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OPTICAL SPECTROSCOPY PROBE CONFIGURATIONS FOR FOCUSING
LIGHT TO A PORTION OF A SAMPLE

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of United States Provisional
Patent Application No. 62/979,817 filed Feb. 21, 2020 and the entire contents
of United States Provisional Patent Application No. 62/979,817 are hereby

incorporated herein in its entirety.

FIELD

[0002] Various embodiments are described herein that generally relate to
the field of optical spectroscopy and more specifically relate to components of
a Raman spectroscopy sample probe which illuminates the sample with a laser
beam and collects light scattered back from the sample.

BACKGROUND

[0003] Raman spectroscopy is an analytical method wherein a laser beam,
containing laser photons having a certain wavelength, is used to illuminate a
sample, which may be in a solid, crystalline, liquid, or gaseous form, and a small
fraction of the laser photons shift to different wavelengths as they scatter from
the molecules of the sample. The amount of wavelength shift depends on the
structure of the sample molecules. Therefore, different types of sample
molecules will generate different spectral patterns in the scattered light from the
sample, which can be analyzed to identify and quantify the chemical
composition of the sample. However, the Raman scattering effect is very weak
so the wavelength-shifted signal is usually quite faint. As such, it is
advantageous to collect as much of the scattered light from the sample as
possible. In addition, the sample may be heterogeneous and it is therefore
advantageous to illuminate a large enough area or volume of the sample such
that the spectroscopic analysis results are representative of the whole sample.
Further, the sample may be in a container or behind a barrier which can distort
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the illumination beam and/or the scattered light and it is therefore advantageous
to correct for such distortions.

SUMMARY OF VARIOUS EMBODIMENTS
[0004] In one aspect, in accordance with the teachings herein, there is

provided a sample optic assembly for an optical spectroscopy probe, wherein
the sample optic assembly comprises. at least one optical element that is
positioned for receiving a substantially collimated excitation light beam and
directing light rays towards a sample that is behind an optical window or within
a transparent container, the at least one optical element being positioned and
having one or more surfaces that are shaped to: project the light rays through
the optical window or transparent container to focus the light rays into at least
one focal spot or at least one focal line which are at one or more portions of a
surface or an interior of the sample; collect resulting scattered light from the
sample, and compensate for optical aberrations that are created by the optical
window or the transparent container to reduce the size of and/or sharpen the at
least one focal spot or the at least one focal line, wherein, the collected resulting
scattered light is used by an optical spectroscopy analysis system to measure

spectroscopic information about the one or more portions of the sample.

[0005] In at least one embodiment, the at least one optical element
comprises one or more aspheric optical elements.

[0006] In at least one embodiment, the at least one optical element
comprises a toroidal optical element, having a first profile along a first axis and
a second profile along a second axis where the first and second axes are

perpendicular to one another and the first and second profiles are different.

[0007] In at least one embodiment, the at least one optical element
comprises: (a) one or more spherical optical elements and/or (b) one or more

spherically toroidal optical elements.

[0008] In at least one embodiment, the at least one optical element
comprises: an aspherical focuser having a focal position; and a spherical optical
element with at least one spherical surface that is substantially centered upon
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the focal position of the aspherical focuser, wherein the sample is placed at or

near the focal position.

[0009] In atleast one embodiment, the spherical optical element comprises
a full sphere optical element or a partial sphere optical element.

[0010] In at least one embodiment, the at least one optical element has at
least one surface that is shaped to create a plurality of focal spots, at least one

focal line, or at least one focal circle.

[0011] In another aspect, in accordance with the teachings herein, there is
provided a sample optic assembly for an optical spectroscopy probe, wherein
the sample optic assembly comprises: at least one optical element that is
positioned for receiving a substantially collimated excitation light beam and
directing light rays towards a sample, the at least one optical element being
positioned and having one or more surfaces that are shaped to: project and
focus the light rays to create a plurality of focal spots, an array of discrete focal
spots, at least one focal line or at least one focal circle at one or more portions
of a surface or an interior of the sample; and collect resulting scattered light
from the sample, wherein, the collected resulting scattered light is used by an
optical spectroscopy analysis system to measure spectroscopic information

about the one or more portions of the sample.

[0012] In at least one embodiment, the at least one optical element has at
least one surface which is spherical, aspherical, cylindrical, acylindrical,
toroidal, or axicon.

[0013] In at least one embodiment, the at least one optical element has at
least one profile for creating the focal line with a length that is smaller,
substantially the same, or larger than the diameter of the collimated excitation
light beam that is received by the at least one optical element prior to

transmission to the sample.

[0014] In at least one embodiment, the at least one optical element
comprises at least one optical element including at least one lens, at least one
mirror, or a combination thereof, that collectively provide a plurality of optical



WO 2021/163807 PCT/CA2021/050191

10

15

20

25

-4 -

surface regions that are disposed and operate in parallel with one another to
focus separate sections of the substantially collimated excitation light beam to
simultaneously create the plurality of focal spots, a plurality of focal lines, or a
plurality of focal circles that are disposed at the one or more portions of the
surface or the interior of the sample.

[0015] In atleast one embodiment, the at least one optical elementincludes
a lenslet array or an array of reflective mirror surfaces that collectively provide
a plurality of optical surface regions that are disposed and operate in parallel
with one another to create the plurality of focal spots, a plurality of focal lines,
or a plurality of focal circles in a pattern including a line, a grid, or other lateral
distribution suited to the sample when the sample optic assembly receives the
substantially collimated excitation light beam.

[0016] In at least one embodiment, the plurality of optical surface regions
have different focal lengths or are placed at different positions along the optical
axis of the substantially collimated excitation light beam to create the plurality
of focal spots at positions that are: (a) at different distances from the probe

head and/or (b) at different depths within the sample.

[0017] In at least one embodiment, the at least one optical element has at
least one surface which is adapted to compensate for optical aberrations that
are created by an optical window or a transparent container between the
sample optic assembly and the sample, to reduce the size of and/or sharpen
the plurality of focal spots, the at least one focal line, or the at least one focal
circle.

[0018] In atleast one embodiment, the sample optic assembly is integrated
into a flow cell that is adjacent to the at least one optical element and includes
a flow assembly that defines a sample channel through which the sample flows
and an optical window that is disposed on a surface of the flow cell and adjacent
to the sample channel for receiving the at least one focal spot, the at least one

focal line, or the at least one focal circle.
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[0019] In atleast one embodiment, the flow assembly comprises a shallow
sample channel portion and the at least one optical element is adapted to
generate the plurality of focal spots or the at least one focal line to be
substantially parallel or substantially perpendicular to a direction of sample flow
and coincident with the shallow sample channel portion.

