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(57) Abréegée/Abstract:

Provided are devices and methods for determining the spatial orientation of a target sample, which devices and methods are useful
In auto focus systems. The devices and methods function by correlating (a) the location of radiation on a radiation detector of
radiation reflected by the sample with (b) the position of the sample, and in some embodiments, adjusting the position of the
sample, the position of an optical device, or both, In accordance with the location of radiation reflected by the sample onto the
detector so as to maintain the sample in focus.
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(57) Abstract: Provided are devices and methods for
determining the spatial orientation of a target sample,
which devices and methods are usetul in auto focus
systems. The devices and methods function by corre-
lating (a) the location of radiation on a radiation de-
tector of radiation retlected by the sample with (b) the
position of the sample, and 1n some embodiments, ad-
justing the position of the sample, the position of an
optical device, or both, in accordance with the loca-
tion of radiation retlected by the sample onto the de-
tector so as to maintain the sample in focus.
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DEVICES AND METHODS FOR DYNAMIC DETERMINATION OF
SAMPLE SPATIAL ORIENTATION AND DYNAMIC REPOSITIONING

RELATED APPLICATIONS
[0001] The present application claims the benefit of United States Application No.

61/179,498, filed on May 19, 2009, the entirety of which 1s incorporated herein for all purposes.

TECHNICAL FIELD
[0002] The present invention relates to the fields of optical analysis and to auto-focus

Systems.

BACKGROUND

[0003] Automated imaging systems, such as wide field fluorescence microscopes, are
commonly used for sensitive detection 1n different fields. These systems typically use high
numeric aperture values and high-magnification optics to achieve the user’s desired resolution
and level of detection.

[0004] Existing autofocus systems typically include devices that perform primary
focusing and maintain focus distance for a variety of operations, including loading and sample
scanning. The focus distance 1s typically maintained to an accuracy of about 0.1 — 0.2
micrometers. This level of precision necessitates direct measurement of the distance between
system optics and the sample plane.

[0005] Traditional position-sensitive detectors utilize differential signals from two-
segment or quadrant photodiodes as feedback, and then compare the relative intensities of these
signals to adjust the focus. These differential signals, however, provide little utility in the
determination of distance between objective lens and the sample, and can also experience
difficulty 1n maintaining autofocus on certain samples that have certain visual profiles (e.g.,
profiles that lack sharp contrasts between regions).

[0006] Accordingly, there 1s a need 1n the art for systems and methods capable of
maintaining a subject in focus without suffering the shortcomings of existing autofocus methods
arc based on comparing the strength of differential signals. The value of such systems and
methods would be further enhanced 1f such systems and methods were capable of maintaining

such focus over extended periods of time.
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SUMMARY

[0007] In meecting the described challenges, the claimed invention first provides
methods of determining the spatial orientation of a target sample, comprising illuminating at
least a portion of the target sample with at least one beam of radiation inclined at an incidence
angle of at least about 5 degrees; collecting, on a radiation detector, at least a portion of any
radiation reflected from the sample; and correlating the location of the reflected radiation
collected on the radiation detector with the spatial orientation of the target sample.

[0008] The claimed invention also provides instruments, the instruments comprising a
sample stage; a radiation source capable of 1lluminating, with a beam of radiation at an incidence
angle of at least about 5 degrees, a target disposed on the sample stage; a radiation detector in
optical communication with a target disposed on the stage, the radiation detector being capable
of collecting at least a portion of any radiation reflected from a target disposed on the sample
stage; and a device capable of correlating the location on the radiation detector of any radiation
reflected from the target disposed on the sample stage with the spatial orientation of the target.

[0009] Also provided are methods of maintaining automated optical focus on a target
sample, comprising specitying a spatial relationship between an optical plane within a magnifier
and a target sample; 1lluminating at least a portion of the target sample with at least one beam of
radiation inclined at an incidence angle of at least about 5 degrees; collecting, on a radiation
detector, at least a portion of any radiation reflected from the target sample; correlating the
location of the reflected radiation collected on the radiation detector with the spatial orientation
of the target sample relative to the optical plane of the magnifier; and varying the spatial
orientation, or both of the optical plane of the magnifier, the sample, or both, so as to maintain
the programmed spatial relationship between the optical plane of the magnifier and the target
sample.

[0010] The present invention also includes autofocus devices, suitably comprising a
magnifier, a sample stage, at least one of the magnifier and the sample stage being capable of
tilting, rotating, rising, lowering, or any combination thereof; a radiation source capable of
illuminating a sample disposed on the sample stage with a beam of radiation at an incidence
angle of at least about 5 degrees; a radiation detector 1n optical communication with the sample
disposed on the stage, the radiation detector being capable of collecting at least a portion of any

radiation reflected from the sample disposed on the sample stage; and a device capable of
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correlating the location on the radiation detector of any radiation reflected from the sample

disposed on the sample stage with the spatial orientation of the sample relative to the magnifier.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The summary, as well as the following detailed description, 1s further
understood when read 1n conjunction with the appended drawings. For the purpose of
illustrating the 1invention, there are shown 1n the drawings exemplary embodiments of the
invention. The mvention 1s not, however, limited to the specific methods, compositions, and
devices disclosed. In addition, the drawings are not necessarily drawn to scale. In the drawings:

[0012] FIG. 1 illustrates an exemplary autofocus unit according to the claimed
Invention;

[0013] FIG. 2 1llustrates the long-term stability of the inventive systems, demonstrating
that with the system turned on, the distance between the objective and the sample was well-
maintained;

