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SYSTEMS AND METHODES FOR IMPROVED FOCUS TRACKING USING BLOCKING STRUCTURES

@ Embodiments disclosed herein include an optical blocking structure that may include a frame defining an aperture,
first and second elongate structural members each comprising first and second ends such that the first and second
elongate structural members may be connected at their first ends to opposite sides of the aperture, and further
such that the first and second elongate structural members may extend from the frame parallel to and in the same
direction as one another; and an optically opaque blocking member positioned to extend between the respective
second ends of the first and second blocking members.

Dit octrooi is verleend ongeacht het bijgevoegde resultaat van het onderzoek naar de stand van de
techniek en schriftelijke opinie. Het octrooischrift komt overeen met de oorspronkelijk ingediende
stukken.
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SYSTEMS AND METHODS FOR IMPROVED FOCUS TRACKING USING
BLOCKING STRUCTURES

BACKGROUND

[0001] Numerous advances in the field of biology have benefited from improved
imaging systems and techniques, such as, for example, those used in optical microscopes
and scanners. Obtaining accurate focus during imaging using these imaging systems can
be important for successful imaging operations. Additionally, decreasing the latency
associated with focusing the system on a sample increases the speed at which the system
can operate.

[0002] Many pre-existing scanning systems use a multi-beam focus track system
to determine focus distances for a given sample. The multi-beam system focuses two
beams onto the sample using objective lens. The focus beams are reflected from the
surface of the sample and reflected beams are directed toward an image sensor. Reflected
beams form spots on the image sensor and the distance between the spots can be used to
determine the focus distance.

[0003] Designers of pre-existing systems are constantly striving to improve focus
accuracy and the speed with which the system can determine the focus setting. Improving
accuracy can be important in that it can allow the system to achieve better results.
Reducing latency can be an important consideration because it can allow the system to
reach a focus determination more quickly, thus allowing the system to complete scanning

operations faster.
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SUMMARY

[0004] Various embodiments of the technologies disclosed herein provide
systems and methods for improving accuracy of focus tracking in optical systems. Further
embodiments provide systems and methods for reducing latency associated with focus
tracking in optical scanners. In some embodiments, systems and methods are provided for
improving or reducing latency associated with focus tracking in optical scanners.

[0005] In some embodiments, an optical blocking structure includes a frame
defining an aperture; a first and second elongated structural members each comprising first
and second ends such that the first and second elongate structural members are connected
at their first ends to opposite sides of the aperture, and further such that the first and second
elongate structural members extend from the frame parallel to and in the same direction as
one another; and an optically opaque blocking member positioned to extend between the
respective second ends of the first and second blocking members.

[0006] By way of further example only, the front surface of the blocking member
may form a blocking face dimensioned to block reflected beams from a first surface of a
sample container in an imaging system and to not block reflected beams from a second
surface of the sample container. Additionally, by way of further example only, the optical
blocking structure may be dimensioned to be disposed adjacent a beam splitter and the
back surface of the blocking member is disposed in a plane that is at an angle relative to a
plane of the frame, further such that the angle is chosen where the back surface of the
blocking member is substantially parallel to a face of the beam splitter. In some instances,
the width of the back surface of the blocking member may be between about 2 mm and 7

mm. Furthermore, by way of example only, the back surface of the blocking member may
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be a width selected to block reflected beams from a second surface of the sample container
without interfering with beams reflected from the S2 and S3 surfaces.

[0007] Additionally, in further embodiments, the optical blocking structure may be
dimensioned for use in operation with a scanning system that images samples contained in
a multilayer sample container that may include four reflective surfaces, and further such that
a back surface of the blocking member forms a blocking face dimensioned to block reflected
beams from a first surface of a sample container in an imaging system and to not block
reflected beams from second and third surfaces of the sample container. By way of further
example only, the optical blocking structure may be dimensioned to have a triangular cross-
section.

[0008] In other embodiments, an optical blocking structure may include a frame
defining an aperture, such that the aperture is dimensioned to be from about 20 mm to 40
mm and from about 15 mm to 30 mm in height; a first structural member may include a first
end and a second end defining an elongate body, the elongate body dimensioned to be
between about 20 mm and 30 mm in length; a second structural member may include a
first end and a second end defining a second elongate body, the elongate body
dimensioned to be between about 20 mm and 30 mm in length, such that the first and
second structural members are connected at their first ends to opposite sides of the
aperture, where the first and second structural members extend from the frame parallel to
and in the same direction as one another; and an optically opaque blocking member
positioned to extend between the respective second ends of the first and second blocking
members, the optically opaque blocking member dimensioned to be between about 1 mm
and 20 mm in width.

[0009] By way of example only, the front surface of the blocking member may

form a blocking face dimensioned to block reflected beams from a first surface of a sample
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container in an imaging system and to not block reflected beams from a second surface of
the sample container. Additionally, by way for further example only, the optical blocking
structure may be dimensioned to be disposed adjacent a beam splitter and the back surface
of the blocking member is disposed in a plane that is at an angle relative to a plane of the
frame, further wherein the angle is chosen such that the back surface of the blocking
member is substantially parallel to a face of the beam spilitter.