[0020] In at least one embodiment, the sample channel has a depth that is
smaller than a mean optical scattering path length of the sample.

[0021] Other features and advantages of the present application will
become apparent from the following detailed description taken together with
the accompanying drawings. It should be understood, however, that the
detailed description and the specific examples, while indicating preferred
embodiments of the application, are given by way of illustration only, since
various changes and modifications within the spirit and scope of the application
will become apparent to those skilled in the art from this detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS
[0022] For a better understanding of the various embodiments described

herein, and to show more clearly how these various embodiments may be
carried into effect, reference will be made, by way of example, to the
accompanying drawings which show at least one example embodiment, and
which are now described. The drawings are not intended to limit the scope of

the teachings described herein.

[0023] FIG. 1 shows a representative optical spectroscopy analysis system,
which in this example is a Raman spectroscopy analysis system, illustrating the
relationships among a main analyzer unit (containing a laser, a spectrometer,
and power supplies), a probe, and a control computer.

[0024] FIG. 2 is an illustration of a typical probe head and sample optic

assembly configuration.

[0025] FIG. 3 is an illustration showing increasing optical aberrations with a
higher Numerical Aperture (NA) (also known as a faster converging excitation
beam).
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[0026] FIG. 4 is an illustration of example embodiments of aspheric lenses
that are adapted to have specific optical properties which compensate for the
optical aberrations that are created by an external window of a given thickness.

[0027] FIG. 5A is a side view of an example embodiment of a dual element
sample optic assembly having a best-form biconvex lens (at left) which is
focusing a collimated excitation beam onto a sample in a glass vial (circular
region at right) and a toroidal element (to the left of the glass vial) that corrects
for the aberrations that may be induced by the cylindrical wall of the vial.

[0028] FIG. 5B is another view of the same dual-lens sample optic assembly
of FIG. 5A viewed from a different perspective.

[0029] FIG. BA is an example embodiment of a dual-element sample optic
assembly with an aspheric lens (for focusing) and a half-ball lens that serves

as a window for interfacing with a solid, liquid, or gas sample.

[0030] FIG. 6B is another example embodiment of a dual-element sample
optic assembly with a spherical element (e.g. a full ball lens) with a hole drilled
through the center which serves as a conduit for a fluid (i.e. liquid or gas)

sample.

[0031] FIG. 7A is a perspective view of a schematic of a simulated
collimated excitation beam that travels from the lower left to the upper right and
encounters a cylindrical lens, which focuses the beam along the horizontal axis
but does not alter the ray trajectories along the vertical axis resulting in a focal
line oriented along the vertical axis rather than a focal spot or a focal spot.

[0032] FIG. 7B is top view of the same sample optic assembly of FIG. 7A.

[0033] FIG. 7Cis a schematic showing that when the cylindrical lens (of FIG.
7A) is tilted relative to a solid sample surface, the focal line can be correctly

focused upon the surface even if the surface moves relative to the lens.

[0034] FIG. 8A is a perspective view of a toroidal focusing lens which fully
focuses the incident collimated excitation beam along the horizontal axis but

only partially focuses the excitation beam along the vertical axis, creating a
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focal line with a smaller linear dimension (in this case vertically oriented) than

the example embodiment of the cylindrical lens of FIGS. 7A-7C.

[0035] FIG. 8Bis aperspective view of two cylindrical lenses including a first
diverging lens (e.g. a plano-concave lens) which causes the incident collimated
excitation beam to diverge vertically, and a second focusing lens (e.g. a plano-
convex lens) which focuses the rays of the vertically divergent excitation beam
horizontally to create a focal line with a larger linear dimension (in this case
vertically oriented) than the example embodiment of the cylindrical lens of
FIGS. 7A-7C.

[0036] FIG. 8C and FIG. 8D are top and side views of the same sample optic
assembly as FIG. 8B that illustrate the action of each of the two lenses upon
an incoming incident collimated excitation beam.

[0037] FIG. 8E shows an example embodiment of a collimated excitation
beam passing through a cylindrical lens and then a spherical focusing lens,
thereby creating a focal line oriented along a vertical axis upon a sample.

[0038] FIG. 8F shows an example embodiment of a collimated excitation
beam passing through an axicon lens and then a spherical focusing lens,
thereby creating a focal circle upon a sample.

[0039] FIG. 9A shows an example embodiment of a lenslet array of 16
lenslets in a 4x4 grid, creating 16 focal spots on the sample focal plane
(represented by a square).

[0040] FIG. 9B shows an alternative example embodiment of a 2x2 array of
flat mirrors which redirect portions of a collimated excitation beam through a
common focusing optical element to create four focal spots on the sample focal
plane (represented by a square).

[0041] FIG. 10 is a side view of another example embodiment of a lenslet
array where each lenslet has a different focal length, causing the focal spots to
appear at different distances from the lens and thus at different points within a

sample volume.
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[0042] FIGS. 11A and 11B are perspective and partial transparent
illustrations, respectively, of an example embodiment of a sample optic
assembly for a flow cell where the sample optic assembly includes a cylindrical
focusing lens that focuses an incident collimated excitation beam through a
sample window creating a focal line which coincides with a narrow region (i.e.

shallow sample channel) within the flow volume of the flow cell.

[0043] FIG. 11C is a partial transparent illustration of another example
embodiment of a sample optic assembly for a flow cell where the sample optic
assembly includes a focusing lenslet array that focuses an incident collimated
excitation beam through a sample window creating multiple focal spots which

coincide with a narrow region within the flow volume of the flow cell.

[0044] Further aspects and features of the example embodiments described
herein will appear from the following description taken together with the
accompanying drawings.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0045] Various embodiments in accordance with the teachings herein will be

described below to provide an example of at least one embodiment of the
claimed subject matter. No embodiment described herein limits any claimed
subject matter. The claimed subject matter is not limited to devices, systems or
methods having all of the features of any one of the devices, systems or
methods described below or to features common to multiple or all of the
devices, systems or methods described herein. Itis possible that there may be
a device, system or method described herein that is not an embodiment of any
claimed subject matter. Any subject matter that is described herein that is not
claimed in this document may be the subject matter of another protective
instrument, for example, a continuing patent application, and the applicants,
inventors or owners do not intend to abandon, disclaim or dedicate to the public
any such subject matter by its disclosure in this document.