[0014] FIG. 3 1illustrates the response of a system made according to the claimed
invention to an applied force, wherein positions indicated by arrows shows the dynamic response
of the inventive system when a 100 g load was placed on and removed from the target object
positioning stage — when the “auto focus™ was switched on (i.e., made active), the system
automatically compensated for focus shift due to placement of load by adjusting the position of
the objective and/or high precision stage in the z-direction so as to maintain a pre-set distance
between the objective and the sample;

[0015] FIG. 4 depicts a block diagram of microscope optical path including an auto
focus system according to the claimed invention;

[0016] FIG. 5 1llustrates an optically-based scheme of distance measurements, in which
a laser beam propagates off-axis of a microscope’s objective and reflects from the sample
surface, with the changing distance between objective and sample plane causing deflection of the
laser beam, and the projected spot position being tracked by a radiation detector (e.g., a CCD,
CMOS, or photodiode device) and then being directly translated to distance by means of a pre-
determined dependence;

[0017] FIG. 6 1llustrates one method of sensor calibration, in which the shift of the
microscope’s objective and the sample surface’s positions relative to one another causes
displacement of the reflected spot on the sensor area, with the change 1n the spot’s position being
linearly proportional to the distance between objective and sample, and the spot’s position being

used 1n the autofocus feedback control loop;
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[0018] FIG. 7 1llustrates an example of a focused 1mage prepared according to the
claimed 1invention, in which 1image fluorescently labeled DNA fragments reside 1n silicon etched
nanochannels, the autofocus system maintaining the 1mage’s focus for the duration of the
experiment (appx. 30 min);

[0019] FIG. 8 depicts a process flow diagram for the claimed invention, showing the
steps of calibrating the sample stage, reading the position on a radiation detector of a beam
reflected from the sample, and adjusting the spatial orientation of the stage, the objective, or
both, 1n response to the position on the array detector of the one or more laser beams reflected
from the sample; and

[0020] FIG. 9 depicts an exemplary embodiment of the claimed invention utilizing a

two-spot tracking process.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0021] The present invention may be understood more readily by reference to the
following detailed description taken 1n connection with the accompanying figures and examples,
which form a part of this disclosure. It 1s to be understood that this invention 1s not limited to the
specific devices, methods, applications, conditions or parameters described and/or shown herein,
and that the terminology used herein 1s for the purpose of describing particular embodiments by
way of example only and 1s not intended to be limiting of the claimed invention.

[0022] As used 1n the specification including the appended claims, the singular forms

44 2% ¢¢

a,” “an,” and “the” include the plural, and reference to a particular numerical value includes at
least that particular value, unless the context clearly dictates otherwise. The term “plurality”, as
used herein, means more than one. When a range of values 1s expressed, another embodiment
includes from the one particular value and/or to the other particular value. Similarly, when
values are expressed as approximations, by use of the antecedent “about,” 1t will be understood
that the particular value forms another embodiment. All ranges are inclusive and combinable.

[0023] It 1s to be appreciated that certain features of the invention which are, for clarity,
described herein 1n the context of separate embodiments, may also be provided 1n combination 1n
a single embodiment. Conversely, various features of the invention that are, for brevity,
described 1n the context of a single embodiment, may also be provided separately or 1in any
subcombination. Further, reference to values stated 1in ranges include each and every value
within that range.

[0024] As used herein, the term “spatial orientation” refers to the physical position of

an object as well as that object’s angle, tilt, or other characteristics. For example, the spatial
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orientation of a target relative to a lens relates to the distance between the target and the plane, as
well as inclination of the object relative to the lens.

[0025] As used herein, the term “radiation detector” refers to a device capable of
detecting electromagnetic radiation. Such devices are suitably capable of detecting laser
radiation, photons, microwaves, visible light, or any combination thereof. Charge-coupled
devices (CCDs), complementary metal oxide semiconductor (CMOS), photodiodes, photon
counters, photomultiplier tubes, and the like are all considered suitable radiation detectors.

[0026] In some embodiments, the radiation detector 1s capable of detecting the
locations of two or more individual spots (beams) of radiation, and the detector may be capable
of detecting the locations where three or even four individual spots (beams) of radiation may
strike the detector. The radiation detector suitably 1s capable of determining the X-Y position
(e.g., FIG. 5) of radiation that strikes the detector. In some embodiments, the detector 1s capable
of resolving the intensity of one or more spots (i.e., reflected radiation beams) that strike the
detector.

[0027] In one embodiment, the invention provides methods of determining the spatial
orientation of a target sample. These methods suitably include 1lluminating at least a portion of
the target sample with at least one radiation beam inclined at an incidence angle of at least about
5 degrees. A non-zero incidence angle 1s normally used. Incidence angles of 10, 20, 30, 40, 50,
60, or even greater numbers of degrees are also suitable. The optimal incidence angle will
depend on the needs of the user and the characteristics of the target being analyzed.

[0028] The methods also include collecting, on a radiation detector, at least a portion of
any radiation reflected from the sample and correlating the location of the reflected radiation
collected on the radiation detector with the spatial orientation of the target sample. The
collection may be accomplished by, e.g., a CCD, CMOS, photodiode, or other radiation detector
device. The detector suitably has a two-dimensional array of radiation detection elements,
although the detectors may have a one-dimensional set of detector elements. One exemplary
system 18 depicted in FIG. 9, which figure 1s described 1in additional detail further herein.

[0029] The beam of radiation 1s suitably a collimated beam. Laser beams are
considered an especially suitable form of radiation, although microwave radiation and visible
light may also be used 1n the claimed invention. The wavelength of the radiation may vary; as
described elsewhere herein, the wavelength may be chosen such that the beam does not
substantially interfere with visual inspection of the sample.

