National ;05,5 | |FPGA card
Instruments
National ;047 2 |FPGA card
Instruments
Thorlabs GPSO011 1 |Galvo System Linear Power Supply
Thorlabs LEDDI1B 2 |T-Cube LED Driver with Trigger Mode, 1200 mA
- - T™
Thorlabs BSC203 1 BSC203 - Three-Channel APT™ Benchtop Stepper Motor
Controller
Markettech |SOLE-6 1 |6 Laser Light Engine with 4 wavelengths
Custom workstation with Supermicro
1 X10DRHCT Motherboard, 24 TB SSD Hard Disks (EVO
Serversdirect{Custom 850), 256 GB RAM (Crucial RDIMM

DDR4), Quadro K4200 Graphics card.
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Table 1

[0066] Because LSTM involves scanning of a line illumination-detection profile
generated by the intersection of the light sheet and the detection plane, some preferred
embodiments use static sheets (generated by the use of a cylindrical lens and associated
optics), instead of a dynamic sheet (generated by rapid scanning of a pencil beam) to maximize
imaging speeds. But some alternative embodiments can use dynamic sheets.

[0067] A galvo scanner 514 is used to achieve rapid translation of light sheets
perpendicular to their propagation direction. For the 2-AS mode, rapid translation of the
thinnest part of the sheet along the propagation direction is required. This may be
accomplished using a variety of approaches including but not limited to using fast piezo
motors to translate the illumination objectives, using holographic spatial light modulators or
an electrically tunable lens (ETL) 508 to induce divergence and convergence of a collimated
beam. The use of piezo motors for rapid scanning of objective often results in vibrations and
require additional settling time, and the spatial light modulators are limited in modulation
speed because of slower refresh rates. ETLs, on the other hand, can achieve high frequency
modulation of focal plane position without the need for moving optics of significant mass.
Accordingly, some preferred embodiments use ETLs 508. In practice, an ETL based
approach has proven to be highly effective for achieving uniform simultaneous 2-axes
scanning.

[0068] One way to optically align the LSTM assembly is to place a prism mirror (e.g.,
with fine scratches in the center) in the focal plane of detection optics, to visualize the
location and cross- section of the light sheet relative to the detection focal plane. The light sheet
positioning parameters can then optimized such that the thinnest part was in alignment with
the center of the field-of-view of the detection plane. Next, the mirror can be replaced with a
high concentration (>2%) agarose gel containing fluorescent beads (Note. The high
concentration of agarose may be used to ensure that only the surface plane of the agarose gel is
visible during the alignment optimization.). By examining the extent and quality of the
illuminated beads located on the surface, optimal galvo scanner and ETL parameters for
achieving uniform planar illumination across the entire field-of-view can be identified.

[0069] A series of calculations was used to assess and compare various properties of the
Fig. 10 embodiment. The results of these calculations are summarized in Fig. 15A and 15B. First,

the physical geometric constraints of arranging a given set of detection and illumination
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objectives in a non-orthogonal configuration were calculated (Figs. 15A-B). The main
physical parameters used in the calculations are the working distances and the diameters of
both the illumination objectives 530 and detection objectives 552. Next, the range of
physically-allowable, relative angular arrangements that enable light sheets to intersect the
detection focal plane at their thinnest parts (while also ensuring that illumination objectives
remain above the physical extent of the detection objective) were calculated. For instance,
when an Olympus Macro 4x/0.28NA/29.5mmWD is used as the illumination objective and an
Olympus 10x/0.6NA/8mmWD is used as the detection objective, only angular configuration
of 43.3° to 62.3° are possible. This can be calculated from the physical geometric constraints
on the arrangement of illumination objectives by analyzing the two opposite bounds (Figs.
11A-B and 15B): the illumination objective not to touch the detection objective (Fig. 11A)
and the illumination objective not going below the physical extent of the detection objective
(Fig. 11B). The range of allowable angular positions can be calculated by taking the effective
working distances and the objective diameters into account as shown in the schematics of
Fig. 15B, resulting in the following relationships:

D1 cos{ #)
W2 v sin(8) = 53 DT (

2
) -, . sin{&f)
W2roos(8f )= W14+ D2»——
&
[0070] where W1 and W2 are the working distances of the detection and illumination

objectives respectively, D1 and D2 are the diameters of the detection and illumination
objectives respectively, and 6i and 6f are the boundary angular positions. When the
objectives are designed to be used in air, Snell’s law may be used to calculate the
approximate effective working distance (e.g., in a refractive index liquid of 1.454, as shown
in Fig. 15A), resulting in ~44 mm, and the objective diameter (lowest part of the tapered
ending) was measured to be ~28 mm. For many experiments values of W1 =8, and D1 =40
were used.

[0071] Fig. 15A shows approximate calculations of the effective working distance
(EWD) for an Olympus Macro 4x/0.28NA/29.5WD air illumination objective when used in
an immersion liquid with refractive index 1.454. Original working distance (OWD) is the

working distance in air according to the objective specifications. A thin quartz coverslip and
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a 3D printed cap were used to seal the illumination objectives. EWD was estimated to be

43 84mm.

[0072] 12 depicts the influence of angular separation of the illumination arms 500 and
the detection arms 550 in the Fig. 10 embodiment on the resulting image volumes and a
comparison of the illumination path length of LSTM vs. LSM. In LSM, the illumination light
sheet needs to penetrate the entire width (w) of the sample (Fig. 12B), whereas in LSTM the
effective illumination path length depends on the angular arrangement and tissue thickness(t):
t/cos(0) where t is the sample thickness to be imaged and © is the angle between the
illumination propagation direction and the detection axis (Fig. 12A). Thus, from an
illumination path length stand point, minimizing the angular separation will increase
illumination penetration.

[0073] The graph in Fig. 12C plots the dependence of illumination depth of LSTM on
0. Each curve represents a different tissue thickness(t), as marked by the arrow in the
direction of increase in thickness. When the effect of 6 on the effective light sheet thickness
(approximated as b/sin(6), which determines the axial resolution, is measured, an inverse
relationship is found: increasing © provides better the axial resolution. Because illumination is
provided via a low NA objective for which the light scattering has much smaller effect on the
illumination side, some embodiments maximize the angular separation at ~60° to achieve
higher axial resolution. The experiments discussed herein were performed using this
configuration.

[0074] The graph in Fig. 12D compares the illumination depth required to image a
sample of given width and thickness. The ratio of the LSTM and LSM illumination path was
converted into a binary representation by thresholding at 1, and plotting the results as a heat
map to summarize the parameters ranges where LSTM (the region on the right) and LSM (the
region on the left) need smaller illumination depth, and hence which approach will provide
better image quality.

[0075] The imaging performances of LSTM and LSM was compared using a thick
(~5mm deep and ~2 centimeters wide) cleared rat brain section stained for vasculature, with a
highly transparent sample with bright uniformly distributed signal. LSTM enabled imaging of
the entire sample with uniform high-resolution, whereas the lack of penetration of the
illumination light sheets in LSM resulted in progressively poorer image quality towards the
center of the tissue. These and other experiments help demonstrate the suitability of LSTM for

quantitative high-resolution imaging of large samples, without any limits on lateral sizes.
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[0076] The use of lower NA illumination in LSTM 1-AS configuration in a large
sample was tested in a CLARITY-cleared thick coronal section of 7/hy/-eYFP transgenic
mouse brain. Low numerical aperture illumination was used to generate a large field-of-view
(and hence thicker light sheets). While, the LSTM 1AS mode allowed for high-quality
imaging of the section, image quality was reduced for peripheral portions of the field-of-view.
This result was similar to the imaging performance of a LSM system employing Gaussian
beams for illumination.