[0046] It will be appreciated that for simplicity and clarity of illustration,
where considered appropriate, reference numerals may be repeated among
the figures to indicate corresponding or analogous elements. In addition,
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numerous specific details are set forth in order to provide a thorough
understanding of the embodiments described herein. However, it will be
understood by those of ordinary skill in the art that the embodiments described
herein may be practiced without these specific details. In other instances, well-
known methods, procedures and components have not been described in detalil
so as not to obscure the embodiments described herein. Also, the description
is not to be considered as limiting the scope of the embodiments described
herein.

[0047] It should also be noted that the terms “coupled” or “coupling” as used
herein can have several different meanings depending in the context in which
these terms are used. For example, the terms coupled or coupling can have a
mechanical, optical or electrical connotation. For example, as used herein, the
terms coupled or coupling can indicate that two elements or devices can be
directly connected to one another or connected to one another through one or
more intermediate elements or devices via an electrical signal, an electrical
connection, a mechanical element, an optical element, or a light pathway
depending on the particular context.

[0048] It should be noted that the term “transparent” when used herein can
mean that an object such as, but not limited to, a container or a window, for
example, may be transparent to a certain degree, such as partially transparent,

semi-transparent, or fully transparent.

[0049] It should also be noted that, as used herein, the wording “and/or” is
intended to represent an inclusive-or. That is, expressions such as “X and/or Y”
are intended to generally mean X or Y or both, for example. As a further
example, expressions such as “X, Y, and/or Z” are intended to generally mean
XorY orZorany combination thereof.

[0050] It should be noted that terms of degree such as "substantially",
"about" and "approximately" as used herein mean a reasonable amount of
deviation of the modified term such that the end result is not significantly
changed. These terms of degree may also be construed as including a
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deviation of the modified term, such as by 1%, 2%, 5% or 10%, for example, if

this deviation does not negate the meaning of the term it modifies.

[0051] Furthermore, the recitation of numerical ranges by endpoints herein
includes all numbers and fractions subsumed within that range (e.g. 1 to 5
includes 1, 1.5, 2, 2.75, 3, 3.90, 4, and 5). It is also to be understood that all
numbers and fractions thereof are presumed to be modified by the term "about”
which means a variation of up to a certain amount of the number to which
reference is being made if the end result is not significantly changed, such as
1%, 2%, 5%, or 10%, for example.

[0052] In one aspect, the present teachings provide novel concepts in the
implementation of a Raman “probe”, which is the optical and mechanical
subsystem of a Raman analyzer system (e.g. one example of an optical
spectroscopy analysis system) that interfaces with a sample under study. In
many Raman analyzer systems (such as Raman system 100 illustrated in FIG.
1), a probe 102 is connected to a main analyzer unit 104 via multiple optical
fiber cables: one or more “excitation fibers” 106 for transmitting laser energy
from the analyzer unit 104 to the probe 102 and one or more “collection fibers”
108 for transmitting the scattered light signal collected by the probe 102 from a
sample 110 back to the analyzer unit 104.

[0053] The probe 102 is further divided into two broad parts, the “probe
head” 102h and the “sample optic’ 1020, as shown in FIG. 2. The probe head
102h typically contains optical elements for collimating a diverging laser light
beam that is provided from the excitation fiber 106 and directing this collimated
beam to the sample optic 1020, which in this example is an excitation collimator
and a fold mirror. The excitation beam is then transmitted to a portion of a
sample which results in scattered light, which is then received by the probe
head 102h and collimated. Other optical elements within the probe head 102h
include a dichroic filter for receiving and filtering at least one collimated beam
of scattered light returning from the sample optic 1020 to remove non-Raman-
scattered light, and a collection focuser which then focuses the filtered

scattered return light down into the collection fiber 108. The collected scattered
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light is used by the optical spectroscopy analysis system to measure

spectroscopic information about the portion of the sample.

[0054] In most optical spectroscopy analysis systems that detect
backscattered light from a sample, the collimated excitation beam exiting the
probe head 102h is focused by the sample optic assembly 1020 onto a small
region referred to as the “probe focal point”. This region is not truly a point, but
rather an image of the source of the excitation light, typically the excitation fiber
106, so it may be called a “focal spot”. In practice, this focal spot is not a perfect
reproduction of the excitation light source, as the optical elements between the
excitation light source and the focal spot will induce various optical aberrations
which will blur, distort, and/or usually enlarge the focal spot from its theoretically
perfect size and shape. For example, for the sample optic assembly 1020,
current state-of-the-art designs typically entail a single plano-convex or
biconvex lens or a sapphire ball lens. In these cases, the lenses have one or
more surfaces which are parts of a sphere, or a lens which is a complete
sphere. Such optical elements are called “spherical optics” by those skilled in
the art, even when the optical elements do not comprise a complete sphere.
Spherical optical surfaces are relatively easy to fabricate using standard optical
manufacturing techniques, but they often do not bring the light from the
excitation light source to an optimal focus (i.e. focal spot). This partly results
from any single lens with spherical surface profiles being subject to “spherical
aberration”, which is a distortion effect wherein the focused spot of light is blurry
and/or spread out compared to the spot created by a theoretically perfect

“paraxial’ lens.

[0055] These aberrations become more severe as the NA of the spherical
optical elements becomes higher, as illustrated in FIG. 3. In the top panel of
FIG. 3, the focusing lens 150 has a long focal length and a small NA, so the
parallel rays propagating from the left to the right are able to be focused to a
relatively small focal spot 152 (as shown by the magnified inset image in the
top panel). In the middle panel of FIG. 3, the focusing lens 160 has a focal
length that is shorter and a NA that is larger compared to the focal length and
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the NA, respectively, of the focusing lens 150. The spherical and flat surfaces
of the focusing lens 160 do not do as good a job of focusing the incident
collimated beam to a single spot, so the resulting focal spot 162 is larger than
the focal spot 152 in the first panel. In the third panel of FIG. 3, the focusing
lens 170 has a focal length that is even shorter and a NA that is quite large
compared to the focal length and the NA, respectively, of the focusing lens 150,

resulting in yet poorer focusing and a wider focal spot 172.

[0056] Because most optical scattering is substantially isotropic, meaning
that incoming photons scatter equally in all directions from a sample regardless
of the direction that they were originally travelling, it is advantageous for the
sample optic assembly of a spectroscopy probe to have as large a NA as
possible. Put another way, the larger the NA of the sample optic assembly, the
larger the range of scattering angles that will be captured by the spectroscopic
probe 102 and thus the stronger and more clearly defined the measured
spectroscopic signal will be. However, if spherical optics are used with a large
NA, the optical aberrations will detract from the quality of the measured
spectroscopic signal (where quality is evaluated according to the signal
strength and/or signal-to-noise ratio of the measured signal), as the power of
the excitation laser beam is spread out over a larger area, and much of the light
scattered from the sample, even if it is collected by the sample optic assembly
1020, will be incorrectly focused and will miss the core of the collection fiber
108.