[0030] Correlating the location of the reflected radiation collected on the radiation

detector with the position of the target sample may be accomplished 1n several ways. In one
_5
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embodiment, the correlating comprises comparing (a) the location of the reflected radiation
collected on the detector with (b) the location on the radiation detector that radiation reflected
from the target sample 1s known to 1lluminate when the target sample 18 1n a known (or preset)
spatial orientation.

[0031] This correlation 1s suitably accomplished, for example, by taking a target sample
and 1rradiating the sample 1n a variety of orientations or positions and collecting (on the radiation
detector) the radiation reflected by the sample for each orientation. In this way, the user may
create a library (which may also be considered “map™) of locations on the radiation detector that
correspond to the locations struck by radiation reflected from a target sample 1n various spatial
orientations. The user may also collect data for only a subset of all possible orientations and
positions and, based on this subset data, use a predictive algorithm to complete the library data
Set.

[0032] As one non-limiting example, one may find that lasing a flat sample placed 25
mm from a microscope objective results in the reflected laser radiation striking a radiation
detector at the detector’s center. The user might then also find that lasing the same sample
placed 15 mm from the microscope objective results 1n the reflected laser radiation striking the
detector 1n the upper left-hand quadrant of the detector. Accordingly, 1f the user then places the
sample on the target stage, 1rradiates the sample, and finds that the reflected laser radiation
strikes the photo detector 1n the center of the detector, 1t will be known to the user that the
sample 1s about 25 mm from the microscope objective.

[0033] Alternatively, 1f the user lases a sample and finds that the reflected radiation
strikes the detector in the upper left-hand quadrant of the detector, 1t will be known that the
sample 1s about 15 mm from the microscope objective. The user may — manually or by way of a
controller — then change the orientation of the sample, the microscope objective, or both, so as to
maintain the sample in proper focus. In the above examples, 1f the optimal focal distance from
sample to objective 1s 13.5 mm, the user (or the system controller) can then adjust the sample
position such that the sample 1s positioned 13.5 mm from the objective.

[0034] FIG. 6 1llustrates one exemplary process according to the claimed invention.
That figure depicts the correlation between the location on the laser sensor where the reflected
radiation strikes (shown on the x-axis of the figure) and the shift of the microscope’s objective
lens (shown on the y-axis of the figure). As shown by non-limiting FIG. 6, the spot’s position
on the detector 1s a linear function of the distance between a plane within the objective lens and

the sample.
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[0035] It will be apparent that using the claimed methods, a user may develop a library
(or map) of spot locations on the radiation detector that correspond to the radiation reflected
from a target sample 1n one or more spatial orientations. The user may thus construct such a
library or map by 1rradiating a sample 1n each of a wide range of spatial orientations (e.g.,
distance from microscope objective, tilt of sample relative to microscope objective, and so on).
During active experimentation, the user may then compare the location of radiation reflected
from a target that then strikes the radiation detector with the data 1n the library or map so as to
estimate the target’s spatial orientation. The user may then take the additional step of adjusting
the target’s spatial orientation so as to return the target’s orientation

[0036] FIG. 5 depicts a nonlimiting embodiment of the claimed invention. In that
figure, a beam reflects off of a sample (located at the top of the figure) as the sample 1s moved
through positions d;, d,, and ds, each of which positions 1s at a different distance from the
system’s objective.

[0037] At cach of these three positions, the beam reflects off of the sample and impacts
(respectively) the detector at locations (Xi,Y 1), (X2, Y»), and (X3, Y3). By tabulating these three
detector locations and correlating them to the corresponding sample positions (dy, d,, and d3), the
user can construct a library or table of the data, namely a map that correlates the sample position
with the location(s) on the detector where radiation beams are reflected at each position. By
using this library, the user can then determine, based on where a beam reflects off of a
subsequent sample, the position of the sample and can adjust the focus accordingly.

[0038] Operation of the embodiment in FIG. 5 may be as follows. Sample position d;
(and detector reflection points X; and Y ;) corresponds to a position 10 mm above the objective
lens. A later-analyzed sample that reflects the incident beam to location X; and Y will then be
known to be 10 mm above the objective lens. Although FIG. 5 shows a single beam, as 18
described elsewhere herein, the system may use multiple beams.

[0039] In some embodiments, the beam of radiation has a wavelength that does not
interfere with visual inspection of the targeted sample. This configuration 1s particularly usetul,
as 1t enables determination of the spatial orientation of the target while simultaneously observing
the target.

[0040] The invention also includes 1lluminating at least a portion of the sample with
multiple radiation beams, as 1llustrated in FIG. 9. This can even include illuminating the sample
with two, three, or even four beams of collimated radiation, which 1n turn yields additional
information to the user regarding the spatial orientation of the target. The radiation may be

delivered via a waveguide, via fiber optics, or by other similar means. As one non-limiting
_7
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example (described 1n more detail further herein), 1irradiating a target with multiple beams
provides the user with information regarding the displacement, tilt, or other information
regarding the sample’s spatial orientation.

[0041] The methods may also include the construction of a data set (or map) that relates
the location on the radiation detector that radiation reflected from the target sample 1lluminated
with at least one beam of radiation inclined at an incidence angle of at least about 5 degrees 1s
known to 1lluminate when the target sample 1s 1n a particular spatial orientation. The data may
do this for two or more spatial orientations of the sample. The user may then compare the
location of reflected radiation collected on the radiation detector with the data set so as to
estimate the spatial orientation of a sample.