[0077] Next, the imaging performance of LSTM in simultaneous 2-AS mode was
assessed using a thick (~9.6mmx13.5 mm x 5.34 mm) coronal section of CLARITY-cleared
Thy1-eYFP transgenic mouse brain, with 10x/0.6NA/8mmWD and 25x/1.0NA/8mm
objectives. A larger input beam diameter was used to employ full NA (0.28) of the
illumination objective. With this configuration, LSTM provided rapid high-resolution
quantitative imaging of these large samples without any reduction in the image quality across
the sample dimensions.

[0078] As a follow up to these experiments, an entire intact cleared mouse brain (with
connected spinal cord) of 7Thay/-eVFP transgenic mouse was successfully imaged. A detailed
high-resolution 3D rendering was performed and it demonstrated uniform, high quality
imaging. One can therefore conclude that LSTM allows high-resolution quantitative imaging of
large intact biological systems with no limitations on the lateral dimensions. Sample thickness
that can be imaged remains limited by the working distance of the detection objective and also
by level of tissue transparency and penetration of labelling reagents.

[0079] Due to the non-orthogonal incidence of the light sheet on the detection plane,
the effective light sheet thickness can be approximated as the projection of the original
thickness on to the detection direction, resulting in b/sin(0), where b is the original light
sheet thickness at the most focused position, and 0 is the angle of incidence relative the
detection axis. Figs. 13A-B depict this relationship, and shows that effective planar
illumination thickness can be approximated as b/sin(8). More specifically, Fig. 13A shows
the geometry and Fig. 13B plots the effective light sheet thickness as a function of 6 for
different values of b (the arrow points in the direction of increasing b value).

[0080] Fig. 14 depicts a comparison of energy load on the sample in LSTM and LSM.
The two rows compare the time-accumulated energy load in LSTM and LSM for imaging a
single plane (Figs. 14A and 14C, respectively) and a single image stack tile (Figs. 14B and
14D, respectively). The energy load in LSTM is dependent on the sample thickness, and in
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LSM on the sample width. For larger samples LSTM energy load is similar to LSM.

[0081] Fig. 16 compares the normalized mean intensity for LSTM and LSM imaging
of a ~2 cm wide and ~5 mm thick rat brain slice, stained for vasculature. The images used for
the Fig. 16 comparison were maximum intensity z-projections, and were acquired using
10x/0.6NA objective. Fig. 16 profiles the mean (in the vertical direction) intensity across the
region of interest (ROI). Due to the scattering of the illumination light sheet, the image signal
in LSM is degraded towards the interior of the sample, whereas LSTM allows uniform
quality imaging across the entire sample.

[0082] Fig. 18 shows the relative angles formed by illumination optical axes 650 (one
for each of two illumination objectives or one alone for a single illumination objective),
major plane or axis 652 and 654 of the illumination beams such as when emitted from the
perimeter of the objective so as to be at a shallower angle than the illumination objective
optical axis 650. The angle 658 between the illumination objective axes 658 is smaller than
the angle 656 between the major plan or axes 652 and 654. The drawing shows a range of
angles for each that is constrained to avoid interference between a detection objective (optical
axis indicated at 651) and the illumination objectives.

[0083] Throughout the specification, reference to embodiments includes those
defined by the claims. Thus, any proposed modifications to embodiments contemplates
corresponding variations of the claims and such variations are considered to be disclosed in
the present application.

[0084] Many of the disclosed embodiments contemplate the use of one or more
movable stages carrying specimens, optical components, or both. The details of such devices
and technology which are sufficient to implement the disclosed embodiments and variations
thereof are in the public domain and are therefore not disclosed.

[0085] Motion stage-driven microtome may also be combined with the disclosed
LSTM microscope embodiments. The microtome may be controlled automatically, in
synchrony with a tile-wise scan of a sample, to remove a layer of the sample after an outer
layer has been scanned into memory. Once a layer is removed, the traversing system can
move the excitation and detection arms to scan the exposed deeper layer automatically. A
microtome may be provided for opposite surfaces of a sample, for example, separate
microtomes may be provided for the opposing sample faces of the embodiment of Fig. SA.
Fig. 17A illustrates figuratively illustrates the embodiment of Fig. 5A with microtomes 610

positioned with respect to opposing faces of a sample 602 to shave, in steps, outer surfaces of
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the sample 602. A traversing attachment including a movable stage may provide X-Y, and or
Z positioning of a knife 611 relative to the sample 602. The detection and excitation optics
are indicated as outlines at 618 and 616 respectively. A main support is indicated at 606. The
automatic sequential positioning of the knife may be accomplished using a very short traverse
to remove a tile-sized layer at a time, or regions the size of multiple tiles may be removed at a
time. At least part of the traversal of the knife may be accomplished using the traversing
system used for relative positioning of the optics and 616, 618 and sample 602 during
scanning.

[0086] In any of the embodiments, further processing such as compression, may be
performed on acquired data in parallel with scanning. For example, as the optical data are
acquired for atile, the data from a previous tile may be further processed to reduce the data
volume, for example, by algorithms such as JPEG2000 2D or JPEG2000 3D. The further
processing may also include other image processing tasks such as image segmentation,
feature recognition or other data reduction procedures.

[0087] It will be understood that although a camera is shown for each detection arm,
in alternative embodiments, a single camera can receive light, with a suitable optical
arrangement, from both sides of a slab to be imaged.

[0088] Note that in any of the embodiments employing an electrically tunable lens,
any other suitable mechanism configured to move the sheet beam waist along an axis of the
illumination objective may instead, or additionally - as feasible may be employed. These
include, but are not limited to, alone or in combination, acousto-optics tunable lenses, spatial
light modulators, digital micromirror devices or mounting of illumination objective on a
piezo motor, gradient-index (GRIN) lenses, micro electromechanical machines (MEMS)
carrying fibers, beam redirectors, for example a GRIN lens at the end of a fiber driven by a
MEMS motor. See, for example, “Multimode fibre: Light-sheet microscopy at the tip of a
needle by Ploschner at al, (http://dx.doi.org/10.1038/srep18050). Those of skill in the art will
recognize that other equivalent or similar mechanisms may also be used. Fig. 19 illustrates a
fiber 670 carrying a GRIN focusing element 672 that forms a light sheet 674. To implement
the scanning mode of Fig. 4A, a motor such as a piezo motor, MEMS motor, servo, stepping
or any other type of motor and drive 678 may drive the GRIN lens as illustrated. A light
source is not shown but is understood to be provided. To implement the scanning mode of
Fig. 4B, a similar type of motor and drive 678 and 680 may be used to move the GRIN lens

as illustrated in concert to move a line of maximum intensity light of a resulting sheet beam
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along a path normal to a detection objective optical axis or a single motor and drive 676 may
be used to scan across the same path. The dashed coupling line between the motor and GRIN
lens indicate mechanical coupling.

[0089] Suitable mechanisms such as stage on tracks, linkages, or flexible composite
structures can be used to maintain the orientation of the GRIN lens throughout the sweep of
the scan. Note that other sweep paths may be implemented other than those shown in Figs.
4A and 4B as well as Fig. 19 such as an arc sweep or combinations of the illustrative modes.
[0090] In any embodiment described as including an sCMOS camera, other suitable
imaging devices may be substituted, including, but not limited to CCD or line detectors.
[0091] As used in the current specification and in the claims, the term “objective”
may refer to any lens or set of lens capable of being used as an objective or a part thereof. So,
for example, the excitation arm is described, in embodiments, as using an objective to form a
sheet beam. In this role it is not used for forming an image but the optical element itself may
have features of an objective including characterizing features such as a numerical aperture.
[0092] In any of the embodiments, provisions may be made to alter the depth of field
of the microscope and to select a number of depths to scan for a given tile in order to increase
the speed of throughput for live imaging of tissue samples, for example. The depth of field
may be selected by any suitable mechanism such as an objective turret selector or replaceable
objectives.