[0067] To overcome this limitation of traditional spherical optics, the
inventors have discovered that one can employ an aspheric singlet lens in a
sample optic assembly in an optical spectroscopy probe. Computer-controlled
polishing machines and advanced glass molding techniques have made
aspheric lenses significantly less expensive and more precise than they used
to be, so aspheric optical elements can be readily integrated into optical
systems such as spectroscopic probes. A properly shaped aspheric lens can
create a nearly perfect image from a monochromatic on-axis light beam such
as the laser excitation beam, and with low-dispersion glass used for the
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aspheric optical element(s) in the sample optic assembly, the chromatic
aberrations in the return collection beam will be minimized. Some aspheric
optics may be utilized in the complex microscope objective lenses that serve
as a sample optic assembly for Raman microscopy systems, but for non-
imaging spectroscopy a singlet lens can be a better choice, as it is significantly
simpler, smaller, less expensive, and transmits more photons than a complex

multi-element microscope objective.

[0058] In one aspect, in accordance with the teachings herein, there is at
least one embodiment in which aspheric optics are adapted (i.e. the shapes of
one of more of their optical surfaces are modified to have specific optical
properties) to compensate for the optical aberrations created by the transparent
regions of sample containers, vessels, or windows which are part of the sample
apparatus that holds the sample or provides a flow pathway for the sample and
is separate from the optical spectroscopy measurement system. In laboratory
settings, liquid or solid samples may be located inside vials, beakers, cuvettes,
or other glass enclosures, and the term container is meant to cover all of these
cases. In an industrial setting, the sample liquid may be flowing through a metal
pipe with a flat transparent window permitting optical access to the sample, or
through a transparent glass tube. In all of these cases, the converging excitation
light beam from the sample optic assembly will encounter additional optical
aberrations when generating the focal spot at the sample, since the vessel walls
or window act as an additional optical element of the full system. Even a window
with high-quality, parallel, optically flat surfaces will induce spherical
aberrations in a converging or diverging light beam. However, if the optical
characteristics of the vessel wall or window are known ahead of time, an
aspheric lens or mirror can be designed and manufactured which will correct
for the anticipated aberrations and deliver an improved focal spot at a surface
of or within a volume of the sample. This scenario is illustrated in FIG. 4. In the
top panel of FIG. 4, the aspheric lens 200 has been optimized (e.g. the shape
and/or surface) to receive the substantially collimated excitation light beam
having light rays which are mutually parallel within a small range of angles
(typically within +/- 0.2 degrees to +/- 1.0 degrees) and direct the light rays to a
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very sharp focal spot 202. Accordingly, it should be understood that the term
collimated light beam can mean a perfectly collimated light beam or a
substantially collimated light beam, which might have a small deviation from a
perfectly collimated light beam, and the term substantially collimated light beam
can also mean a perfectly collimated light beam. In the middle panel of FIG. 4,
a thick window 212 has been introduced between the lens 200 and the sample
focal spot, creating spherical aberrations which disturb the sharp focus and
create a larger and more diffuse focal spot 214. In the bottom panel of FIG. 4,
the shape of the surface of the aspheric lens 200' has been altered slightly, and
in particular re-optimized to account for and remove the spherical aberrations
from the window 212 such that the sharp focus of the focal spot 202 has been
restored.

[0059] In another aspect, in accordance with the teachings herein,
compensation for the distorting effects of the sample container may also be
achieved by use of multiple spherical optical elements and/or spherically
toroidal optical elements which collectively provide at least one surface that is
shaped to compensate for optical aberrations that are created by an optical
window or the transparent sample container to reduce the size of and/or
sharpen at least one focal spot or at least one focal line at the surface of or
within the volume of the sample. Although a multi-element sample optic
assembly is more complex than a single aspheric optical element, spherical
optics are easier to manufacture and a multi-element sample optic assembly
can be used to adjust for different situations by altering the distance between
the optical elements of the sample optic assembly to sharpen at least one focal
spot or at least one focal line at the surface of or within the volume of the

sample.

[0060] By way of example, FIGS. 5A and 5B show two views of a multi-
element sample optic assembly 250 for an optical spectroscopy probe that is
adapted to measure the liquid contents of cylindrical glass vials 252 having
different wall thicknesses. These types of vials commonly measure about 5 mm
to 25 mm in diameter, with wall thicknesses of about 1 mm to 5 mm, but may
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be found in smaller or larger sizes in specialized scenarios. The multi-element
sample optic assembly 250 comprises two elements, (1) a “best-form” biconvex
spherical singlet 254, and (2) a toroidal lens 256 with a convex spherical first
surface 256a and a concave cylindrical second surface 256b, which has
substantially the same radius of curvature as the convex exterior cylindrical
surface 252a of the vial 252. The diameters of these two lenses 254 and 256
will depend on the size of the collimated excitation beam coming from the probe
head (not shown), but may typically be about 5 mm to about 20 mm in diameter,
and the best form lens 254 may have a focal length of about 10 mm to about
30 mm. Depending on the thickness of the walls of the vial 252, the spacing
between the two elements 254 and 256 of the multi-element sample optic
assembly 250 can be adjusted to place the focal spot at the interior surface of
the vial.

[0061] In another example embodiment, the vial 252 may be replaced by a
beaker (not shown) containing a liquid sample, in which case the radius of
curvature of the surface 256b of the toroidal lens 256 may be increased to
match the exterior surface radius of curvature of the beaker.

[0062] In yet another example embodiment, the sample optic assembly 250
may be adapted to measure through the hemispherical bottom of a test tube
(not shown), for which the optical element 256 may be adapted further by
converting the surface 256b into a spherically concave surface with a radius of
curvature substantially matching the radius of curvature of the exterior of the

bottom of the test tube.

[0063] In yet another example embodiment, the sample optic assembly 250
may be adapted to measure through the flat bottom of a beaker or the flat side
of a cuvette (both not shown), for which the optical element 256 may be adapted
further by converting the surface 256b of the toroidal lens 256 to a flat surface
to match the flat external surface of the beaker bottom or cuvette side.

[0064] In another aspect, in accordance with the teachings herein, there is
provided at least one embodiment of a sample optic assembly that comprises
an aspheric focusing lens and a spherical optical element for which the
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spherical curved surface(s) are substantially centered upon the focal spot of
the aspheric lens, such that the converging light rays from the aspheric lens
enter the spherical element perpendicular to the surface at all locations. As
such, no aberrations are induced by the spherical element, and the light rays
then come to focus in a small focal spot. The sample is placed at this small
focal spot, with the spherical element serving as a window or conduit to prevent
the sample from leaking into the sample optic assembly. It should be noted that
the spherical element is a non-focusing spherical element as it does not perform

any focusing action upon the light rays.