[0010] In some embodiments, the width of the back surface of the blocking
member may be a width selected to block reflected beams from a second surface of the
sample container without interfering with beams reflected from the S2 and S3 surfaces. In
some instances, by way of example only, the optical blocking structure may be dimensioned
for use in operation with a scanning system that images samples contained in a multilayer
sample container that includes four reflective surfaces, and further such that a back surface
of the blocking member may form a blocking face dimensioned to block reflected beams
from a first surface of a sample container in an imaging system and to not block reflected
beams from second and third surfaces of the sample container. Furthermore, the optical
blocking structure may be dimensioned to have a triangular cross-section.

[0011] In some embodiments, an imaging system may also be disclosed where
the imaging system includes a laser light source; a differential splitting window to split the
light emitted from the light source into a plurality of parallel beams; a sample container
which may include a first, second and third layers disposed on a substrate in touching
relation, the layers including first reflective surface at the first layer of the sample container,
a second reflective surface between the first and second layers with a third reflective
surface between the second and third layers, and a fourth reflective surface between the
third layer and the substrate; an objective lens positioned to focus light from the light source

onto at least one of the second and third reflective surfaces and to receive light reflected
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from the sample container; an image sensor inclduing a plurality of pixel locations
positioned to receive light reflected from the sample container; a first blocking structure
positioned to block a reflection from the first surface from reaching the image sensor; and a
second blocking structure positioned to block a reflection from the fourth surface from
reaching the image sensor.

[0012] By way of example, the imaging system may further include a splitter
disposed in an optical return path of the imaging system between the objective lens and the
image sensor, further such that the second blocking structure is positioned in the return
optical path to block a reflection from the fourth surface at the output of the spilitter.

[0013] In additional embodiments, the second blocking structure may further
include a frame defining an aperture; first and second elongate structural members each
including first and second ends such that the first and second elongate structural members
are connected at their first ends to opposite sides of the aperture, and further such that the
first and second elongate structural members extend from the frame parallel to and in the
same direction as one another; and an optically opaque blocking member positioned to
extend between the respective second ends of the first and second blocking members.
Additionally, in some instances, the front surface of the blocking member may form a
blocking face dimensioned to block reflected beams from a first surface of a sample
container in an imaging system and to not block reflected beams from a second surface of
the sample container. In additional instances, by way of further example only, the second
blocking structure may be dimensioned to be disposed adjacent a beam splitter and the
back surface of the blocking member may be disposed in a plane that is at an angle relative
to a plane of the frame, further such that the angle is chosen where the back surface of the

blocking member is substantially parallel to a face of the beam spilitter.
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[0014] By way of example only, the width of the back surface of the second
blocking structure may be between about 2 mm and 7 mm. Additionally, by way of further
example only, the second blocking structure may be dimensioned for use in operation with a
scanning system that images samples contained in a multilayer sample container that may
include four reflective surfaces, and further such that a back surface of the blocking member
forms a blocking face dimensioned to block reflected beams from a first surface of a sample
container in an imaging system and to not block reflected beams from second and third
surfaces of the sample container.

[0015] Furthermore, the first blocking structure may include an aperture
dimensioned to block reflected beams from the first surface of the sample container and to
allow beams reflected from second and third surfaces of the sample container to pass
through the aperture.

[0016] Other features and aspects of the disclosed embodiments will become
apparent from the following detailed description, taken in conjunction with the
accompanying drawings, which illustrate, by way of example, the features in accordance
with embodiments of the invention. The summary is not intended to limit the scope of the

invention, which is defined solely by the claims attached hereto.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The technology disclosed herein, in accordance with one or more
embodiments, is described in detail with reference to the following figures. These figures
are provided to facilitate the reader’s understanding of the disclosed technology, and are
not intended to be exhaustive or to limit the disclosure to the precise forms disclosed.

Indeed, the drawings in the figures are provided for purposes of illustration only, and merely
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depict example embodiments of the disclosed technology. Furthermore, it should be noted
that for clarity and ease of illustration, the elements in the figures have not necessarily been
drawn to scale.

[0018] Some of the figures included herein illustrate various embodiments of the
disclosed technology from different viewing angles. Although the accompanying descriptive
text may refer to such views as “top,” “bottom” or “side” views, such references are merely
descriptive and do not imply or require that the disclosed technology be implemented or
used in a particular spatial orientation unless explicitly stated otherwise.

[0019] FIG. 1 illustrates a simplified block diagram of one example of an image
scanning system with which systems and methods disclosed herein may be implemented.

[0020] FIGs. 2A and 2B illustrate an example optical system for focus tracking.
Particularly, FIG. 2A illustrates an example optical design for focus tracking in accordance
with one embodiment of the systems and methods described herein. FIG. 2B is a diagram
illustrating an alternative view of a portion of the optical system shown in FIG. 2A.

[0021] FIG. 3A illustrates an example of a sample container configured to house
one or more samples to be imaged that comprises multiple layers.