[0042] As one non-limiting example, the user may determine that lasing a sample that
1s 25 mm from a microscope objective and 1s tilted 45° from the perpendicular line from that
objective results 1n reflected radiation striking a radiation detector in the lower-right hand
quadrant of that detector. The user may also determine that that laser-irradiating a sample that 1s
35 mm from a microscope objective and 1s turned 55° from the perpendicular line from that
objective results 1n reflected radiation striking the detector in the upper-right hand quadrant of
that detector. Based on this information, a later-analyzed sample that reflects incident radiation
to strike the detector 1n the upper-right hand quadrant 1s likely 35 mm from the microscope
objective and 1s turned at 55° from the perpendicular line to that objective. The user may then
utilize this information to adjust the position or orientation of the objective, the sample, or both,
sO as to maintain the sample 1n proper focus.

[0043] While several embodiments herein describe moving the sample 1n response to
signals received by the detector, 1t should be understood that the objective lens or other imaging
cequipment of the inventive systems may also be moved 1n response to information gathered by
the detector.

[0044] In some embodiments, the methods may include specitying a spatial relationship
between a plane within an optical analysis device and the target sample. This 1s done, for
example, to specity the optimal distance between a sample and a microscope objective for
maintaining that sample in focus. In other embodiments, the relationship between the optical
analysis device and the sample 1s chosen for other reasons, such as maintaining a minimum
clearance between the sample and the analysis device.

[0045] The methods also include varying the spatial orientation of the sample 1n

response to the location of the reflected radiation collected on the radiation detector so as to
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maintain the programmed spatial relationship between the plane within the optical analysis
device and the target sample. In such a way, the user may maintain optimal focus on a sample.

[0046] As a non-limiting example, a user may determine that the optimal distance (for
1maging purposes) between a sample and a microscope objective 1s 25 mm. The user then sets
this distance as a set-point into a controller that controls the spatial orientation of the sample, the
microscope objective, or both. As analysis of the sample proceeds, laser light or other collimated
radiation 1s reflected off of the sample, with the reflected radiation striking a radiation detector.
The controller then compares the location on the radiation detector where the radiation strikes
against a data set location on the radiation detector that radiation reflected from target samples of
various, known spatial orientations 1s known to strike. Based on this comparison, the controller
can then effectively (1) determine the spatial orientation of the sample being analyzed; and (2)
vary the spatial orientation of the sample target, the microscope objective, or both, so as to
maintain the 25 mm separation distance needed to maintain the sample 1n optimal focus.

[0047] This process 1s depicted in FIG. 8, which figure depicts the step-wise process of
the claimed methods. As shown 1n that figure, the user may adjust the stage position (in the z-
ax1s) so that the stage 1s within the working range of the detector. The user may then 1rradiate
the sample (e.g., with a laser) with one or more beams, and then read the x-y position of the
reflected beam spots on the detector. If the beam spot size 1s out of range, the user may adjust
(manually or automatically) beam power so that the spot size are within the working range.

[0048] The user may then ready the stage for motion. The stage motion may then be
effected by a controller, such as a PI or PID controller, that modulates the stage’s movement and
orientation. The detector then reads the position of the reflected beams, and then the process
begins anew such that the stage reaches the desired position so as to maintain the sample 1n
focus. The process may be “run” 1n real time so as to adjust the sample position (on the stage) to
maintain the sample 1n focus.

[0049] Varying the spatial orientation of the target sample — or microscope objective —
can include elevating, lowering, tilting, rotating, and the like. In this way, the system acts to
adjust the position of the sample (or analysis device) 1n real-time, during observation and
analysis. The methods have the additional advantage of relying principally on the location
within the radiation detector where the radiation reflected from the sample strikes. In this way,
the methods are based on the location of the radiation strike, not necessarily on the intensity of
that radiation.

[0050] The invention also includes instruments. The disclosed imnstruments suitably

include a sample stage; a radiation source capable of 1lluminating, with a beam of radiation at an
_ 0 _
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incidence angle of at least about 5 degrees, a target disposed on the sample stage; a radiation
detector 1n optical communication with a target disposed on the stage, the radiation detector
being capable of collecting at least a portion of any radiation reflected from a target disposed on
the sample stage; and a device capable of correlating the location on the radiation detector of any
radiation reflected from the target disposed on the sample stage with the spatial orientation of the
target.

[0051] Suitable sample stages will be known to those 1n the art, and can include
commercially-available stages capable of adjustable spatial orientation. In some embodiments,
the stage 18 motorized and can translate in the Z-axis direction. In other embodiments, the stage
1s capable of controlled motion 1n the X, Y, or Z-directions. Stages may also be capable of being
controllably tilted.

[0052] Suitable detectors include, for example, CMOS, CCD, photodiodes, PMTs, and
the like.

[0053] The radiation sources of the claimed devices include lasers, visible light, IR, and
UV radiation. Other sources of radiation are also useful, although collimated laser beams are
especially preferable.

[0054] The claimed instruments also suitably include an optical analysis device capable
of optical communication with a target disposed on the sample stage, with the radiation source,
or both. Such devices include, e.g., microscopes, CCDs, and the like.

[0055] Controllers capable of governing the spatial orientation of the optical analysis
device, the sample stage, or both, are also suitably included 1n the claimed instruments. As
described elsewhere herein, the controller suitably governs the spatial orientation of the sample
stage, the spatial orientation of the optical analysis device, or both. The controller suitably
correlates the location on the radiation detector that 1s struck by radiation reflected from an
radiation-1lluminated sample with a data set of locations on the radiation detector corresponding
to locations on the radiation detector that are struck by radiation reflected from radiation-
illuminated samples 1n one or more known spatial orientations.