[0093] According to first embodiments, an optical imaging apparatus includes a first
illumination arm having optical components arranged for forming a first sheet beam. A first
detection arm has a front focal plane and having optical components for imaging a linear
volume where the sheet beam intersects the front focal plane. The first illumination arm and
first detection arm optical components each include a respective illumination objective and
detection objective, the angle of the first sheet beam is oblique to the optical axis of the
illumination objective, and the first detection arm front focal plane is perpendicular to the
detection objective.

[0094] The first embodiments include variants in which the first illumination arm
optical components include scanning components that cause a beam waist of the sheet beam
to traverse the first detection arm front focal plane. The first embodiments include variants
that include a controller connected to a first camera to read image data therefrom, wherein
the first detection arm includes a two-dimensional image detector of the camera, the

controller reading and storing selected pixels of the image detector responsively to positions
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of the sheet beam waist, thereby causing the selected pixels to follow the traversal of the
beam waist. The first embodiments include variants in which the controller controls the
scanning components. The first embodiments include variants in which the scanning
components include an electrically tunable lens configured to move the sheet beam waist
along an axis of the illumination objective. The first embodiments include variants that
include a traversing system, the controller configured to control the scanning components
and to form an image slice from successive samples of the linear volume. The first
embodiments include variants that include a second illumination arm identical to the first
and configured to form a second sheet beam that intersects the first sheet beam. The first
embodiments include variants in which the first and second illumination arm illumination
objective optical axes each forms an angle to the surface of the first detection arm front focal
plane. The first embodiments include variants in which each of the illumination arms
includes a partial beam block which causes the sheet beam to be formed using a side portion
of the illumination objective. The first embodiments include variants in which the angles of
the sheet beams are responsive to the position of the beam block. The first embodiments
include variants that include a controller connected to a traversal system, the controller is
programmed to optically scan portions of a degree of freedom of the traversing system such
that the traversing system can move in steps along an axis corresponding to the degree of
freedom whose size is responsive to a dimension of the optical scan, to permit the capture of
a sample larger than the dimension of the optical scan. The first embodiments include
variants that include a second illumination arm and a second detection arm, both identical,
respectively, to the first illumination and detection arms, the second illumination and
detection arms is positioned on opposite sides of a movable stage. The first embodiments
include variants that include cameras on each of the first and second illumination arms, a
controller connected to first and second image detectors to read image data therefrom,
wherein the first detection arms each includes a two-dimensional image detector of the
camera, the controller reading and storing selected pixels of the image detector responsively
to positions of the sheet beam waist, thereby causing the selected pixels to follow the
traversal of the beam waist. The first embodiments include variants in which the controller is
configured to control the sheet beams of the first and second illumination arms to maintain a
distance between the intersections of the sheet beams and the front focal planes of the
detection arms. The first embodiments include variants in which the controller is configured

to control the sheet beams of the first and second illumination arms to maintain a distance
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between the intersections of the sheet beams and the front focal planes of the detection arms
by maintain a phase difference between the scan cycling of the two sheet beams.

[0095] According to second embodiments, the disclosed subject matter includes a
method of imaging an elongate volume within a sample. The method includes forming a
sheet beam by passing a beam of light through a side of a first objective such that the beam
is blocked from passing through a portion to a side of an optical axis of the first objective.
The method includes detecting light from a linear volume illuminated by the sheet where the
sheet intersects the focal plane of the first objective or a second objective. The forming
includes scanning the illumination beam such that the linear volume traverses an axis that is
perpendicular to an axis of the linear volume.

[0096] The second embodiments include variants in which the detecting includes
sampling a line of pixels of a two-dimensional image plane of a camera, the line of pixels
coinciding with an image of the linear volume. The second embodiments include variants in
which the first objective or a second objective is the first objective. The second
embodiments include variants in which the first objective or a second objective is a second
objective. The second embodiments include variants in which the scanning includes
traversing an axial position of the linear volume along an axis of the first objective. The
second embodiments include variants in which the traversing an axial position includes
actuating an electrically tunable lens. The second embodiments include variants that include
repeating the forming and detecting on an opposite side of a single sample. The second
embodiments include variants that include mechanically traversing a sample after each of
the steps of scanning and repeating the forming and detecting at each position of the
mechanically traversing and compositing the images corresponding to each scan to form a
three-dimensional image of a sample.

[0097] According to third embodiments, the disclosed subject matter includes a
microscope. A detection objective has optical axis is at a normal to a predefined plane
defined by two axes of a traversing system. One or more illumination objectives are
positioned and oriented to generate one or more light sheets at an angle oblique to the
normal such that the light sheets enter the sample from the same side of the predefined plane

as the detection objective.

[0098] The third embodiments include variants that include a detection arm that
conveys light from the detection objective to a two-dimensional image sensor. The third

embodiments include variants in which the image sensor is a sSCMOS type sensor. The third
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embodiments include variants that include illumination arms that form beams that pass
through the illumination objectives. The third embodiments include variants in which the
illumination arms are configured to pass light asymmetrically through the illumination
objectives such that the light sheets form an angle relative to the illumination objective
optical axes. The third embodiments include variants in which the illumination arms each
block a beam applied to a respective one of the illumination objectives. The third
embodiments include variants that include a controller and scanning optics controlled by the
controller in the illumination arms to cause an intersection between the light sheets and a
front focal plane of the detection objective to traverse the front focal plane. The third
embodiments include variants that include the controller captures a line of pixels of an
imaging device corresponding to an image of an illuminated region located at the

intersection.

[0099] According to embodiments, the disclosed subject matter includes a
microscope. An imaging component has an imaging objective. A first light sheet projector
is located on a same side of a sample region as the imaging component. The imaging
component itself can include all the part of a conventional microscope, for example. The
imaging objective and first light sheet projector have respective optical axes that intersect in
the sample region. This occurs because of the way they are positioned and oriented in a
common mounting with the microscope. A sample support is positioned and oriented with
respect to the imaging objective such that, when a sample is placed on the sample support,

the imaging objective optical axis is perpendicular to a surface of the sample.

[0100] In variations of the above microscope, the sample support is a generally flat
element has a major plane and shaped to hold a slab-shaped sample, the imaging objective
optical axis is perpendicular to the major plane. In further variations, which may be
combined with the preceding variations, a second light sheet projector is also provided. The
second light sheet projector has an optical axis forming an angle with the imaging objective
optical axis equal to an angle formed by the first sheet projector optical axis with the
imaging objective optical axis.

[0101] According to further embodiments, the disclosed subject matter includes a
microscope with an imaging component, has an imaging objective, and a first light sheet
projector located on a same side of a sample region. The imaging objective and first light
sheet projector have respective axes that intersect in the sample region. A sample support is

positioned to hold a sample in the sample region. The light sheet projector has light
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scanning and focusing optics to permit the selection of an axial position of a light sheet
beam waist and the selection of a position of the light sheet along an axis perpendicular to
the light sheet propagation direction. A controller is connected to control the light scanning
and focusing optics to translate the beam waste along a linear path. The imaging objective

optical axis are perpendicular to the linear path.

[0102] In variations of the foregoing microscope, the focusing optics include an
electrically tunable lens (ETL). In further variations, the sample support is a generally flat
element shaped to hold a slab-shaped sample. In further variations, a second light sheet
projector has an optical axis forming an angle with the imaging objective optical axis equal
to an angle formed by the first sheet projector optical axis with the imaging objective optical
axis.