[0022] FIG. 3B is a diagram illustrating an example of the creation of desired and
unwanted reflections off of the multiple surfaces of a multilayer sample container in some
environments.

[0023] FIG. 3C is a diagram illustrating an example of the effect of the unwanted
reflections on the image sensor.

[0024] FIG. 3D is a diagram illustrating a reduction in noise at the image sensor
as a result of the placement of blocking structures in accordance with example

embodiments disclosed herein.
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[0025] FIG. 4A illustrates a portion of an image sensor comprising a plurality of
pixels (not shown for clarity of illustration) onto which the focus tracking beams are directed
in accordance with one embodiment of the systems and methods described herein.

[0026] FIG. 4B is a diagram illustrating intensities of left and right focus beams
reflecting onto the image sensor from the S2 and S3 surfaces at different focus settings with
the collimating lens adjusted to position a beam waist along the optical path of the focus
tracking beams.

[0027] FIG. 5A is a diagram illustrating an example of a lens implemented to
cause focus tracking beams to converge on a sample plane and be focused onto an image
sensor.

[0028] FIG. 5B is a diagram illustrating an example of a roof prism implemented
to cause to focus tracking beams to converge onto an image sensor.

[0029] FIG. 6 is a diagram illustrating an example configuration including a lens
positioned to place a beam waist of the focus tracking beam at a selected position.

[0030] FIG. 7 is a diagram illustrating an example of a focus tracking system with
which embodiments of the systems and methods described herein may be implemented.

[0031] FIGs. 8 and 9 are diagrams illustrating spatial relationships of reflected
focus tracking beams in one example.

[0032] FIG. 10 is a diagram illustrating an example placement of a beam blocker
to block reflections of the left and right focus tracking beams from the S4 surface in
accordance with one embodiment.

[0033] FIGs. 11 and 12 are diagrams illustrating the spatial relationship of
reflected focus tracking beams at beam splitter in the example configuration of FIG. 7, with

the beam blocker placed as shown in FIG. 10.
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[0034] FIGs. 13 and 14 illustrate the beams reflected off of the top periscope
mirror and the beam splitter in one example.

[0035] FIG. 15A is a top-down view illustrating an example of the focus tracking
beams reflected off surfaces S2 and S4 returned from the objective lens and directed
toward splitter.

[0036] FIG. 15B is a close up view of FIG 15A illustrating how the S4 reflected
beams can be blocked at the rear face of the splitter by a blocking member.

[0037] FIG. 15C is a diagram illustrating a top-down view of an example of a
blocking member positioned at the rear face of a splitter.

[0038] FIG. 15D is a diagram illustrating a representation of a 4 mm wide
blocking structure in the beam path of the reflected focus tracking beams at the splitter.

[0039] FIGs. 16A and 16B are diagrams illustrating an example of a beam
blocker that can be used to block the S4 reflections at the filter/splitter in accordance with
the example embodiments described with reference to FIGs. 8-10.

[0040] FIG. 17A presents a cutaway view of a beam blocker installed at the
beam splitter in one example.

[0041] Fig. 17B presents a rear view of a beam blocker installed at the beam
splitter.

[0042] FIG. 18A illustrates an example of an aperture that can be used to block
the beams reflected off the S1 surface.

[0043] FIG. 18B illustrates an example placement of the aperture in front of the
beam splitter normal to the beam axis.

[0044] FIG. 19 shows spots from the beams at a top periscope mirror for

focusing at the top of the sample.
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[0045] FIG. 20 shows spots from the beams at a top periscope mirror for
focusing at the bottom of the sample.

[0046] FIG. 21 illustrates spots at the camera for the S2, S3 reflected beams for
imaging at the top of the capture range when focusing on S2.

[0047] FIG. 22 illustrates spots at the camera for the S2, S3 reflected beams for
imaging at the bottom of the capture range when focusing on S2.

[0048] FIG. 23 illustrates spots at the camera for the S2, S3 reflected beams for
imaging at the top of the capture range when focusing on S3.

[0049] FIG. 24 illustrates spots at the camera for the S2, S3 reflected beams for
imaging at the bottom of the capture range when focusing on S3.

[0050] FIG. 25A illustrates, in one example, spot fringe variation in a beam spot
on the image sensor with a laser diode operating in a lasing mode.

[0051] FIG. 25B illustrates, in one example, a spot profile in a beam spot on the
image sensor with a laser diode operating in a low-power mode.

[0052] FIG. 26 is a diagram illustrating an example of a laser diode operated in
an ASE mode.

[0053] FIG. 27 is a diagram illustrating an example of a laser diode operated in a
lasing mode.

[0054] FIG. 28 is a diagram illustrating an example of a laser diode operated in a
hybrid mode.

[0055] FIG. 29 illustrates instability in spot size when a laser diode is powered to
operate in a lasing mode.

[0056] FIG. 30A illustrates an example of spot movement with a laser diode

operating in a hybrid mode.
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[0057] FIG. 30B illustrates an example of a spot movement with a laser diode
operating in a hybrid mode.