[0065] Referring now to FIG. A, shown therein is an example embodiment
of a sample optic assembly 300 that comprises an aspheric focusing lens 302
and a non-focusing spherical optical element 304, where the spherical optical
element 304 is a half-ball lens having a flat side 304a (i.e. flat surface), and the
sample 110 is placed against the flat side 304a of the half ball lens. It should
be noted that the sample 110 can have different shapes and only one example
is given for illustrative purposes in FIG. 6A. The focal spot 306 is also at the
interface between the flat side 304a of the half ball lens and the sample 110.
Advantageously, this embodiment provides a means for achieving near-perfect
focusing of the focal spot at a location at or very near the surface of the sample
110 that is in contact with the optical element 304, which results in a stronger
and more consistent spectroscopic signal than other optical configurations,

especially when the sample 110 is opaque or turbid.

[0066] Referring now to FIG. 6B, shown therein is an alternative example
embodiment of a multi-element sample optic assembly 350 having an aspheric
focusing lens 352 and a non-focusing spherical optical element 354. The lens
352 may be similar to the lens 302. In this case, the spherical optical element
354 is a full sphere with a narrow conduit or channel 354c drilled through the
center of the sphere to convey a liquid or gas sample past the focal spot 356.
This embodiment is advantageous in that the hoses or tubes (not shown)
carrying the liquid or gas sample may be coupled directly to the conduit 354c,
avoiding metal or epoxy-based seals between the optical element 354 and a
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metal housing which may be prone to leaking. In use, the conduit 354c may be
completely full of liquid (especially if under high pressure) and the sample liquid
may be opaque, so the focal spot may be placed at the proximal surface of the
sample, which coincides with the proximal inner surface of the conduit 354c. A
typical size for the spherical optical elements 304 or 354 may be about 2 mm
to about 20 mm in radius, while the aspheric focusing lens 302 or 352 may be
about 5 mm to about 25 mm in diameter, and a focal length equal to its
diameter. However, in alternative embodiments, all of these dimensions may

be smaller or larger than the example ranges provided here.

[0067] In both of the example embodiments of FIGS. 6A and 6B, the
aspheric lenses 302 and 352 do not need to be specially optimized to
counteract the aberrations from a flat window of the sample probe (as was
described for the embodiments shown in FIG. 4), since a spherical surface (i.e.
from the spherical optical elements 304 and 354) that is concentric on the focal
spot 306 and 356 will induce no aberrations and therefore will greatly reduce
any spherical aberrations, chromatic aberrations, or other optical aberrations
which may otherwise appear with these example embodiments. Furthermore,
the spherical elements 304 and 354 may be made of any glass, crystal, or other
transparent material depending on the requirements of a particular
measurement scenario, with generally no adjustments to the optical design
being required to compensate for the different optical indices of refraction of the

different materials.

[0068] It should be noted that alternative embodiments of the multi-element
sample optic assemblies 300 and 350 may use an aspherical mirror such as,
but not limited to, an off-axis paraboloid or elliptical mirror, for example, in place
of the aspheric lens. Additionally, multiple spherical and/or aspherical mirrors
may be used in place of the single aspheric lens, such as a three mirror
anastigmat design or an Offner imaging relay.

[0069] In another embodiment, in accordance with the teachings herein,
toroidal or cylindrical optics can be used with optical spectroscopy probes to

bring the excitation beam to a focus along a line rather than a small spot. This
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is advantageous since illuminating the sample 110 along an extended line
provides a more global or averaged assessment of the surface or interior of an
inhomogeneous sample while still maintaining a reasonably strong collection
signal. While spectroscopic sensing of a larger region of the sample 110 can
be achieved by sending the collimated beam directly to the sample 110 with no
focusing optics at all, if the sample 110 scatters the incident photons
isotropically then only a tiny fraction of the incident photons will backscatter
within the small angle leading back into the sample optic assembly 1020 of the
probe head 102h and to the collection fiber 108.

[0070] Alternatively, in accordance with the teachings herein, a sample optic
assembly 400 having a cylindrical sample optic lens 402 as is shown in FIG.
7A and FIG. 7B may be used to capture a substantially larger scattering angle
406 and thus deliver a stronger spectroscopic signal for higher measurement
accuracy or better sensitivity of the optical spectroscopy analysis system, while
still collecting photons that have backscattered from a larger representative
region, e.g. a focal line 404, of the sample 110. The focal line 404 can be
considered as a plurality of individual focal spots, each providing a
measurement of a different part of the sample 110. This illumination geometry
is particularly useful if the sample 110 is moving or flowing in a fixed direction
(not shown), as the focal line 404 can be oriented substantially perpendicular
to the direction of motion of the sample 110 so that it effectively “sweeps over’
a 2-dimensional (2D) area of the moving sample 110 while spectral data is
being collected. The diameter or width of the lens 402 may be larger than the
diameter of the collimated beam, so the diameter of the lens 402 may typically
range from about 2 mm to about 25 mm, and the focal length of the lens 402 is
determined by the anticipated location of the sample relative to the sample optic
assembly 400. In cases where the focal length of lens 402 needs to be small
compared to its width or diameter (i.e. to provide a large NA), it may be
advantageous to use an acylindrical shape for one or both surfaces of the lens
402 to maintain good focusing sharpness and avoid aberrations. An acylindrical
surface may also be adapted to compensate for aberrations created by an
optical window or transparent region of a sample container (not shown)
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between the sample optic assembly and the sample. It should be noted that
although the figures show the focal line oriented in a vertical direction, in
particular embodiments the focal line may be oriented in any direction.

[0071] Referring now to FIG. 7C, in an alternative embodiment of a sample
optic assembly 450, the sample optic assembly includes a cylindrical sample
optic lens 452 that can be similar to the lens 402 in shape but is oriented at an
oblique angle with respect to the surface of sample 110 so that the focal line
404 reaches different depths within the sample 110, and one portion of the focal
line 404 is focused correctly upon the surface of the sample 110, while other
portions of the sample 110 are out of focus. For example, three rectangles
110a, 110b and 110c in FIG. 7C represent three different positions of the
surface of the sample 110. The cylindrical lens 452 creates a focal line 454. It
should be noted that the light rays will pass through the location of the focal line
454 and continue to the right, but the right side of the light rays past the focal
line 454 have been truncated in FIG. 7C for better clarity. If the sample 110 is
at position 110a, then the focal line 454 will be perfectly focused upon the
sample 110 at a location 454a. Alternatively, if the sample 110 is at position
110b, then the focal line 454 will be perfectly focused upon the sample 110 at
a location 454b. Alternatively, if the sample 110 is at position 110c, then the
focal line 454 will be perfectly focused upon the sample 110 at a location 454c¢.
Intermediate sample positions (not shown) will each have their own respective
portion of the focal line 454 perfectly focused upon the sample surface. If the
sample 110 moves closer to or farther away from the cylindrical lens 452 then
some region of the focal line 454 will still be in focus and thus will provide a
consistent spectroscopic signal. The possible size and focal length of lens 452

will be similar to those of lens 402 as mentioned above.