[0056] The present invention also provides methods of maintaining automated optical
focus on a target sample. These methods include specifying (e.g., by programming) a spatial
relationship between an optical plane within a magnifier and a target sample; 1lluminating at least
a portion of the target sample with at least one beam of radiation inclined at an incidence angle
of at least about 5 degrees; collecting, on a radiation detector, at least a portion of any radiation
reflected from the target sample; correlating the location of the reflected radiation collected on

the radiation detector with the spatial orientation of the target sample relative to the optical plane
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of the magnifier; and varying the spatial orientation, or both of the optical plane of the magnifier,
the sample, or both, so as to maintain the programmed spatial relationship between the optical
plane of the magnifier and the target sample. The claimed inventions are, in some embodiments,
capable of supporting a focus range of about 200 nm. The claimed 1invention can suitably
maintain a focus distance 1in the micrometer range.

[0057] As described elsewhere herein, the 1lluminating suitable include exposing the
target sample to a laser or other radiation. The laser radiation 1s suitably of a frequency that does
not interfere with optical analysis or inspection of the sample, and 1s suitably of a power that
does not damage the sample, but 1s also powerful enough that radiation reflecting from the
sample 1s nonetheless of a magnitude that 1s detectable by a radiation detector. In some
embodiments, the laser power 1s 1n the tens- or hundreds-uW range. The optimal laser power for
a particular application will be easily determined by one of skill in the art and will depend on the
radiation (photon) sensor being used, the characteristics of the sample, and other conditions.

[0058] In some embodiments, such as that shown 1n, e.g., FIG. 5, the 1lluminating and
collecting may be performed through the optical plane of the magnifier. The laser radiation 1s
suitably off-axis relative to the magnifier, although the laser radiation may, 1n some
embodiments, be on-axis relative to the magnifier.

[0059] The methods also include correlating the location of the reflected radiation
collected on the radiation detector with the position of the sample relative to the magnifier by
comparing (a) the location of the reflected radiation collected on the radiation detector with (b)
the location on the radiation detector that radiation reflected from a sample 1s known to
illuminate when the sample 1s 1n a particular spatial orientation relative to the magnifier. This
procedure 1s described 1n additional detail elsewhere herein, e.g., in FIG. 5 and FIG. 6.

[0060] In some embodiments, the methods include construction of a data set (or
“location map”) that includes the location on the radiation detector that radiation reflected from a
target sample 1lluminated with at least one beam of radiation inclined at an incidence angle of at
least about 5 degrees 1s known to 1lluminate when the target sample 1s 1n a particular spatial
orientation relative to the optical plane of the magnifier, for two or more spatial orientations of
the target sample.

[0061] This enables the user to build up a complete map or listing of radiation detector
locations that correspond to a broad range of spatial orientations (1.¢., positions and tilt/attitudes)
for a sample, thus providing the user with the maximum available information with which to
adjust, where desired, the position of the sample, the analysis device, or both, by elevating,

lowering, tilting, rotating, and the like.
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[0062] The correlating may include comparing the location of the reflected radiation
collected on the radiation detector with the library. The disclosed autofocusing methods include,
in some embodiments, 1lluminating at least a portion of the target sample with two or more
beams of collimated radiation; as previously described, 1irradiation of a sample with multiple
beams provides the user with additional information regarding the tilt or other orientation
characteristics of a sample.

[0063] The present invention also includes autofocus devices. These devices suitably
include a magnifier; a sample stage, at least one of the magnifier and the sample stage being
capable of tilting, rotating, rising, lowering, or any combination thereof; a radiation source
capable of illuminating a sample disposed on the sample stage with a beam of radiation at an
incidence angle of at least about 5 degrees; a radiation detector 1n optical communication with
the sample disposed on the stage, the radiation detector being capable of collecting at least a
portion of any radiation reflected from the sample disposed on the sample stage; and a device
capable of correlating the location on the radiation detector of any radiation reflected from the
sample disposed on the sample stage with the spatial orientation of the sample relative to the
magnifier.

[0064] A block diagram of a representative device 1s shown 1n FIG. 4. A process flow
diagram for a representative device 1s shown 1n FIG. S.

[0065] In some embodiments, radiation detector comprises a charge-coupled device, or
other photo-detecting device. Suitable magnifiers include, e.g., microscopes and the like.
Radiation sources are suitably lasers.

[0066] The devices also suitably include, as described elsewhere herein, a controller
that governs the spatial orientation of the magnifier, a controller that governs the spatial
orientation of the sample stage, or both. In some embodiments, a controller modulates the spatial
orientation of both the stage and the magnifier.

[0067] The controller can, 1n some embodiments, include embedded firmware. This
firmware 1s suitably adapted to provide error free closed loop feedback control. This control
suitably has the ability to read an essentially error-free position from the radiation detector
(sensor) at an approximately 200 Hz update rate, which may include (a) automated search of
reflected laser spot, (b) robust algorithms to eliminate possible misreading, (¢) an adaptive low-
pass digital filter, (d) teedback control of laser power to compensate for differences (e.g., up to
300%) 1n reflection, and (e) recovery from an unpredictable state.

[0068] A PID controller may be used. Such controller 1s suitably adaptive to the period

of successful reading whereby (a) the PID coeftficients are automatically adjusted 1n response of
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changing of sample intervals and error values, and (b) focus positioning 1s adjusted with an
developed algorithm for Z-axis movement utilizing substep control.

[0069] Algorithms may be used to provide for continuous monitoring of upper and
lower motion limits so as to prevent physical damage of the objective lens or other
instrumentation. This may also be accomplished by a physical stop that prevents undesirable
motion of the stage or optics of the system.

[0070] The systems may be configured so as to turn off the radiation source (e.g., laser)
when the system 18 not within focusing range. Process parameters may be 1n a device’s
nonvolatile memory and recalled after startup. In some embodiments, the devices include a
splitter capable of dividing the beam of radiation into multiple beams of radiation. Division 18
suitably accomplished by mirrors, filters, prisms, and the like.