[0058] FIG. 31 is a diagram illustrating an example of the spectral width of
various laser sources tested to determine the relationship between spectral width at 5% and
set power.

[0059] It should be understood that the disclosed technology can be practiced
with modification and alteration, and that the disclosed technology be limited only by the

claims and the equivalents thereof.

DETAILED DESCRIPTION

[0060] Various embodiments of the technologies disclosed herein provide
systems and methods for improving or reducing latency associated with focus tracking in
optical scanners. Various additional embodiments provide systems and methods for
improving the accuracy of focus tracking systems in optical scanners. Still further
embodiments combine aspects of both. For example, in some embodiments, systems and
methods are provided to block stray light caused by unwanted reflections from a sample
container from reaching the image sensor and hindering the detection of the focus tracking
beams. In some applications, a sample container for the scanning system may include a
sample layer sandwiched between two or more other layers.  In such applications, the
surfaces presented by the multi-layer sample container may each present a reflected beam
back to the objective lens and into the return path of the scanning system. Unwanted
reflections, which in some cases may be much stronger than reflections from the sample

layer, can decrease the signal-to-noise ratio at the image sensor making it difficult to detect
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the actual focus tracking beams amid all the other optical noise. Unwanted reflections or
scattered beams may also overlap with and coherently interfere with focus tracking spots at
the image sensor, and cause fringes to appear, thereby degrading accuracy of focus
tracking. Embodiments of the systems and methods disclosed herein can place apertures,
blocking bars, or other blocking members at one or more points along the return signal path
to provide optically opaque structures to block the unwanted beams reflected off of the other
surfaces from reaching the image sensor.

[0061] As another example, further embodiments can include an optical
structure, such as a lens or other curved or partially curved optical element in the optical
path to shape the focus tracking laser beams. In various embodiments, this can be
implemented by inserting the optical element in the optical path prior to the objective lens to
position a beam waist within the system. More particularly, in some embodiments, the
optical element is positioned in the optical path at a determined distance from the output of
the optical fiber so as to place a beam waist of the one or more focus tracking beams at a
desired location along the optical path. The position of the beam waist along the optical path
may be chosen such that the resultant spots from the focus tracking beams reflected off
multiple surfaces of interest of the sample container are the same size or substantially the
same size as one another at the image sensor plane to improve focus tracking accuracy
and latency. In further embodiments, an adjustment mechanism can be provided to adjust
the location of the optical element for optimal placement of the beam waist along the optical
path.

[0062] As yet another example, further embodiments include configuration and
adjustment of the optical source for the focus tracking beams. More particularly,
embodiments are configured to adjust and set the power level at which a laser diode source

operates to reduce fringing of the focus tracking beam spots on the image sensor and to
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provide a more stable and consistent spot placement. The power level of the laser can be
set such that the laser diode is operating in a quasi-lasing mode or hybrid mode, combining
aspects of both an ASE mode of operation and a lasing mode of operation. The power level
can be set within a range that is at the high end below the power at which the laser diode
emits what would normally be considered as highly coherent light, with a single dominant
spectral peak and negligible secondary peaks; and at the low end above the power at which
the laser fully emits temporally incoherent light, also called amplified spontaneous emission
(ASE).

[0063] Before describing various embodiments of the systems and methods
disclosed herein, it is useful to describe an example environment with which the systems
and methods can be implemented. One such example environment is that of an image
scanning system, such as that illustrated in FIG. 1. The example imaging scanning system
may include a device for obtaining or producing an image of a region. The example
outlined in FIG. 1 shows an example imaging configuration of a backlight design
embodiment.

[0064] As can be seen in the example of FIG. 1, subject samples are located on
sample container 110, which is positioned on a sample stage 170 under an objective lens
142. Light source 160 and associated optics direct a beam of light, such as laser light, to a
chosen sample location on the sample container 110. The sample fluoresces and the
resultant light is collected by the objective lens 142 and directed to a photo detector 140 to
detect the florescence. Sample stage 170 is moved relative to objective lens 142 to position
the next sample location on sample container 110 at the focal point of the objective lens
142. Movement of sample stage 110 relative to objective lens 142 can be achieved by

moving the sample stage itself, the objective lens, the entire optical stage, or any
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combination of the foregoing. Further embodiments may also include moving the entire
imaging system over a stationary sample.

[0065] Fluid delivery module or device 100 directs the flow of reagents (e.g.,
fluorescent nucleotides, buffers, enzymes, cleavage reagents, etc.) to (and through) sample
container 110 and waist valve 120. In particular embodiments, the sample container 110
can be implemented as a flowcell that includes clusters of nucleic acid sequences at a
plurality of sample locations on the sample container 110. The samples to be sequenced
may be attached to the substrate of the flowcell, along with other optional components.

[0066] The system also comprises temperature station actuator 130 and
heater/cooler 135 that can optionally regulate the temperature of conditions of the fluids
within the sample container 110. Camera system 140 can be included to monitor and track
the sequencing of sample container 110. Camera system 140 can be implemented, for
example, as a CCD camera, which can interact with various filters within filter switching
assembly 145, objective lens 142, and focusing laser/focusing laser assembly 150. Camera
system 140 is not limited to a CCD camera and other cameras and image sensor
technologies can be used.