[0072] Inanother aspect, in accordance with the teachings herein, in at least
one embodiment, a sample optic assembly having a purely cylindrical or
acylindrical optical element (i.e. a cylindrical or acylindrical lens or mirror with
similar dimensions as explained above for lens 452) can be used, which will
create a focal line with a length equal to the diameter of the collimated excitation
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beam, as the optical element will cause the collimated beam to converge along
a first axis but will not generate any convergence or divergence along a second
axis, where the second axis is perpendicular to the first axis.

[0073] In another aspect, in accordance with the teachings herein, in an
alternative embodiment, there is provided a sample optic assembly 500 having
a toroidal optical element 502 which can be adapted to make the length of the
focal line larger or smaller than the collimated beam diameter (see FIG. 8A),
such that the spectroscopic illumination covers a region 504 of the sample 110
which is best suited to the type of measurement desired. This is because the
toroidal optical element 502, by virtue of its surface curvature being different
along a first axis (e.g. horizontal in FIG. 8A) as compared to along a second
axis (e.g. vertical in FIG. 8A), will strongly converge the collimated beam along
the first axis (making the focal spot 504 narrow horizontally) but only weakly
converges the collimated beam along the second axis (so the focal spot is
spread out into a vertical line). The size of the toroidal optical element and the
focal length may be similar to those cited for prior embodiments such as sample
optic assemblies 400 and 450. In alternative embodiments, there may be more
than one toroidal optical element 502, and the focal line may be oriented in any
direction, not just vertically as shown in the figures. Furthermore, in an
alternative embodiment, the toroidal optical element 502 may have one or both
surfaces which are adapted to compensate for aberrations created by an optical
window or transparent region of a sample container (not shown) between the
sample optic assembly and the sample.

[0074] In another aspect, in accordance with the teachings herein, in an
alternative embodiment, there is provided a sample optic assembly 550 having
a combination of a first lens 552 (which may be a diverging cylindrical optical
element) and a second lens 556 (which may be a converging cylindrical optical
element) which together focus the collimated beam along the first axis while
expanding the beam along the second axis (see FIGS. 8B, 8C, and 8D),
creating a long focal line 554 on the sample 110. Both optical elements 552 and
556 may be of similar size and focal length as the cylindrical optics described
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above, with the caveat that cylindrical lens 552 will have a negative focal length.
FIG. 8B shows a perspective view of the sample optic assembly 550 which
creates a focal line 554 which is larger in length than the diameter of the original
collimated beam. FIG. 8C shows a side view illustrating that the lens 552
causes the beam to diverge along a second axis while the lens 556 does not
alter that divergence. FIG 8D shows a top view illustrating that the lens 556
causes the beam to converge along a first axis while the lens 552 does not alter
the path of the collimated beam along that first axis. In another embodiment,
the lens 552 may be a converging cylindrical lens which only partially focuses
the collimated beam along the second axis, creating a short focal line similar to
that shown as line 504 in FIG 8A. In either case, the lens 552 acts to converge
or diverge the collimated beam along the second axis depending upon the
geometry of the illumination pattern desired on sample 110. Although these
embodiments require more optical elements than the single toroidal lens 502
shown for the sample optic assembly 500 in FIG 8A, cylindrical optical elements
are easier to fabricate than toroidal optical elements and may be available as
off-the-shelf lenses or mirrors which can be selected and arranged in
accordance with the teachings herein, thereby simplifying the manufacturing
process and/or reducing the cost of the sample optic assembly 550. For
alternatives of this embodiment, the orientation of the focal line may be vertical,
horizontal, or any other orientation. Furthermore, in an alternative embodiment,
the optical elements 552 and 556 may have one or more surfaces which are
adapted to compensate for aberrations created by an optical window or
transparent region of a sample container (not shown) between the sample optic
assembly and the sample, for example using an acylindrical lens instead of a
cylindrical lens.

[0075] In another aspect, in accordance with the teachings herein, a
cylindrical lens or mirror may be combined with a standard optical focusing
element (such as a spherical or aspherical lens, or focusing mirror) to create a
focal line on the sample. For example, in one example embodiment 560 shown
in FIG. 8E, a cylindrical optical element, like converging cylindrical lens 562,
and a spherical focusing lens 564 are placed in the path of the collimated beam
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to produce a focused line 566 on the sample 110. The size and focal lengths of
the converging cylindrical lens 562 and the spherical focusing lens 564 may be
similar to those described for previous embodiments described herein such as
sample optic assemblies 400 and 450. In another embodiment, the cylindrical
optical element may be a diverging cylindrical lens, which when combined with
the spherical focusing lens 564 will similarly produce a focal line on the sample.
For alternatives of this embodiment, the orientation of the focal line may be
vertical, horizontal, or any other orientation. Furthermore, in an alternative
embodiment, the optical elements 562 and 564 may have one or more surfaces
which are adapted to compensate for aberrations created by an optical window
or transparent region of a sample container (not shown) between the sample

optic assembly and the sample.

[0076] An additional example embodiment 570 is shown in FIG. 8F,
combining an axicon lens 572 with a standard optical focusing element 564.
This combination of optical elements will illuminate the sample 110 in a circular
path 576. This path traces out the edge of a circle, but does not illuminate the
interior region of the circle, and can be considered as a plurality of individual
focal spots, each providing a measurement of a different part of the sample
110. A configuration of this sort has similar advantages to the focused line 566
of the example embodiment of FIG. 8E, as the illumination covers an extended
region of the sample for a more representative measurement of the sample’s
properties, but with the illumination still substantially focused along one axis (in
this case, the radial axis of a polar coordinate system) in order to achieve better
collection efficiency of the scattered light from the sample. Furthermore, in an
alternative embodiment, the optical focusing element 564 may have one or
more surfaces which are adapted to compensate for aberrations created by an
optical window or transparent region of a sample container (not shown)
between the sample optic assembly and the sample.