[0071] Some of the advantages of the disclosed invention include, infer alia, (1) the
ability to focus and maintain the focus position at object surface within sub-micrometer accuracy
at high magnification factor, (2) accommodation of targets that have significantly different
surface reflection properties, (3) the ability to work autonomously 1n real time, (4) the ability to
dynamically control a high precision motorized positioning stage (e.g., a stage capable of
movement 1n the Z-direction) to automatically focus target object during XY stage motion, (5)
the ability to use a different wavelength for auto focusing so as to avoid interfering with the
optical path of the magnifier (e.g., a fluorescent microscope), (6) a large working range to
adequately accommodate mechanical tolerances and the uncertainty of the target object’s field of
view positioning. Existing technologies fail to address these aspects of the claimed invention.

[0072] The claimed 1nvention 1s particularly suitable 1n the analysis of moving subjects
(c.g., macromolecules) that proceed within one or more structures disposed on a substrate. The
claimed invention 1s also suitable for analysis of dynamic or evolving subjects (e.g., biological
samples) that may move or be moved from one location to another during analysis.

[0073] While the claimed invention 1s suitable for analysis of dynamic subjects, the
invention 18 also useful in dynamic environments, where environmental conditions may pose a
challenge to maintaining sample focus. For example, in an environment where vibration 1s an
1ssue (e.g, a laboratory located in an urban environment), the invention may be used to maintain
the sample 1n focus by adjusting 1n real-time the position of the sample, objective lens, or both,
in response to environmental vibrations.

[0074] In one embodiment of the present system, a infrared laser diode beam
propagates off-axis relative to a microscope’s objective (e.g., FIG. 5) and 1s directed to the

sample surface at a high incidence angle. The reflected beam the passes back through the same
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objective and 18 detected by a position sensitive detector, such as a charge-coupled device
(CCD). The position of the reflected spot on the detector surface 1s proportional to the distance
between the microscope’s objective lens (or some other image collector) and the sample’s
surface of reflection. The reading from the detector 1s then suitably used by a microcontroller to
provide feedback to the objective’s z-stage, which stage 1s 1n turn moved so as to maintain a
focus distance, suitably at a high precision and accuracy, as shown in FIG. 8.

[0075] As one example, the user may place the sample into focus and then record the
position or positions where beams reflected from the in-focus sample impact the detector. The
user may then process the sample (e.g., adding a reagent to a cellular sample, heating a cellular
sample, and the like) and then use a controller connected to a motorized sample stage (or optical
objective) to move or reorient the sample (or objective) during processing such that beams
reflected from the sample continue to impact the detector at the location or locations that
correspond to the in-focus position for the sample. As explained elsewhere herein, the system
can compensate for ambient vibrations (e.g., vibrations caused by passing traffic) to maintain a
sample 1n focus during sample processing or analysis.

[0076] In some embodiments, the microcontroller effects two- or three-dimensional
movement by the objective. This may include rising, lowering, rotating, tilting, or movement 1n
the X-Y plane.

[0077] Unlike traditional approaches, the present invention does not utilize detection of
variations in the spot intensity on photodiode segments. Instead, the present invention utilizes
multiobject tracking technology by means of a two dimensional sensor (e.g., a CCD device) that
measures the actual XY position of one or more spots across the sensor’s surface. In some
embodiments, the detector tracks and provides absolute positioning and size information for two,
three, or four reflection spots simultancously; FIG. 9 depicts this process for two beams.

[0078] This approach has a number of advantages over existing alternatives. First, the
claimed 1invention includes multi-spot tracking that 1s essentially insensitive to local variations in
reflection and scattering that are caused by impurities and object structure. Second, the focusing
information used 1n the 1nvention 1s directly related to the sample’s distance from the objective
to the sample’s reflecting surface. Further, the claimed invention affords a comparatively wide
linear detection range, which range can be about 50 um, at < 10 nm accuracy.

[0079] The 1invention also provides increased accuracy 1n positioning of the stage or
magnifier when multi-spot tracking mode 1s used, as such positioning 1s modulated 1n accordance
based on data from multiple spots (1.¢., reflected radiation), which in turn improves the

positioning accuracy. The invention also allows users to use comparatively low laser power
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(e.g., <200 uW when reflected from the glass/air interface) to match the optical sensor’s
requirements. This enables the user to consume less power when performing analysis and also
reduces any changes caused in a sample by incident radiation.

[0080] The invention also enables the use of a single detector for multiple-spot
tracking, which 1n turn sitmplifies the user’s equipment requirements. Further, the positions and
trajectories of the reflected radiation spots (e.g., FIG. 9) 1in two-dimensional space provide
information about distance and tilt of the sample relative to objective plane. The invention also
enables elimination of analog signals (readings from a CCD matrix detector are digital and are
hence less influenced by electrical artifacts), which results 1in more robust data being extracted
from a given sample. Finally, the claimed invention also provides simplified sample alignment,
as sample alignment may be carried out manually or automatically by using information from the
reflected radiation spots.

[0081] The auto focus system may suitably include standard, high resolution optical
components, including a laser. The laser 1s suitably focused in the back focal plane of objective
lens; and the reflected beam 1s collected by an aspheric lens to provide a sharp focus on the
sensor surface detector (e.g., CCD). In some embodiments, the laser beam 1s spatially filtered to
SO as minimize variations 1n beam profile, as set forth in the attached figures.

[0082] FIG. 1 depicts an actual autofocus unit made according to the claimed
invention. As shown, the unit includes a laser unit and optics, arranged such that the laser beam
passes through the optics at an angle 1incident to the sample (beam labeled “incidence”), and 1s
reflected (beam labeled “reflected”) off of the sample to an optical detector, in this case a CCD.
By using the coordinates of where the reflected beam strikes the CCD detector, the system
translates those coordinates 1nto a data set representing the location of the objective relative to
the sample, and can adjust the relative position of the objective and sample accordingly.