[0067] Light source 160 (e.g., an excitation laser within an assembly optionally
comprising multiple lasers) or other light source can be included to illuminate fluorescent
sequencing reactions within the samples via illumination through fiber optic interface 161
(which can optionally comprise one or more re-imaging lenses, a fiber optic mounting, etc).
Low watt lamp 165, focusing laser 150, and reverse dichroic 185 are also presented in the
example shown. In some embodiments focusing laser 150 may be turned off during
imaging. In other embodiments, an alternative focus configuration can include a second

focusing camera (not shown), which can be a quadrant detector, a Position Sensitive
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Detector (PSD), or similar detector to measure the location of the scattered beam reflected
from the surface concurrent with data collection.

[0068] Although illustrated as a backlit device, other examples may include a
light from a laser or other light source that is directed through the objective lens 142 onto
the samples on sample container 110. Sample container 110 can be ultimately mounted on
a sample stage 170 to provide movement and alignment of the sample container 110
relative to the objective lens 142. The sample stage can have one or more actuators to
allow it to move in any of three dimensions. For example, in terms of the Cartesian
coordinate system, actuators can be provided to allow the stage to move in the X, Y and Z
directions relative to the objective lens. This can allow one or more sample locations on
sample container 110 to be positioned in optical alignment with objective lens 142.

[0069] A focus (z-axis) component 175 is shown in this example as being
included to control positioning of the optical components relative to the sample container
110 in the focus direction (referred to as the z axis, or z direction). Focus component 175
can include one or more actuators physically coupled to the optical stage or the sample
stage, or both, to move sample container 110 on sample stage 170 relative to the optical
components (e.g., the objective lens 142) to provide proper focusing for the imaging
operation. For example, the actuator may be physically coupled to the respective stage
such as, for example, by mechanical, magnetic, fluidic or other attachment or contact
directly or indirectly to or with the stage. The one or more actuators can be configured to
move the stage in the z-direction while maintaining the sample stage in the same plane
(e.g., maintaining a level or horizontal attitude, perpendicular to the optical axis). The one
or more actuators can also be configured to tilt the stage. This can be done, for example, so
that sample container 110 can be leveled dynamically to account for any slope in its

surfaces.
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[0070] Focusing of the system generally refers to aligning the focal plane of the
objective lens with the sample to be imaged at the chosen sample location. However,
focusing can also refer to adjustments to the system to obtain a desired characteristic for a
representation of the sample such as, for example, a desired level of sharpness or contrast
for an image of a test sample. Because the usable depth of field of the focal plane of the
objective lens is very small (sometimes on the order of about 1 pm or less), focus
component 175 closely follows the surface being imaged. Because the sample container is
not perfectly flat as fixtured in the instrument, focus component 175 may be set up to follow
this profile while moving along in the scanning direction (referred to as the y-axis).

[0071] The light emanating from a test sample at a sample location being imaged
can be directed to one or more detectors 140. Detectors can include, for example a CCD
camera, An aperture can be included and positioned to allow only light emanating from the
focus area to pass to the detector. The aperture can be included to improve image quality
by filtering out components of the light that emanate from areas that are outside of the focus
area. Emission filters can be included in filter switching assembly 145, which can be
selected to record a determined emission wavelength and to cut out any stray laser light.

[0072] In various embodiments, sample container 110 can include one or more
substrates upon which the samples are provided. For example, in the case of a system to
analyze a large number of different nucleic acid sequences, sample container 110 can
include one or more substrates on which nucleic acids to be sequenced are bound,
attached or associated. In various embodiments, the substrate can include any inert
substrate or matrix to which nucleic acids can be attached, such as for example glass
surfaces, plastic surfaces, latex, dextran, polystyrene surfaces, polypropylene surfaces,

polyacrylamide gels, gold surfaces, and silicon wafers. In some applications, the substrate
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is within a channel or other area at a plurality of locations formed in a matrix or array across
the sample container 110.

[0073] Although not illustrated, a controller can be provided to control the
operation of the scanning system. The controller can be implemented to control aspects of
system operation such as, for example, focusing, stage movement, and imaging operations.
In various embodiments, the controller can be implemented using hardware, machine-
readable instructions or algorithm, or a combination of the foregoing. For example, in some
implementations the controller can include one or more CPUs or processors with associated
memory. As another example, the controller can comprise hardware or other circuitry to
control the operation. For example, this circuitry can include one or more of the following:
field programmable gate array (FPGA), application specific integrated circuit (ASIC),
programmable logic device (PLD), complex programmable logic device (CPLD), a
programmable logic array (PLA), programmable array logic (PAL) or other similar
processing device or circuitry. As yet another example, the controller can comprise a
combination of this circuitry with one or more processors.