[0077] For the configurations described above for FIG. 8E and FIG. 8F,
alternative embodiments may reverse the order of the two optical elements, or
may merge the two optical elements into one optical element, for instance a
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single optical element with a cylindrical or axicon profile on its first surface and

a spherical focusing profile on its second surface.

[0078] In another aspect, in accordance with the teachings herein, a more
global or spatially-averaged spectroscopic assessment of the sample 110 may
be acquired by placing multiple focusing elements within the path of the
collimated beam emanating from the probe head 102h. For example, in one
example embodiment shown in FIG. 9A, a sample optic assembly 600
comprises a 2-dimensional array 602 of small lenses (often referred to as a
“lenslet array”) which, advantageously, collectively focus the collimated
excitation beam into multiple focal spots 604a to 604n, and each small lens in
the lenslet array 602 also captures and collimates some of the scattered light
from its respective focal spot, sending a plurality of parallel collimated collection
beams back into the probe head 102h to be filtered and focused onto the
collection fiber 108. The measured spectrum will be the weighted average of all
the spectra of the returning scattered light beams from each focal spot 604a to
604n, providing a more representative view of the sample 110 as a whole rather
than just measuring the sample 110 at a single location. In alternative
embodiments, the lenslet array may be a one-dimensional (1D) or 2D array of
cylindrical lenses or a 2D array of curved mirrors. Furthermore, in an alternative
embodiment, the surfaces of the individual lenslets of lenslet array 602 may be
adapted to compensate for aberrations created by an optical window or
transparent region of a sample container (not shown) between the sample optic
assembly 600 and the sample 110. In a different alternative embodiment, the
plurality of focal spots may be changed into a plurality of focal lines or a plurality
of focal circles by adapting the surfaces of the individual lenslets of lenslet array
602, or adding an additional optical element (not shown), wherein these
modifications may act upon the portions of the substantially collimated beam in
a fashion similar to optical element 562 of FIG. 8E or optical element 572 of
FIG. 8F.

[0079] In an alternative embodiment, referring now to sample optic
assembly 620 shown in FIG. 9B, a 1D or 2D array of flat mirrors 624a to 624d
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may redirect multiple beam portions of an incoming collimated beam to one or
more focusing optical elements 628 such that the multiple beam portions are
each focused to different focal spots at different locations 630a to 630d on the
surface of or within the interior of the sample 110. The flat mirrors 624a to 624d
may be individual planar mirrors where each mirror's plane is slightly angled
with respect to the adjacent mirrors, or they may be differently angled faces of
a single monolithic optical element, or a combination of these methods. There
may also be more or fewer mirror faces than what is shown in the example
embodiment of the sample optic assembly 620. Furthermore, in an alternative
embodiment, the focusing optical element 628 may have one or both surfaces
which are adapted to compensate for aberrations created by an optical window
or transparent region of a sample container (not shown) between the sample
optic assembly and the sample, to create a sharper focus and/or smaller size
of the focal spots at locations 630a to 630d. Alternatively or in addition, in at
least one alternative embodiment, the mirror surfaces 624a to 624d may be
adapted to compensate for aberrations created by the optical window or
transparent region of a sample container. The individual lenslets or individual
mirror faces of both the sample optic assemblies 600 and 620 of FIGS. 9A and
9B, respectively, may typically be 1 mm to 5 mm in size, but may be smaller or
larger as required for a particular embodiment. In alternative embodiments, the
lenslets or individual mirror faces may be shaped, positioned, and/or angled to
create a specific distribution of focal spots which are best suited to the size,
shape, or distribution of the portion of the sample that is being illuminated. In
different alternative embodiments, the plurality of focal spots may be changed
into a plurality of focal lines or a plurality of focal circles by adapting the surfaces
of the mirror surfaces 624a to 624d, or adding an additional optical element (not
shown), wherein these modifications may act upon the portions of the
substantially collimated beam in a fashion similar to optical element 562 of FIG.
8E or optical element 572 of FIG. 8F.

[0080] In another aspect, in accordance with the teachings herein, another
example embodiment is illustrated in FIG. 10, which shows a sample optic
assembly 650 comprising an array 652 of focusing optical elements that may
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have different focal lengths, or may be placed at different locations along the
main optical axis 654 of the collimated beam 656, so that focal spots are formed
at positions that are: (a) at different distances from the probe head and/or (b)
at different depths (110p1 to 110pg where q is an integer) within the sample
(not shown). In different embodiments, the array of focusing optical elements
can be arranged to provide a 2D array of focal spots such as in FIGS. 9A and
9B or a 1D array such as in FIG. 10. The sample optic assembly 650 may be
used for obtaining optical measurements of a substantially transparent and
chemically inhomogenous sample, such that the returning scattered light from
the sample may be used by an optical spectroscopic analysis system to assess
the average spectral characteristics from many different depths within the
sample. The sample optic assembly 650 may also be used for measurements
of the surface of an irregular solid sample such as, but not limited to, a powder,
pellets, or beads, for example, wherein some of the focal spots may be correctly
focused on the sample surface while other focal spots are out of focus, but
variations in the overall signal strength will be minimized as each badly focused
spot will tend to be balanced by a well-focused spot. In addition, in an
alternative embodiment, each focusing optical element of array 652 may have
one or both surfaces which are adapted to compensate for aberrations created
by an optical window or transparent region of a sample container (not shown)

between the sample optic assembly 650 and the sample.

[0081] It should be noted that the various configurations of sample optic
assemblies described herein that provide a focal line or multiple focal spots are
not generally acting as a hyperspectral imager, which is a device in which
simultaneous independent spectra are collected from multiple spatial locations
in the instrument’s field of view. Hyperspectral imaging tends to require more
sophisticated optical elements to collect multiple spectra in parallel. The
present teachings, in contrast, combine all of the returning scattered light from
multiple locations at the sample surface and/or within the sample and focus the
returning scattered light into a single collection fiber which results in a single

combined spectrum being collected.
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[0082] In another aspect, in accordance with the teachings herein, both the
sample optic assembly configurations that produce a focal line and the sample
optic assembly configurations that produce multiple focal spots can be
advantageously integrated into or added to a flow cell, which is a device that is
commonly used to make spectroscopic measurements of a liquid or slurry
sample that flows past an optical focal spot. This integration typically takes the
form of a mechanical coupling or linkage between the housing of the sample
optic assembly and the housing of the flow cell, in order to position the focal
spot(s) or focal line(s) at the surface or within the interior of the flow channel.
Conventional spectroscopic flow cells utilizing a single focused spot
concentrate all of the excitation power into a small focal spot, which can
damage or alter the sample if the optical power density is high enough.
Furthermore, these conventional flow cells are also prone to non-representative
sampling if the sample medium is inhomogeneous in which case particulates
or other regions of chemically distinct sample material can easily pass through
the flow cell without passing through the small focal spot of the optical
spectroscopy probe. However, in accordance with the teachings herein,
embodiments are provided which cause the excitation light beam to be focused
into an extended focal line or multiple separate focal spots so that both of these
non-representative  sampling problems associated with conventional

spectroscopic flow cells can be mitigated.