[0103] In still further variations, one or more further light sheet projectors and an
imaging component are arranged on an opposite side of the sample region such that two
opposite faces of a sample can be scanned. In still further variations, a translating stage is
connected to move the sample support to permit the sequential scanning of portions of a

sample.

[0104] According to embodiments, the disclosed subject matter includes a
microscope with an imaging objective and a first light sheet projector located on a same side
of a sample region. The imaging objective and first light sheet projector have respective
optical axes that intersect in the sample region. A sample support is provided on a
translating stage that translates the sample support along at least one linear axis. The
translating stage is positioned and oriented with respect to the imaging objective such that

the imaging objective optical axis is perpendicular to the at least one linear axis.

[0105] The sample support may be a generally flat element has a major plane and
shaped to hold a slab-shaped sample, the imaging objective optical axis is perpendicular to
the major plane. A second light sheet projector may be provided having an optical axis
forming an angle with the imaging objective optical axis equal to an angle formed by the

first sheet projector optical axis with the imaging objective optical axis.

[0106] Any of the microscope embodiments may include one or more further light
sheet projectors and an imaging component arranged on an opposite side of the sample
region such that two opposite faces of a sample can be scanned and/or a translating stage

connected to move the sample support to permit the sequential scanning of portions of a
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sample.

[0107] According to embodiments, the disclosed subject matter includes an imaging
instrument including a microscope with an objective has an optical axis. A first light beam
projector has imaging optics separate from the microscope positioned to direct a beam of
light that crosses the optical axis. The first light beam projector forms a sheet has a beam
waist in the form of a line of maximum intensity. The first light beam projector has a
scanning mechanism that scans the line of maximum intensity through a range of positions
along a scan direction perpendicular to the line of maximum intensity. The microscope

objective optical axis is perpendicular to the scan direction.

[0108] In the imaging instrument, the objective and the light beam projector are
located on a same side of a sample volume such that an extended slab-shaped sample can be
scanned by moving the sample relative to the objective and the light beam projector. In the
imaging instrument and any variations thereof, a traversing system may be connected to one
or both of the microscope and a sample support to move them such that a slab-shaped
sample can be scanned. In the imaging instrument and any variations thereof, the traversing
system is an X-Y traversing system. In the imaging instrument and any variations thereof,
the traversing system is an X-Y traversing system, where X and Y axes are perpendicular to
the optical axis. In the imaging instrument and any variations thereof, a controller may be
connected to the traversing system and scanning mechanism to scan each of multiple tile
segments of a sample using the scanning mechanism and to shift the sample support relative
to the microscope to scan additional tile segment. In the imaging instrument and any
variations thereof, the scanning mechanism includes electrically tunable lens (ETL). In the
imaging instrument and any variations thereof, the ETL may change a position of the line of

maximum intensity along a length of the sheet in the direction of propagation of the sheet.

[0109] In the imaging instrument and any variations thereof, the scanning
mechanism includes a light redirector that scans the sheet such that the line of maximum
intensity traverses an axis perpendicular to a direction of propagation of the sheet. In the
imaging instrument and any variations thereof, the scanning mechanism may include a light
redirector that scans the sheet such that the line of maximum intensity traverses an axis
perpendicular to a direction of propagation of the sheet. In the imaging instrument and any
variations thereof, the scanning mechanism may include a light redirector that scans the
sheet such that the line of maximum intensity traverses an axis perpendicular to a direction

of propagation of the sheet.
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[0110] In the imaging instrument and any variations thereof, the light redirector may
include a galvo-motor. In the imaging instrument and any variations thereof, the light
redirector may include a galvo-mirror. In the imaging instrument and any variations thereof,
the scanning mechanism may scan in two axes, one to changes a position of the line of
maximum intensity along a length of the sheet in the direction of propagation of the sheet
and one to change the position of the line of maximum intensity along an axis perpendicular
to the direction of propagation of the sheet. In the imaging instrument and any variations
thereof, the scanning mechanism may scan in two axes, one to changes a position of the line
of maximum intensity along a length of the sheet in the direction of propagation of the sheet
and one to change the position of the line of maximum intensity along an axis perpendicular
to the direction of propagation of the sheet. In the imaging instrument and any variations
thereof, the scanning mechanism may include an electrically tunable lens (ETL) to change
the position of the line of maximum intensity along a length of the sheet in the direction of

propagation of the sheet.

[0111] According to embodiments, the disclosed subject matter includes an imaging
instrument that includes a microscope with an objective. A first light beam projector has
imaging optics separate from the microscope positioned to direct a beam of light that crosses
the optical axis. The first light beam projector forms a sheet that has a beam waist in the
form of a line of maximum intensity. The first light beam projector has a scanning
mechanism that scans the line of maximum intensity through a range of positions along a

scan direction perpendicular to the line of maximum intensity.

[0112] In variations, the objective and the light beam projector are located on a same
side of a sample volume such that an extended slab-shaped sample can be scanned by
moving the sample relative to the objective and the light beam projector. According to
embodiments, the disclosed subject matter includes the microscopes include a traversing
system connected to one or both of the microscope and a sample support to move them such
that a slab-shaped sample can be scanned. In variations, the traversing system is an X-Y
traversing system. In variations, the traversing system is an X-Y-Z traversing system, where
X and Y axes are parallel to a major plane of the sample volume and the Z axis is
perpendicular thereto. In variations, a controller is connected to the traversing system and
scanning mechanism to scan each of multiple tile segments of a sample using the scanning
mechanism and to shift the sample support relative to the microscope to scan additional tile

segment. In variations, the scanning mechanism includes electrically tunable lens (ETL). In
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variations, the ETL changes a position of the line of maximum intensity along a length of
the sheet in the direction of propagation of the sheet. In variations, the scanning mechanism
includes a light redirector that scans the sheet such that the line of maximum intensity
traverses an axis perpendicular to a direction of propagation of the sheet. In variations, the
scanning mechanism includes a light redirector that scans the sheet such that the line of
maximum intensity traverses an axis perpendicular to a direction of propagation of the sheet.
In variations, the scanning mechanism includes a light redirector that scans the sheet such
that the line of maximum intensity traverses an axis perpendicular to a direction of
propagation of the sheet. In variations, the light redirector includes a galvo-motor. In
variations, the light redirector includes a galvo-mirror. In variations, the scanning
mechanism scans in two axes, one to changes a position of the line of maximum intensity
along a length of the sheet in the direction of propagation of the sheet and one to change the
position of the line of maximum intensity along an axis perpendicular to the direction of
propagation of the sheet. In variations, the scanning mechanism scans in two axes, one to
changes a position of the line of maximum intensity along a length of the sheet in the
direction of propagation of the sheet and one to change the position of the line of maximum
intensity along an axis perpendicular to the direction of propagation of the sheet. In
variations, wherein the scanning mechanism includes electrically tunable lens (ETL) to
change the position of the line of maximum intensity along a length of the sheet in the

direction of propagation of the sheet.