[0074] Generally, for focusing operations, a focus beam generated by a focusing
laser is reflected off of the sample location to measure the required focus, and the sample
stage is moved relative to the optical stage to focus the optical stage onto a current sample
location. The movement of the sample stage relative to the optical stage for focusing is
generally described as movement along the z-axis or in the z direction. The terms “z-axis”
and “z direction” are intended to be used consistently with their use in the art of microscopy
and imaging systems in general, in which the z-axis refers to the focal axis. Accordingly, a
z-axis translation results in increasing or decreasing the length of the focal axis. A z-axis
translation can be carried out, for example, by moving a sample stage relative to an optical

stage (e.g., by moving the sample stage or an optical element or both). As such, z-axis
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translation can be carried out by driving an objective lens, the optical stage, or the sample
stage, or a combination of the foregoing, any of which can be driven by actuating one or
more servos or motors or other actuators that are in functional communication with the
objective lens or the sample stage or both. In various embodiments, the actuators can be
configured to tilt the sample stage relative to the optical stage to, for example, effectively
level the sample container on a plane perpendicular to the optical imaging axis. Where this
dynamic tilting is performed to effectively level the sample locations on the sample
container, this can allow the sample container to be moved in the x and y directions for
scanning with little or no movement in the z-axis required.

[0075] FIG. 2, which comprises FIGs. 2A and 2B illustrates an example optical
system for focus tracking. Particularly, FIG. 2A illustrates an example optical design for
focus tracking in accordance with one embodiment of the systems and methods described
herein. FIG. 2B is a diagram illustrating an alternative view of a portion of the optical
system shown in FIG. 2A. To avoid clutter and facilitate the reader’s understanding, the
example shown in FIG. 2A is illustrated with a single beam, which is a center beam in this
case. The system may operate with more than one beam such as, for example, with 3
beams. A three-beam system can provide, for example, look-ahead and look-behind focus
tracking.

[0076] Referring now to FIG. 2A, laser 270 generates light for the focusing
beams and is optically coupled into the system. Light from laser 270 can be coupled via a
fiber for example to a beam splitter prism 272, such as a lateral displacement beam splitter.
Filters may be included, if needed, such as for source selection. Prism 272 splits the
transmit beam into two substantially parallel, spots of roughly equal intensity. This can be

included to provide for differential measurement in the focusing model.
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[0077] A diffraction grating 274 generates multiple copies of the input beams. In
other embodiments, a beam splitter cube or multiple laser sources can be used to generate
the multiple beams. In the case of a three-beam system, diffraction grating 274 may
generate three output beams for each of the two input beams. An example of this for one
input beam is shown at FIG. 2B. Because the diffraction grating can generate beams that
are divergent (as also shown in FIG. 2B), a flat-top, or dove prism, 276 redirects the multiple
beams. In some embodiments, the prism is configured such that the beams converge at
the pupil of the objective lens 142 so the beams at the sample container are normal to the
sample container. An example of this for a three-output-beam configuration is shown at
FIG. 2B. The received signal from the sample container returns through the beam splitter
277 and reflects off mirror 279. Because each beam pair is diverging, receive prisms 280
and 282 consolidate the spots onto the focal plane of image sensor 284. In some
embodiments, these can be implemented as dove and roof prisms to refract and aim the
rays exiting the microscope object to fit on the image sensor array. A roof prism can be
used to refract the return beams to consolidate the spots within a spot pair onto the focal
plane of the image sensor, and a dove prism to refract the fore/aft spot pairs to consolidate
all spot pairs onto the focal plane. With three-beam look-ahead, 3 beams pass through
each of the two prism halves of the roof prism. However, in the other axis, the beams are
diverging, which is why the dove prism is included to correct those.

[0078] In the various embodiments described above with reference to FIG. 2,
various optical components are implemented using prisms. Some or all of these may be
implemented using lenses, however prisms may be desirable as these components are
generally less sensitive to misalignment as compared to their lens counterparts. Prisms
may also be more desirable than lens systems because prisms are generally more compact

and include fewer elements.
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[0079] Objective lens 142 in the examples of FIGs. 1 and 2 provides a generally
circular field of view on the sample container. In one embodiment, the center of the field of
view is the current sample location being imaged. The direction of scan within that field of
view is either the x or the y axis. For purposes of discussion, the direction of scan will be
assumed to be in the y direction. A light source, such as an LED or laser light source
generates the focusing beams. In the illustrated example, three beams are used to provide
a three-point differential off-axis predictive focus estimation — one beam for the current
sample location and two additional beams for look-ahead and look-behind focus tracking.
These two additional beams are used to determine the focus distance along the z axis
between the optical stage and sample locations on the sample container.

[0080] The system described in FIGs. 1 and 2 illustrates an example system with
which the systems and methods described herein may be implemented. Although the
systems and methods may be described herein from time to time in the context of this
example system, this is only one example with which these systems and methods might be
implemented. The systems and methods described herein can be implemented with this
and other scanners, microscopes and other imaging systems.