[0083] In addition, with the embodiments of FIGS. 7A to 10, the optical
measurement zone spread out over a broader area or multiple areas, the
sample channels conveying the flowing liquid sample or other sample type can
be made very shallow (as measured along the primary optical axis) without
unduly impeding or constricting the sample flow. As an example, a single
sample channel in a conventional flow cell may be about 0.5 mm in diameter
(i,e. 0.5 mm wide and 0.5 mm deep), and therefore prone to blockage by
particulates of similar size or flow constriction if the sample fluid is viscous,
whereas a shallow, broader channel that is about 0.5 mm deep and about 5.0
mm wide will have about 10 times as much cross-sectional area, permitting
smoother fluid flow. The advantage in creating a shallow broader measurement
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channel is that the excitation light beam will be sampling a substantially
constant volume of the sample liquid, regardless of the optical opacity of the
sample liquid. In contrast, with a traditional spectroscopic flow cell, the liquid
may be several millimeters “deep” at the location of the focused excitation spot.
If the sample liquid is relatively transparent, then this is not much of a problem
as the excitation light beam can penetrate through the entire depth of the
sample liquid and the returning scattered light can return to the probe’s
collection optics with little attenuation, so the collected spectroscopic signal is
strong. However, if the sample liquid is relatively opaque or turbid, with an
optical scattering distance (also known as the “mean free path length” or “mean
optical scattering path length”) that is similar to or less than the depth of the
sample channel, then the excitation light beam cannot penetrate as far into the
sample, and the returning scattered light may be absorbed or diverted from their
path back into the probe’s collection optics, so that the effective sample volume
being probed is reduced and the spectroscopic signal intensity will be
correspondingly reduced. This dependence of the spectroscopic signal
intensity upon the sample opacity in traditional spectroscopic flow cells severely
complicates the quantitative interpretation of the spectral data.

[0084] In accordance with the teachings herein, when a sample channel is
used that is shallow (in depth) compared to the minimum optical scattering
distance of the sample but broad (in width) to permit greater fluid flow volume,
the spectral intensity may be reduced compared to when a deeper sample
channel is used, since a smaller volume of sample is being measured, but the
spectral intensity will be only minimally dependent upon the sample opacity,

yielding more consistent measurement results.

[0085] Referring now to FIGS. 11A and 11B, shown therein is a sample optic
assembly 700 including a first lens 702, which may be a cylindrical converging
focusing lens, and a sample interface 704 having a sample window 706 and a
sample flow channel 708 that has an inlet 708a and an outlet 708b and a flow
assembly 710 that includes a flow narrowing portion 710a and a flow expanding
portion 710b. The sample (not shown) enters the sample flow channel 708
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through the inlet 708a and exits through the outlet 708b. The sample flow
direction is indicated by the arrows. In alternative embodiments, the positions
of the inlet 708a and the outlet 708b may be reversed. The focusing lens 702
focuses a collimated excitation light beam 712 along a first axis into a
converging light beam 714 to a single focal line 716 at the surface of the sample
window 706 that is adjacent to the sample flow channel 708. The narrowest gap
between the flow assembly 710 and the sample window 706 provides a shallow
but broad channel for the sample liquid to flow without overly constricting the
sample flow rate and without increasing the risk of clogging or blockage of the
sample flow channel 708. The sample window may be about 1 mm to about 5
mm thick, and the narrowest region of sample flow channel 708 may be about
0.1mm to about 1.0 mm wide. In an alternative embodiment, the lens 702 may
also have one or both surfaces which are adapted to compensate for

aberrations created by the converging beam passing through the window 706.

[0086] In an alternative embodiment, there is provided a sample optic
assembly 720 comprising an optical element 722 as shown in FIG. 11C. The
optical element 722 is different from the optical element 702 in that the optical
element 722 is a lenslet array. The sample optic assembly 720 utilizes the
optical element 722 (e.g., a 1D array of focusing lenses) for generating a
plurality of converging light beams 714a to 714c that then converge into a
corresponding plurality of focal spots 724a to 724c that simultaneously
illuminate the sample (not shown) at multiple locations along the sample
window 706 to gain a more representative spectral measurement of the sample.
The optical element 722 may be implemented using a lenslet array, a plurality
of individual lens elements, or another optical element(s) that provides the
same functionality. In other embodiments, the optical element 722 may be
implemented to have a larger or smaller number of lenslets to create a larger
or smaller number of converging light beams. Furthermore, in at least one
alternative embodiment the surfaces of the lenslet array 722 may be adapted
to compensate for aberrations created by the window 706, to reduce the size

of and/or sharpen the focus for focal spots 724a to 724c.
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[0087] It should be noted that in the various embodiments described herein
that use a lenslet array having a plurality of optical elements, these elements
can be positioned in an arrangement to create the multiple separate focal spots
in a pattern including a line, a grid, or other lateral distribution suited to the
sample when the sample optic assembly receives the collimated excitation light

beam.

[0088] In another alternative embodiment, the sample optic assembly 700
or 720 can be modified such that a different optical element or a different
number of elements are used instead of the single cylindrical focusing lens 702
or lenslet array 722 to generate a differently sized focal line of excitation light
or a different number and/or arrangement of focal spots (such as in the sample
optic assembly embodiments of FIGS. 8A, 8B, 8C, 8D, 9A, or 9B). For example,
this modified sample optic assembly may be used to adjust the length of the
focused line of excitation light 716 or the spacing of the plurality of focused
spots of excitation light 724a-c to match the width of the single wide shallow
channel within the flow channel 708.

[0089] In either of the alternative embodiments of the sample optic assembly
700 or 720, the cross-section of the sample flow aperture (i.e. the portion of the
sample flow channel near the focal line 716) can be made significantly larger
due to a larger focal line or higher number of focal spots, permitting a greater

sample flow rate and less susceptibility to clogging.

[0090] While the applicant's teachings described herein are in conjunction
with various embodiments for illustrative purposes, it is not intended that the
applicant's teachings be limited to such embodiments as the embodiments
described herein are intended to be examples. On the contrary, the applicant's
teachings described and illustrated herein encompass various alternatives,
modifications, and equivalents, without departing from the embodiments
described herein, the general scope of which is defined in the appended claims.