[0113] According to embodiments, the disclosed subject matter includes a method of
acquiring a three-dimensional image of a sample. The method includes projecting a beam of
light into a sample, the beam has a line of maximum intensity perpendicular to a direction of
propagation of the beam and scanning the beam to scan the line of maximum intensity along
a path oblique to both the direction of propagation and perpendicular to it. The method may
include capturing images of the line on respective portions of an imaging transducer. The
method may be such that, additionally or alternatively, such that the imaging transducer
includes a camera sensor. The method may be such that, additionally or alternatively, such
that the capturing includes imaging light from the line using a microscope. The method may
be such that, additionally or alternatively, such that the capturing includes receiving and
imaging secondary light induced by the line of maximum intensity. The method may be such
that, additionally or alternatively, such that the capturing includes receiving and imaging a

region of fluorescence induced by the line of maximum intensity. The method may be such
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that, additionally or alternatively, such that the scanning includes mechanically moving the
end of a wave guide. The method may include, additionally or alternatively, moving the
sample relative to the microscope and the beam of light and repeating the scanning and
capturing for a different region of the sample. The method may include, additionally or
alternatively, creating two-dimensional images from the capturing and stitching them
together to form larger composite images by matching features of the edges of the images.
The method may be such that, additionally or alternatively, such that the moving includes
moving in one or all of three orthogonal directions. The method may be such that,
additionally or alternatively, such that the moving includes moving in all of three orthogonal

directions to traverse a three-dimensional volume of positions.

[0114] The method may include, additionally or alternatively, changing the focus of
an imaging device to optically discriminate multiple depths of the sample after each scan of
the scanning. The method may be such that, additionally or alternatively, such that the light

sheet projector includes a GRIN lens as an objective.

[0115] According to embodiments, the disclosed subject matter includes a
microscopy method that includes positioning a detection objective oriented with its optical
axis perpendicular to a facing surface of a sample slab. The method further includes
positioning an excitation objective oriented to form an acute angle with the detection
objective optical axis. The positioning a detection objective and the positioning an excitation
objective is such that the detection and excitation objectives is on a same side of the sample
slab. The method further includes applying light off-center to the back aperture of the
excitation objective such that a beam emerges at an angle with respect to an optical axis of
the excitation objective and with a major axis parallel to its direction of propagation that

forms a larger angle than the acute angle.

[0116] The method may be such that, additionally or alternatively, such that the
applying includes partially optically blocking the back aperture. The method may be such
that, additionally or alternatively, such that the major axis forms a more acute angle with the

facing surface than the detection objective optical axis.

[0117] According to embodiments, the disclosed subject matter includes a
microscopy method that includes arranging a detection objective of a microscope with its
optical axis normal to a surface of a sample slab and injecting light along directions forming

equal and opposite angles with the detection objective optical axis. The method includes
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imaging light resulting from the injecting using the microscope. The method may be such
that, additionally or alternatively, such that the light resulting from the injecting includes
fluorescence. The method may be such that, additionally or alternatively, such that the
injecting results in a single line-shaped region of maximum light intensity in the sample. The
method may include, additionally or alternatively, scanning the region perpendicular to a
major axis thereof to trace out a planar segment of the sample while sampling the light

resulting from the injecting using a light sensor.

[0118] The method may be such that, additionally or alternatively, such that the
sensor includes a camera. The method may be such that, additionally or alternatively, such
that the imaging includes receiving the resulting slight through a microscope. The method
may be such that, additionally or alternatively, such that the detection objective is an

objective of a microscope.

[0119] The method may, additionally or alternatively, include scanning the region
perpendicular to a major axis thereof to trace out a planar segment of the sample that is
parallel to the sample surface while sampling the light resulting from the injecting using a

light sensor.

[0120] According to embodiments, the disclosed subject matter includes a
microscope with at least two excitation optical elements arranged to form and direct
respective sheets of light such that they intersect to form an illuminated line of intersection
in a sample region, the sheets has major planes that form angles of at least 75 degrees. A
detection optical element is arranged with respect to the excitation optical elements with an

optical axis forming equal angles with the major planes of the sheets.

[0121] In variations of the microscope, at least two excitation optical elements
include objective lenses. In further variations of the microscope, at least two excitation
optical elements include objective lenses each has an adjustable partial beam block to cause
the sheet beam to be emerge from a side portion of the objective. In further variations of the
microscope at least two excitation optical elements include GRIN lenses. In further
variations of the microscope the two excitation optical elements include scanning optical
elements arranged to cause the illuminated line to traverse the sample region. In further
variations of the microscope the two excitation optical elements include scanning optical
elements arranged to cause the illuminated line to traverse the sample region along a focal

plane of the detection optical element. In further variations of the microscope a traversing
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system is provided and the controller is configured to control scanning components and to

form an image slice from successive detections of the sample region.

[0122] According to embodiments, the disclosed subject matter includes a
microscope. First and second imaging components, each have an imaging objective, and
first and second light sheet projectors each located on a same side of a sample region as a
respective on of the first and second imaging components. Each imaging objective and each
light sheet projector has respective axes that intersect in the sample region. A sample
support is positioned to hold a sample in the sample region. Each light sheet projector has
light scanning and focusing optics to permit the selection of an axial position of a light sheet
beam waist and the selection of a position of the light sheet along an axis perpendicular to
the light sheet propagation direction. A controller is connected to control the light scanning
and focusing optics to translate the beam waste of each light sheet projector independently

along a respective linear path.

[0123] In variations, the imaging objective optical axes are perpendicular to a
respective one of the linear paths. In variations, the imaging objective optical axes are
perpendicular to a both of the linear paths. In variations, the focusing optics include an
electrically tunable lens (ETL). In variations, the sample support is a generally flat element
shaped to hold a slab-shaped sample. It will be appreciated that the modules, processes,
systems, and sections described above can be implemented in hardware, hardware
programmed by software, software instruction stored on a non-transitory computer readable
medium or a combination of the above. For example, a method for capturing three
dimensional optical images can be implemented, for example, using a processor configured
to execute a sequence of programmed instructions stored on a non-transitory computer
readable medium. For example, the processor can include, but not be limited to, a personal
computer or workstation or other such computing system that includes a processor,
microprocessor, microcontroller device, or is comprised of control logic including integrated
circuits such as, for example, an Application Specific Integrated Circuit (ASIC). The
instructions can be compiled from source code instructions provided in accordance with a
programming language such as Java, C++, C#.net or the like. The instructions can also
comprise code and data objects provided in accordance with, for example, the Visual
Basic™ language, LabVIEW, or another structured or object-oriented programming
language. The sequence of programmed instructions and data associated therewith can be

stored in a non-transitory computer-readable medium such as a computer memory or storage
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device which may be any suitable memory apparatus, such as, but not limited to read-only
memory (ROM), programmable read-only memory (PROM), electrically erasable
programmable read-only memory (EEPROM), random-access memory (RAM), flash

memory, disk drive and the like.

[0124] Furthermore, the modules, processes, systems, and sections can be
implemented as a single processor or as a distributed processor. Further, it should be
appreciated that the steps mentioned above may be performed on a single or distributed
processor (single and/or multi-core). Also, the processes, modules, and sub-modules
described in the various figures of and for embodiments above may be distributed across
multiple computers or systems or may be co-located in a single processor or system.
Exemplary structural embodiment alternatives suitable for implementing the modules,

sections, systems, means, or processes described herein are provided below.

[0125] The modules, processors or systems described above can be implemented as
a programmed general purpose computer, an electronic device programmed with microcode,
a hard-wired analog logic circuit, software stored on a computer-readable medium or signal,
an optical computing device, a networked system of electronic and/or optical devices, a
special purpose computing device, an integrated circuit device, a semiconductor chip, and a

software module or object stored on a computer-readable medium or signal, for example.

[0126] Embodiments of the method and system (or their sub-components or
modules), may be implemented on a general-purpose computer, a special-purpose computer,
a programmed microprocessor or microcontroller and peripheral integrated circuit element,
an ASIC or other integrated circuit, a digital signal processor, a hardwired electronic or logic
circuit such as a discrete element circuit, a programmed logic circuit such as a
programmable logic device (PLD), programmable logic array (PLA), field-programmable
gate array (FPGA), programmable array logic (PAL) device, or the like. In general, any
process capable of implementing the functions or steps described herein can be used to
implement embodiments of the method, system, or a computer program product (software

program stored on a non-transitory computer readable medium).