[0081] Pre-existing scanning systems use collimated light for focusing
operations. In such systems, collimated light, which maintains a fairly consistent diameter
throughout the length of the beam, is directed to the objective lens. An example of this is
shown in FIG. 2A (described above), in which the collimated beams are delivered to the
objective lens. The objective lens focuses the collimated light onto the sample. Light
reflected from the sample returns through the objective, and is re-collimated. The reflected,
collimated beam is then directed to the system’s image sensor (e.g., image sensor 284 in

the example of FIG. 2A). The reflected beams’ locations on the image sensor are
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determined for focusing purposes. For example, with a two beam system the distance
between spot locations on the image sensor is measured to determine focusing.

[0082] While collimated light is a known light source and scanning systems, the
inventors have discovered that collimated light can adversely affect focus tracking
operations in various applications. One adverse effect relates to the spot size resulting from
using collimated light for the focus tracking beams. Because collimated light retains a
relatively consistent diameter throughout the optical path the focus tracking beams image a
relatively large spot size on the image sensor. The larger spot sizes encompass a greater
number of pixels on the image sensor, which increases the number of rows of pixels of the
image sensor that need to be measured. This increases the amount of time required for
focus tracking operations.

[0083] Another adverse effect can arise in systems where the objective may be
used to focus at multiple different surfaces but is not moved in an amount equal the
distance between those different surfaces. In this scenario, different spot sizes for the focus
tracking beams reflected off the different surfaces can appear on the image sensor,
impacting focus tracking operations. FIG. 3 is a diagram illustrating an example of such a
phenomenon. More particularly, FIG. 3 illustrates an example in which a sample container
containing one or more samples to be imaged comprises multiple layers. With reference
now to FIG. 3, sample container 330 includes 3 layers 334, 338 and 336. In this 3-layer
example, there are four surfaces between the layers. These are illustrated at surfaces St,
S2, S3 and S4. Also illustrated in this example is an objective lens 332 which focuses the
focus tracking beams 333, 335 (there are 2 in a 2-beam system) onto sample container 330
for focusing operations.

[0084] For focus tracking operations, it may be important to focus the imaging

beam to surface S2 in some instances and to surface S3 in other instances. Assume that
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the separation between the surfaces S2 and S3 is fixed at a distance X. In some
applications, depending on the operation of objective lens 332, objective lens may move a
distance greater than or less than distance X when changing focus between surfaces S2
and S3. Consequently, focusing tracking beams 333, 335 reflected off surfaces S2 and S3
may be re-collimated at a different diameter causing the S2 beams to present a different
spot size from the S3 beams.

[0085] An example of this is illustrated in FIG. 4. More particularly, FIG. 4
illustrates a portion of an image sensor 362 comprising a plurality of pixels (not shown for
clarity of illustration) onto which the focus tracking beams are directed. On the left-hand side
of the figure in scenario 360, this illustrates an image sensor portion 362 with beam spots
34, 36 from each of the two focus tracking beams in a two-beam system. Spots 34 are from
the left and right beams reflected off of one of the two imaging surfaces (assume S2 in this
example), and spots 36 are from the left and right beams reflected off of the other of the two
imaging surfaces (assume S3 in this example). As illustrated in this example, based on the
movement of the objective lens, the two focus tracking beams, which are both collimated
and which both have substantially the same beam diameter before entering the objective
lens, now have different diameters and therefore produce different spot sizes on the image
sensor. The larger two of the spots each encompass a greater number of pixels and
therefore increases the number of rows of pixels of the image sensor that need to be
measured. This increases the amount of time required for focus tracking operations. For
these reasons, it is desired to achieve a scenario such as scenario 361 illustrated on the
right-hand side of FIG. 4 in which the spots 34, 36 from the left and right beams reflected off
of surfaces S2 and S3, respectively, are substantially the same spot size and are relatively

small.
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[0086] Pre-existing systems may use a focusing lens to cause the focus tracking
beams to converge on the image sensor and to reduce or minimize their spot sizes on the
sensor. However because a lens introduces a curved surface in the optical system, slight
changes in alignment of the lens, including changes that can arise through thermal
variations in the system, can cause inaccuracies in the placement of the focus tracking
beams on the sensor. Movement or changes in the lens can cause a lateral translation that
affects the multiple focus tracking beams differently. Accordingly, as described above with
reference to FIG. 2, in some embodiments the focusing lens is replaced with a roof prism.

[0087] FIG. 5A is a diagram illustrating an example of a focusing lens
implemented to cause to focus tracking beams to converge onto an image sensor. With
reference now to FIG. 5A, light from a light source (e.g. the laser diode 270 of FIG. 2) is
delivered by a fiber (laser and fiber are not shown) to a collimating lens 400. The collimated
light is split into two beams such as by a beam splitter prism 382 (e.g., beam splitter prism
272 of FIG. 2). To avoid unnecessary clutter in the illustration two reflected focus tracking
beams 394, 395 are illustrated at the lens 370 and image sensor 398; however, only one of
the two focus tracking beams is illustrated in the remaining portions of FIG. 5A.