[0083] FIG. 2 illustrates the ability of the claimed invention to prevent “drift” as a
sample 18 monitored over time. As shown 1n the figure, a microscopy system displays “drift”
over a period of time (60 minutes), when the autofocus system of the claimed imnvention 1s turned
off. This “drift” may require an experimentalist to re-focus the non-autofocus system even 1f the
system 1s left unattended for only a few minutes; as shown by FIG. 2, a system can experience
comparatively large deviations from an initial focus setting 1f the system 1s left unattended. By
contrast, FIG. 2 also shows that the claimed 1nvention, when active, can maintain stable focus on

a subject over the same (60 minutes) period of time over which the non-active system displays

“drift.”
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[0084] FIG. 3 illustrates the claimed invention’s ability to respond to external stimul.
As shown 1n the left-hand side of the figure, the claimed 1invention automatically restores the
focus on a subject, in real time, when the system 1s subjected to applied force. By contrast, the
right-hand side, 1llustrating the system’s behavior with the autofocus turned oft, demonstrates
that the system without autofocus did not restore focus following external force application.

This demonstrates the system’s utility in environments where vibration or other external forces
(e.g., passing traffic) pose a challenge to maintaining proper focus on a subject.

[0085] FIG. 4 depicts one sample, non-limiting embodiment of the claimed invention.
As shown 1n the figure, a sample 1s 1lluminated by both a light source and by a laser. The laser
passes through the microscope objective and reflects back from the sample by way of the
objective, the reflected laser beam being collected by a multi-object CCD sensor or other optical
detector.

[0086] Mirrors, filters, and beam splitters may all be used (singly or in conjunction with
one another) to control the path of the laser (and excitation) radiation, as needed. Preferably, one
or more controllers correlates the location on the CCD or other detector where the laser light or
other radiation strikes the device with the relative positions of the sample and the objective, and
adjusts the position of the sample, objective, or both so as to maintain proper focus.

[0087] As shown 1n the figure, an excitation 1lluminator 1s used to 1lluminate the
sample, shown at the upper right of the figure, with the i1llumination passing through and being
reflected by dichroic mirrors. A laser and a radiation detector (CCD) are shown 1n the figure; as
described elsewhere herein, the laser’s beam impacts the sample and reflects off of the sample,
the reflected beam then being detected by the CCD unit. The position of the “spots™ on the CCD
unit will vary with the sample position, and the user may adjust the position or orientation of the
sample according to the mmformation gathered by the CCD unit. This may be accomplished by an
automated system, such as a controller, which 1n turn acts to adjust the sample position in real
time.

[0088] As described elsewhere herein, the claimed invention may use two or more laser
beams 1n the autofocus operation, as shown by non-limiting FIG. 9. A first laser beam may
provide, for example, information regarding the relative positions of the sample and the objective
in the Z-axis only. A second laser beam, which may 1lluminate a different part of the sample
than the first laser beam, may then provide additional information regarding the sample’s tilt
relative to the objective or information regarding the sample’s XYZ-orientation relative to the

objective. A controller then correlates information gathered from the optical detector’s
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collection of each of the laser beams to the position and orientation of the sample relative to the
objective, and then accordingly adjusts the sample stage, the objective, or both.

[0089] In FIG. 9, multiple beams are shown propagating off the optical axis of an
objective and reflecting off of a sample, with the reflective beams striking a detector (shown at
the bottom-right of FIG. 9).

[0090] The left-hand side of the figure 1llustrates effect of vertically shifting the sample
plane relative to the detector (the new sample position 1s shown by the dotted line at the upper-
left of FIG. 9). As shown 1n the left-hand region of FIG. 9, when the sample moves up (i.e.,
away from the detector), the spots on the detector shift from their original positions (shown by la
and 2a, respectively) to new positions (shown by 1b and 2b, respectively) that are located closer
to the detector’s center.

[0091] The right side of FIG. 9 illustrates the effect on the system of the sample plane
being tilted. As shown 1n the figure, a sample plane 1s tilted from 1ts 1nitial orientation (shown
by the horizontal, solid line at the upper-right of FIG. 9) to a new, tilted orientation (shown by
the dotted line at the upper-right of FIG. 9). As depicted 1n the figure, the spots on the detector
shift from their original positions (shown by 3a and 4a, respectively) to new, different positions
(shown by 3b and 4b, respectively) on the detector, thus enabling the user to account for the
reorientation of the sample.

[0092] As shown by FIG. 9, different movements of the sample (1.¢., shifting versus
tilting) result 1n different spot shifts. Thus, by tracking dual spots, the user can distinguish

between (and account for) sample shift (1.¢., translation along one or more exes) and tilt.
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What is Claimed:
1. A method of determining the spatial orientation of a target sample, comprising:

illuminating at least a portion of the target sample with at least one beam of radiation

inclined at an incidence angle of at least about 5 degrees;

collecting, on a radiation detector, at least a portion of any radiation reflected from the

sample; and

correlating the location of the reflected radiation collected on the radiation detector with

the spatial orientation of the target sample.

2. The method of claim 1, wherein the at least one beam or radiation comprises a collimated

beam of radiation.

3. The method of claim 2, wherein the collimated beam of radiation comprises a laser.

4. The method of claim 1, wherein the correlating the location of the reflected radiation
collected on the radiation detector with the position of the target sample comprises comparing (a)
the location of the reflected radiation collected on the radiation detector with (b) the location on
the radiation detector radiation reflected from the target sample 1s known to illuminate when the

target sample 18 1n a known spatial orientation.