[0127] Furthermore, embodiments of the disclosed method, system, and computer
program product may be readily implemented, fully or partially, in software using, for
example, object or object-oriented software development environments that provide portable

source code that can be used on a variety of computer platforms. Alternatively,
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embodiments of the disclosed method, system, and computer program product can be
implemented partially or fully in hardware using, for example, standard logic circuits or a
very-large-scale integration (VLSI) design. Other hardware or software can be used to
implement embodiments depending on the speed and/or efficiency requirements of the
systems, the particular function, and/or particular software or hardware system,
microprocessor, or microcomputer being utilized. Embodiments of the method, system, and
computer program product can be implemented in hardware and/or software using any
known or later developed systems or structures, devices and/or software by those of ordinary
skill in the applicable art from the function description provided herein and with a general
basic knowledge of control systems, kinematic design, optics, microscopy and/or computer
programming arts.

[0128] Moreover, embodiments of the disclosed method, system, and computer
program product can be implemented in software executed on a programmed general

purpose computer, a special purpose computer, a microprocessor, or the like.

[0129] It is, thus, apparent that there is provided, in accordance with the present
disclosure, optical imaging systems, devices, and methods. Many alternatives,
modifications, and variations are enabled by the present disclosure. Features of the
disclosed embodiments can be combined, rearranged, omitted, etc., within the scope of the
invention to produce additional embodiments. Furthermore, certain features may sometimes
be used to advantage without a corresponding use of other features. Accordingly,
Applicants intend to embrace all such alternatives, modifications, equivalents, and variations

that are within the spirit and scope of the present invention.
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WHAT IS CLAIMED IS:

1. A microscope, comprising:

an imaging component, with an imaging objective, and a first light sheet projector
located on a same side of a sample region;

the imaging objective and first light sheet projector having respective optical axes
that intersect in the sample region;

a sample support positioned and oriented with respect to the imaging objective such
that, when a sample is placed on said sample support, said imaging objective optical axis is
perpendicular to a surface of said sample.

2. The microscope of claim 1, wherein the sample support is a generally flat
element having a major plane and shaped to hold a slab-shaped sample, the imaging objective
optical axis being perpendicular to said major plane.

3. The microscope of claim 1, further comprising a second light sheet projector
with an optical axis forming an angle with said imaging objective optical axis equal to an
angle formed by said first sheet projector optical axis with said imaging objective optical
axis.

4. A microscope, comprising:

an imaging component, with an imaging objective, and a first light sheet projector
located on a same side of a sample region;

the imaging objective and first light sheet projector having respective axes that
intersect in the sample region;

a sample support positioned to hold a sample in said sample region;

the light sheet projector having light scanning and focusing optics to permit the
selection of an axial position of a light sheet beam waist and the selection of a position of the
light sheet along an axis perpendicular to the light sheet propagation direction;

a controller connected to control the light scanning and focusing optics to translate
the beam waste along a linear path;

the imaging objective optical axis being perpendicular to said linear path.

5. The microscope of claim 4, wherein the focusing optics include an electrically
tunable lens (ETL).

6.  The microscope of claim 4, wherein the sample support is a generally flat

element shaped to hold a slab-shaped sample.
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7. The microscope of claim 4, further comprising a second light sheet projector
with an optical axis forming an angle with said imaging objective optical axis equal to an
angle formed by said first sheet projector optical axis with said imaging objective optical
axis.

8. The microscope of any of claims 1-7, further comprising one or more further
light sheet projectors and an imaging component arranged on an opposite side of the sample
region such that two opposite faces of a sample can be scanned.

9. The microscope of any of claims 1-7, further comprising a translating stage
connected to move said sample support to permit the sequential scanning of portions of a
sample.

10. A microscope, comprising:

an imaging objective and a first light sheet projector located on a same side of a
sample region;

the imaging objective and first light sheet projector having respective optical axes
that intersect in the sample region;

a sample support on a translating stage that translates the sample support along at
least one linear axis;

the translating stage being positioned and oriented with respect to the imaging
objective such that said imaging objective optical axis is perpendicular to said at least one
linear axis.

11. The microscope of claim 8, wherein the sample support is a generally flat
element having a major plane and shaped to hold a slab-shaped sample, the imaging objective
optical axis being perpendicular to said major plane.

12.  The microscope of claim 8, further comprising a second light sheet projector
with an optical axis forming an angle with said imaging objective optical axis equal to an
angle formed by said first sheet projector optical axis with said imaging objective optical
axis.

13.  The microscope of any of claims 10-12, further comprising one or more
further light sheet projectors and an imaging component arranged on an opposite side of the
sample region such that two opposite faces of a sample can be scanned.

14.  The microscope of any of claims 10-12, further comprising a translating stage
connected to move said sample support to permit the sequential scanning of portions of a

sample.
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15. An imaging instrument, comprising:

a microscope with an objective having an optical axis;

a first light beam projector with imaging optics separate from said microscope
positioned to direct a beam of light that crosses said optical axis;

the first light beam projector forming a sheet having a beam waist in the form of a
line of maximum intensity;

the first light beam projector having a scanning mechanism that scans the line of
maximum intensity through a range of positions along a scan direction perpendicular to the
line of maximum intensity;

the microscope objective optical axis being perpendicular to the scan direction.

16. The imaging instrument of claim 15, wherein the objective and the light beam
projector are located on a same side of a sample volume such that an extended slab-shaped
sample can be scanned by moving the sample relative to the objective and the light beam
projector.

17. The imaging instrument of claim 15, further comprising a traversing system
connected to one or both of the microscope and a sample support to move them such that a
slab-shaped sample can be scanned.

18. The imaging instrument of claim 17, wherein the traversing system is an X-Y
traversing system.

19. The imaging instrument of claim 17, wherein the traversing system is an X-Y
traversing system, where X and Y axes are perpendicular to the optical axis.

20. The imaging instrument of claim 17, further comprising a controller connected
to the traversing system and scanning mechanism to scan each of multiple tile segments of a
sample using the scanning mechanism and to shift the sample support relative to the
microscope to scan additional tile segment.

21. The imaging instrument of any of claims 15-20, wherein the scanning
mechanism includes electrically tunable lens (ETL).

22. The imaging instrument of claim 21, wherein the ETL changes a position of
the line of maximum intensity along a length of the sheet in the direction of propagation of
the sheet.

23. The imaging instrument of claim 21, wherein the scanning mechanism
includes a light redirector that scans the sheet such that the line of maximum intensity

traverses an axis perpendicular to a direction of propagation of the sheet.
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24.  The imaging instrument of claim 22, wherein the scanning mechanism
includes a light redirector that scans the sheet such that the line of maximum intensity
traverses an axis perpendicular to a direction of propagation of the sheet.

25. The imaging instrument of claim 23, wherein the scanning mechanism
includes a light redirector that scans the sheet such that the line of maximum intensity
traverses an axis perpendicular to a direction of propagation of the sheet.

26. The imaging instrument of any of claims 23-25, wherein the light redirector
includes a galvo-motor.

27. The imaging instrument of any of claims 23-25, wherein the light redirector
includes a galvo-mirror.

28. The imaging instrument of any of claims 15-20, wherein the scanning
mechanism scans in two axes, one to changes a position of the line of maximum intensity
along a length of the sheet in the direction of propagation of the sheet and one to change the
position of the line of maximum intensity along an axis perpendicular to the direction of
propagation of the sheet.