[0088] The focus tracking beams from beam splitter prism 382 pass through
beam splitter 384 and are reflected by mirror 386 through objective lens 390. Objective lens
focuses the beams onto the sample in the sample container 392 (e.g., sample container
330 of FIG. 3). In this example, the focus tracking beams is reflected off of the S2 surface
from sample container 392. The reflected beams (still only one beam 394 illustrated) returns
through objective lens 390, are reflected off of mirror 386 and beam splitter 384, and are
directed toward lens 370. Because return beams 394, 395 are diverging at this point, lens
370 is implemented to cause the return beams 394, 395 converge on to the image sensor

398. Also, because the focus tracking beams 394, 395 are collimated light, lens 370 serves
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the additional function of focusing the beams into a smaller spot size on image sensor 398.
However because changes in the lateral placement of lens 370 affect the positioning of the
beams on image sensor 398, these changes introduce focus tracking error.

[0089] FIG. 5B is a diagram illustrating an example in which lens 370 is replaced
with a roof prism 396 to avoid issues caused by changes in the lateral placement of lens
370. Replacing the lens with a roof prism 396 reduces or eliminates sensitivity of the system
to the lateral position of the lens. Changes of the prism due to thermal and other variations
do not impact the spacing of the focus tracking beams 394, 395 on image sensor 398.
Because the angular deviation of a prism is completely determined by the angle of the
glass, lateral displacement of the roof prism 396 does not affect the beams.

[0090] The inclusion of a roof prism 396 in place of a lens 370 can improve the
accuracy of the focus tracking system. Because the separation between the spots is used to
measure distance from the objective lens to the sample container, higher levels of accuracy
are achieved when the separation of the beams is dependent only on the distance to the
sample container. Other variables that affect the beam separation, such as those introduced
by lateral imprecision in placement of lens 370, negatively impact the accuracy of the focus
tracking system. Accordingly, including a roof prism, which presents the same angle to the
focus tracking beams even in the presence of some lateral displacement, can greatly
benefit the system’s accuracy.

[0091] There is a drawback to removing the lens. Because the lens is eliminated,
the focus tracking beams (beams 394, 395 in this example) are not focused on the sensor.
Therefore, in various embodiments, rather than use collimated light as is done with pre-
existing scanning systems, the focus tracking beams are focused to place a waist at a given
point along the optical path. This presents a smaller spot size on the image sensor. For

example, in one embodiment, collimating lens 400 is moved farther away from the fiber
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output than it would otherwise be placed to collimate the light from the fiber. The point
along the optical path at which collimating lens 400 is placed dictates the position at which
beam waist is placed along the optical path. Collimating lens 400 can be positioned to
provide a waist such that, despite replacing the lens 370 with roof prism 398, the reflected
focus tracking beams 394, 395 can be focused on to the image sensor 398 with a reduced
spot size.

[0092] Another benefit of moving collimating lens 400 to place a beam waist in
the optical path is that this may help to reduce or eliminate an imbalance in spot size that
was discussed above with reference to FIG. 4A. Lens 400 can be provided and positioned
in the optical path such that the light returned from the sample, through the objective lens,
and through the remainder of the optical path, impinges on the sensor with substantially the
same spot size as illustrated in scenario 361. More particularly, in some embodiments a
lens is positioned a distance from the fiber output to place a beam waist at a predetermined
distance away from the collimator to balance the diameters of the beams that propagate
from the upper and lower surfaces of the sample container want to the image sensor.

[0093] In one embodiment, the beam waist is positioned at a distance of 690
mm-700 mm away from the collimator to balance and reduce the diameters of the beams
impinging on the image sensor. In some embodiments, the spot size can be reduced to
approximately 400 um. In other embodiments, spot size can be in the range of 300 um to
500 pum. In other embodiments, other spot size is can be used.

[0094] Additionally, movement of collimating lens 400 to place a beam waist in
the optical path can help to balance the intensities of the light impinging on the image
sensor. FIG. 4B is a diagram illustrating intensities of left and right focus beams reflecting
onto the image sensor from the S2 and S3 surfaces at different focus settings with the

collimating lens adjusted to provide a beam waist at a non-optimal location.  In this



10

15

20

25

2018854

26

diagram, spot brightness is on the vertical axis and the position of the focusing stage is on
the horizontal axis. The vertical blue line on the left-hand side of the diagram illustrates an
optimal focusing position for the S2 reflections in one example implementation. Similarly,
the vertical blue line on the right-hand side of the diagram illustrates an optimal focusing
position for the S3 reflections in this example implementation. As this diagram illustrates,
the average spot brightness for the S2 beams is approximately 170 at the S2 focusing
position, while the average spot brightness for the S3 beams is approximately 85 at the
optimal S3 focusing position. Accordingly, spot intensity for the S2 and S3 beams is not
balanced.

[0095] Figure 4C is a diagram illustrating intensities of the left and right focus
beams reflecting onto the image sensor from the S2 and S3 surfaces at different focus
settings with the collimating lens adjusted to position at the beam waist more optimally
along the optical path of the focus tracking beams. Here, with a beam waist is positioned
along the optical path, the intensities of the S2 and S3 reflected beams are more balanced.
Particularly, the diagram illustrates that the left and right S2 beams have an average spot
brightness of approximately 125 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>