5. The method of claim 1, wherein the beam of radiation comprises a wavelength that does

not substantially interfere with visual inspection of the sample.

0. The method of claim 1, further comprising 1lluminating at least a portion of the sample

with two or more beams of collimated radiation.

7. The method of claim 1, further comprising construction of a data set comprising the

location on the radiation detector that radiation reflected from the target sample 1lluminated with
at least one beam of radiation inclined at an incidence angle of at least about 5 degrees 1s known
to 1lluminate when the target sample 1s 1n a particular spatial orientation, for two or more sample

spatial orientations.
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3. The method of claim 7, wherein the correlating comprises comparing the location of the

reflected radiation collected on the radiation detector with the data set.

9. The method of claim 1, further comprising specifying a spatial relationship between a

plane within an optical analysis device and the target sample.

10. The method of claim 9, further comprising varying the spatial orientation of the sample 1n
response to the location of the reflected radiation collected on the radiation detector so as to
maintain a specified spatial relationship between the plane within the optical analysis device and

the target sample.

11. The method of claim 10, wherein varying the spatial orientation of the target sample

comprises elevating, lowering, tilting, rotating, or any combination thereof.

12. An 1nstrument, comprising:

a sample stage;

a radiation source capable of 1lluminating, with a beam of radiation at an incidence angle

of at least about 5 degrees, a target disposed on the sample stage;

a radiation detector 1n optical communication with a target disposed on the stage,

the radiation detector being capable of collecting at least a portion of any

radiation reflected from a target disposed on the sample stage; and

a device capable of correlating the location on the radiation detector of any
radiation reflected from the target disposed on the sample stage with the spatial

orientation of the target.

13. The instrument of claim 12, wherein the radiation detector comprises a charge-coupled
device, a complementary metal oxide semiconductor, a photodiode, a photomultiplier tube, or

any combination thereof..

14, The mnstrument of claim 12, wherein the radiation source comprises a laser.
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15.

The mnstrument of claim 12, further comprising an optical analysis device in optical

communication with the target, the radiation source, or both.

106.

The mstrument of claim 15, further comprising a controller capable of governing the

spatial orientation of the optical analysis device, the sample stage, or both.

17.

18.

19.

The instrument of claim 15, wherein the optical analysis device comprises a microscope.

A method of maintaining automated optical focus on a target sample, comprising:

specitying a programmed spatial relationship between an optical plane within a magnifier

and a target sample;

illuminating at least a portion of the target sample with at least one beam of radiation

inclined at an incidence angle of at least about 5 degrees;

collecting, on a radiation detector, at least a portion of any radiation reflected from the

target sample;

correlating the location of the reflected radiation collected on the radiation detector with
the spatial orientation of the target sample relative to the optical plane of the

magnifier; and

varying the spatial orientation, or both of the optical plane of the magnifier, the sample,
or both, so as to maintain the programmed spatial relationship between the optical plane

of the magnifier and the target sample.

The method of claim 18, wherein the 1lluminating comprises exposing the target sample

to a laser.

20.

The method of claim 18, wherein 1lluminating, collecting, or both are performed through

the optical plane of the magnifier.

21.

The method of claim 18, wherein the correlating the location of the reflected radiation

collected on the radiation detector with the position of the sample relative to the magnifier
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comprises comparing (a) the location of the reflected radiation collected on the radiation detector
with (b) the location on the radiation detector that radiation reflected from a sample 1s known to

illuminate when the sample 18 1n a particular spatial orientation relative to the magnifier.

22. The method of claim 18, wherein varying the spatial orientation, or both, of the optical
plane of the magnifier, the target sample, or both, comprises elevating, lowering, tilting, rotating,

or any combination thereof.

23.  The method of claim 18, wherein the beam of radiation has a wavelength that does not

interfere with visual inspection of the target sample.

24, The method of claim 18, further comprising illuminating at least a portion of the target

sample with two or more beams of collimated radiation.

23. The method of claim 18, further comprising construction of a data set comprising the
location on the radiation detector that radiation reflected from a target sample 1lluminated with at
least one beam of radiation inclined at an 1incidence angle of at least about 5 degrees 1s known to
illuminate when the target sample 18 1n a particular spatial orientation relative to the optical plane

of the magnifier, for two or more spatial orientations of the target sample.

26. The method of claim 25, wherein the correlating comprises comparing the location of the

reflected radiation collected on the radiation detector with the library.

27. An autofocus device, comprising:

a magnifier;

a sample stage,

at least one of the magnifier and the sample stage being capable of tilting,

rotating, rising, lowering, or any combination thereof;

a radiation source capable of 1lluminating a sample disposed on the sample stage with

a beam of radiation at an incidence angle of at least about 5 degrees;
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a radiation detector in optical communication with the sample disposed on the stage,

the radiation detector being capable of collecting at least a portion of any

radiation reflected from the sample disposed on the sample stage; and

a device capable of correlating the location on the radiation detector of any
radiation reflected from the sample disposed on the sample stage with the spatial

orientation of the sample relative to the magnifier.

238. The autofocus device of claim 27, wherein the radiation detector comprises a charge-
coupled device, a complementary metal oxide semiconductor, a photodiode, a photomultiplier

tube, or any combination thereof.

29. The autofocus device of claim 27, wherein the magnifier comprises a microscope.
30. The autofocus device of claim 27, wherein the radiation source comprises a laser.
31. The autofocus device of claim 27, further comprising a controller that governs the spatial

orientation of the magnifier.

32. The autofocus device of claim 27, further comprising a controller that governs the spatial

orientation of the sample stage.

33. The autofocus device of claim 27, further comprising a splitter capable of dividing the

beam of radiation into multiple beams of radiation.
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Figure 6
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Figure 9
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