29. The imaging instrument of claim 26 or 27 wherein the scanning mechanism
scans in two axes, one to changes a position of the line of maximum intensity along a length
of the sheet in the direction of propagation of the sheet and one to change the position of the
line of maximum intensity along an axis perpendicular to the direction of propagation of the
sheet.

30. The imaging instrument of any of claims 28 or 29, wherein the scanning
mechanism includes electrically tunable lens (ETL) to change the position of the line of
maximum intensity along a length of the sheet in the direction of propagation of the sheet.

31. Animaging instrument, comprising:

a microscope with an objective;

a first light beam projector with imaging optics separate from said microscope
positioned to direct a beam of light that crosses said optical axis;

the first light beam projector forming a sheet having a beam waist in the form of a
line of maximum intensity;

the first light beam projector having a scanning mechanism that scans the line of
maximum intensity through a range of positions along a scan direction perpendicular to the

line of maximum intensity.
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32. The imaging instrument of claim 31, wherein the objective and the light beam
projector are located on a same side of a sample volume such that an extended slab-shaped
sample can be scanned by moving the sample relative to the objective and the light beam
projector.

33. The imaging instrument of claim 31, further comprising a traversing system
connected to one or both of the microscope and a sample support to move them such that a
slab-shaped sample can be scanned.

34. The imaging instrument of claim 33, wherein the traversing system is an X-Y
traversing system.

35. The imaging instrument of claim 33, wherein the traversing system is an X-Y-
7 traversing system, where X and Y axes are parallel to a major plane of the sample volume
and the Z axis is perpendicular thereto.

36. The imaging instrument of claim 33, further comprising a controller connected
to the traversing system and scanning mechanism to scan each of multiple tile segments of a
sample using the scanning mechanism and to shift the sample support relative to the
microscope to scan additional tile segment.

37. The imaging instrument of any of claims 31-36, wherein the scanning
mechanism includes electrically tunable lens (ETL).

38. The imaging instrument of claim 37, wherein the ETL changes a position of
the line of maximum intensity along a length of the sheet in the direction of propagation of
the sheet.

39. The imaging instrument of claim 37, wherein the scanning mechanism
includes a light redirector that scans the sheet such that the line of maximum intensity
traverses an axis perpendicular to a direction of propagation of the sheet.

40. The imaging instrument of claim 38, wherein the scanning mechanism
includes a light redirector that scans the sheet such that the line of maximum intensity
traverses an axis perpendicular to a direction of propagation of the sheet.

41. The imaging instrument of claim 39, wherein the scanning mechanism
includes a light redirector that scans the sheet such that the line of maximum intensity
traverses an axis perpendicular to a direction of propagation of the sheet.

42, The imaging instrument of any of claims 39-41, wherein the light redirector

includes a galvo-motor.
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43. The imaging instrument of any of claims 39-41, wherein the light redirector
includes a galvo-mirror.

44, The imaging instrument of any of claims 31-36, wherein the scanning
mechanism scans in two axes, one to changes a position of the line of maximum intensity
along a length of the sheet in the direction of propagation of the sheet and one to change the
position of the line of maximum intensity along an axis perpendicular to the direction of
propagation of the sheet.

45. The imaging instrument of claim 42 or 43 wherein the scanning mechanism
scans in two axes, one to changes a position of the line of maximum intensity along a length
of the sheet in the direction of propagation of the sheet and one to change the position of the
line of maximum intensity along an axis perpendicular to the direction of propagation of the
sheet.

46. The imaging instrument of any of claims 44 or 45, wherein the scanning
mechanism includes electrically tunable lens (ETL) to change the position of the line of
maximum intensity along a length of the sheet in the direction of propagation of the sheet.

47. A method of acquiring a three-dimensional image of a sample, comprising:

projecting a beam of light into a sample, the beam having a line of maximum
intensity perpendicular to a direction of propagation of said beam;

scanning said beam to scan said line of maximum intensity along a path oblique to
both the direction of propagation and perpendicular to it;

capturing images of said line on respective portions of an imaging transducer.

48. The method of claim 47, wherein the imaging transducer includes a camera
sensor.

49. The method of claim 47 or 48, wherein the capturing includes imaging light
from said line using a microscope.

50. The method of claim 47 or 48, wherein the capturing includes receiving and
imaging secondary light induced by the line of maximum intensity.

51. The method of claim 47 or 48, wherein the capturing includes receiving and
imaging a region of fluorescence induced by the line of maximum intensity.

52. The method of claim 47, wherein the scanning includes mechanically moving

the end of a wave guide.

40



WO 2018/089839 PCT/US2017/061165

53.  The method of claim 49, further comprising moving the sample relative to the
microscope and the beam of light and repeating said scanning and capturing for a different
region of the sample.

54.  The method of claim 53, further comprising, creating two-dimensional images
from said capturing and stitching them together to form larger composite images by matching
features of the edges of the images.

55.  The method of claim 53 or 54, wherein the moving includes moving in one or
all of three orthogonal directions.

56. The method of claim 53 or 54, wherein the moving includes moving in all of
three orthogonal directions to traverse a three-dimensional volume of positions.

57. The method of any of claims 47-56, further comprising changing the focus of
an imaging device to optically discriminate multiple depths of the sample after each scan of
said scanning.

58. The microscope or imaging instrument of any of claims 1-46, wherein the
light sheet projector includes a GRIN lens as an objective.

59. A microscopy method, comprising:

positioning a detection objective oriented with its optical axis perpendicular to a
facing surface of a sample slab;

positioning an excitation objective oriented to form an acute angle with the
detection objective optical axis;

the positioning a detection objective and the positioning an excitation objective
being such that the detection and excitation objectives being on a same side of the sample
slab;

applying light off-center to the back aperture of the excitation objective such that a
beam emerges at an angle with respect to an optical axis of the excitation objective and with a
major axis parallel to its direction of propagation that forms a larger angle than said acute
angle.

60. The method of claim 59, wherein the applying includes partially optically
blocking said back aperture.

61. The method of claim 59, wherein the major axis forms a more acute angle
angle with said facing surface than said detection objective optical axis.

62. A microscopy method, comprising:

arranging a detection objective of a microscope with its optical axis normal to a
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surface of a sample slab;

injecting light along directions forming equal and opposite angles with the detection
objective optical axis;

imaging light resulting from said injecting using said microscope.

63. The method of claim 62, wherein said light resulting from said injecting
includes fluorescence.

64. The method of claim 62, wherein said injecting results in a single line-shaped
region of maximum light intensity in the sample.

65. The method of claim 64, further comprising scanning said region
perpendicular to a major axis thereof to trace out a planar segment of said sample while
sampling said light resulting from said injecting using a light sensor.

66. The method of claim 65, wherein said sensor includes a camera.

67. The method of any of claims 62-66, wherein the imaging includes receiving
said resulting slight through a microscope.

68. The method of any of claims 62-66, wherein the detection objective is an
objective of a microscope.

69. The method of claim 64, further comprising scanning said region
perpendicular to a major axis thereof to trace out a planar segment of said sample that is
parallel to the sample surface while sampling said light resulting from said injecting using a
light sensor.

70. A microscope, comprising:

at least two excitation optical elements arranged to form and direct respective sheets
of light such that they intersect to form an illuminated line of intersection in a sample region,
the sheets having major planes that form angles of at least 75 degrees;

a detection optical element arranged with respect to the excitation optical elements
with an optical axis forming equal angles with the major planes of the sheets.

71.  The microscope of claim 1, wherein at least two excitation optical elements
include objective lenses.

72.  The microscope of claim 1, wherein at least two excitation optical elements
include objective lenses each having an adjustable partial beam block to cause the sheet beam
to be emerge from a side portion of the objective.

73.  The microscope of claim 1, wherein at least two excitation optical elements

include GRIN lenses.
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74. The microscope of claim 70, wherein the two excitation optical elements
include scanning optical elements arranged to cause the illuminated line to traverse the
sample region.

75.  The microscope of claim 70, wherein the two excitation optical elements
include scanning optical elements arranged to cause the illuminated line to traverse the
sample region along a focal plane of the detection optical element.

76. The microscope of claim 70, further comprising a traversing system, the
controller being configured to control scanning components and to form an image slice from
successive detections of said sample region.

77. An optical imaging apparatus, comprising:

a first illumination arm having optical components arranged for forming a first sheet
beam;

a first detection arm with a front focal plane and having optical components for
imaging a linear volume where the sheet beam intersects the front focal plane;

wherein the first illumination arm and first detection arm optical components each
include a respective illumination objective and detection objective, the angle of the first sheet
beam is oblique to the optical axis of the detection objective, and the first detection arm front
focal plane is perpendicular to the detection objective.

78. The apparatus of claim 77, wherein the first illumination arm optical
components include scanning components that cause a beam waist of the sheet beam to
traverse the first detection arm front focal plane.

79. The apparatus of claim 77, further comprising a controller connected to a first
camera to read image data therefrom, wherein the first detection arm includes a two-
dimensional image detector of the camera, the controller reading and storing selected pixels
of the image detector responsively to positions of the sheet beam waist, thereby causing the
selected pixels to follow the traversal of the beam waist.

80. The apparatus of claim 79, wherein the controller controls the scanning
components.

81. The apparatus of claim 77 or 80, wherein the scanning components include a
mechanism configured to move the sheet beam waist along an axis of the illumination

objective.
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82. The apparatus of claim 77 or 12, further comprising a traversing system, the
controller being configured to control scanning components and to form an image slice from
successive detections of said linear volume.

83. The apparatus of claim 77, further comprising a second illumination arm
identical to the first and configured to form a second sheet beam that intersects the first sheet
beam.

84. The apparatus of claim 83, wherein the first and second illumination arm
illumination objective optical axes each forms an angle to the surface of the first detection
arm front focal plane.

85. The apparatus of claim 84, wherein each of the illumination arms includes an
adjustable partial beam block which causes the sheet beam to be formed using a side portion
of the illumination objective.

86. The apparatus of claim 85, wherein the angle of the sheet beams is responsive
to the position of the beam block.

87. The apparatus of claim 77, further comprising a controller connected to a
traversal system, the controller being programmed to optically scan portions of a degree of
freedom of the traversing system such that the traversing system can move in steps along an
axis corresponding to said degree of freedom whose size is responsive to a dimension of the
optical scan, to permit the capture of a sample larger than the dimension of the optical scan.

88. The apparatus of claim 77, further comprising a second illumination arm and a
second detection arm, both identical, respectively, to said first illumination and detection
arms, the second illumination and detection arms being positioned on opposite sides of a
movable stage.

89. The apparatus of claim 88, further comprising cameras on each of the first and
second detection arms, a controller connected to first and second to read image data
therefrom, wherein the first detection arms each includes a two-dimensional image detector
of the camera, the controller reading and storing selected pixels of the image detector
responsively to positions of the sheet beam waist, thereby causing the selected pixels to
follow the traversal of the beam waist.

90. The apparatus of claim 89, wherein the controller is configured to control the
sheet beams of the first and second illumination arms to maintain a distance between the

intersections of the sheet beams and the front focal planes of the detection arms.
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91. The apparatus of claim 89, wherein the controller is configured to control the
sheet beams of the first and second illumination arms to maintain a distance between the
intersections of the sheet beams and the front focal planes of the detection arms by maintain a
phase difference between the scan cycling of the two sheet beams.

92. The apparatus of claim 77, wherein the first illumination arm comprises a
LASER source, a collimator, an electrically tunable lens, a cylindrical lens, a galvo scanner, a
scan lens, a tube lens, and an illumination objective.

93. The apparatus of claim 92, further comprising:

a first iris incorporated after the collimator;

a one dimensional slit incorporated before the cylindrical lens; and

a second iris incorporated at a conjugate plane between the scan lens and the tube
lens.

94. A method of imaging an elongate volume within a sample, comprising:

forming a sheet beam by passing a beam of light through a side of a first objective
such that the beam is blocked from passing through a portion to a side of an optical axis of
the first objective;

detecting light from a linear volume illuminated by the sheet where the sheet
intersects the focal plane of the first objective or a second objective;

the forming including scanning the illumination beam such that the linear volume
traverses an axis that is perpendicular to an axis of the linear volume.

95. The method of claim 94, wherein the detecting includes sampling a line of
pixels of a two-dimensional image plane of a camera, the line of pixels coinciding with an
image of the linear volume.

96. The method of claim 94, wherein the first objective or a second objective is
the first objective.

97. The method of claim 94, wherein the first objective or a second objective is a
second objective.

98. The method of claim 94, wherein the scanning includes traversing an axial
position of said linear volume along an axis of the first objective.

99. The method of claim 98, wherein said traversing an axial position includes
actuating an electrically tunable lens.

100. The method of claim 94, further comprising, repeating the forming and

detecting on an opposite side of a single sample.
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101. The method of claim 94, further comprising mechanically traversing a sample
after each of said steps of scanning and repeating the forming and detecting at each position
of the mechanically traversing and compositing the images corresponding to each scan to
form a three-dimensional image of a sample.

102. A microscope, comprising:

a detection objective with optical axis is at a normal to a predefined plane defined
by two axes of a traversing system;

one or more illumination objectives positioned and oriented to generate one or more
light sheets at an angle oblique to said normal such that the light sheets enter the sample from
the same side of said predefined plane as said detection objective.

103. The microscope of claim 102, further comprising a detection arm that conveys
light from said detection objective to a two-dimensional image sensor.

104. The microscope of claim 103, wherein said image sensor is a SCMOS type.

105. The microscope of claim 102, further comprising illumination arms that form
beams that pass through said illumination objectives.

106. The microscope of claim 105, wherein the illumination arms are configured to
pass light asymmetrically through said illumination objectives such that the light sheets form
an angle relative to the illumination objective optical axes.

107. The microscope of claim 104, wherein the illumination arms each block a
beam applied to a respective one of said illumination objectives.

108. The microscope of claim 104, further comprising a controller and scanning
optics controlled by said controller in said illumination arms to cause an intersection between
said light sheets and a front focal plane of the detection objective to traverse said front focal
plane.

109. The microscope of claim 108, wherein the controller captures a line of pixels
of an imaging device corresponding to an image of an illuminated region located at said
intersection.

110. A microscope, comprising:

first and second imaging components, each having an imaging objective, and first
and second light sheet projectors each located on a same side of a sample region as a
respective on of the first and second imaging components;

each imaging objective and each light sheet projector having respective axes that

intersect in the sample region;
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a sample support positioned to hold a sample in said sample region;

each light sheet projector having light scanning and focusing optics to permit the
selection of an axial position of a light sheet beam waist and the selection of a position of the
light sheet along an axis perpendicular to the light sheet propagation direction;

a controller connected to control the light scanning and focusing optics to translate
the beam waste of each light sheet projector independently along a respective linear path.

111. The microscope of claim 110, wherein the imaging objective optical axes are
perpendicular to a respective one of said linear paths.

112. The microscope of claim 110, wherein the imaging objective optical axes are
perpendicular to a both of said linear paths.

113. The microscope of claim 110, wherein the focusing optics include an
electrically tunable lens (ETL).

114. The microscope of claim 110, wherein the sample support is a generally flat

element shaped to hold a slab-shaped sample.
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