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(57) Abstract: An optical system for use with a multi-channel wide field imaging system, the optical system including an objective
lens, a dichroic element to split light into a first wavelength range and a second wavelength range, the dichroic element positioned to
receive near parallel chief rays from the objective lens, a first channel lens system to receive light of the first wavelength range from
the dichroic element; and a second channel lens system to receive light of the second wavelength range from the dichroic element.
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MULTI-CHANNEL WIDE FIELD IMAGING SYSTEM AND OPTICAL
SYSTEM FOR USE THEREIN

TECHNICAL FIELD

The present disclosure relates generally to the field of optical systems and, specifically,
to an optical system for use in an imaging system having multiple image sensors
wherein the detected image signal magnitude in some wavelength ranges are orders of

magnitude fainter than in other wavelength ranges.

BACKGROUND

An imaging system, such as camera, captures light emission from an object scene and
uses the captured light to construct spatial and chromatic representation of the object
scene at an image plane. The image may be recorded by a detector or light-sensitive
media. Such imaging systems may be characterized by their operating space and their
performance within the operating space.

An imaging system's operating space may include, for example, angular field of view,
working distance, and spectral bandwidth. An imaging system's performance may
include, for example, spatial resolution, relative illumination across the image plane,
and system sensitivity to low light conditions.

When an image of an object is formed by an imaging device, such as a camera, the
influence of the imaging device on the optical information can be described by various
parameters. For example, the image of a point source will be altered according to the
imaging device's point spread function (PSF). The PSF characterizes how an imaging
device alters the fine details in an object scene when constructing an image scene. An
image exhibits aberrations that are brought about by the device and are not otherwise
part of the object. More generally, the image field resolution and contrast will be
determined by an imaging device's modulation transfer function (MTF). Both the PSF

and the MTF may exhibit wavelength dependencies, system aperture geometry
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dependencies, and aberration dependencies; i.e., MTF may be different for different
wavelengths and different for different aperture geometries, and may depend also on the
extent to which the final wavefront is diffraction limited or aberration-limited.

The PSF, the MTF, and other such parameters of real imaging systems account for and
include diffraction effects and aberration effects. For example, if an aberration is
introduced in an imaging system, both the MTF and the PSF may change, decreasing
image quality. A system that is aberration limited across the whole field of view may
show improved performance when the aperture is reduced. In such a system, however,
one wavelength may be predominantly responsible for off-axis performance
deterioration.

Some imaging systems exhibit more aberrations off-axis than on-axis and may exploit
vignetting to control off-axis aberrations that would otherwise adversely affect image
quality. Vignetting involves selectively stopping peripheral rays from reaching the
image plane. For example, coma can be reduced by preventing some rays associated
with off-axis field positions from reaching the image plane. These rays can be blocked
in regions before and/or after the system aperture stop. The rays may be blocked by
insertion of a limiting (vignetting) aperture or by under-sizing a lens that is not located
at the system aperture stop. However, in systems that image more than one wavelength
where different wavelengths have different intensities, such vignetting may reduce too
much light at a low intensity wavelength, so that an image for the low intensity

wavelength may not be discernible.

SUMMARY

One or more embodiments are directed to an optical system for use with a multi-channel
wide field imaging system, the optical system including an objective lens, a dichroic
element to split light into a first wavelength range and a second wavelength range, the
dichroic element positioned to receive sufficiently parallel chief rays from the objective

lens, a first channel lens system to receive light of the first wavelength range from the
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dichroic element, and a second channel lens system to receive light of the second
wavelength range from the dichroic element.

[0008] The objective lens may output marginal rays that are within a cone half angle within the
specifications of the dichroic element.

[0009] The first wavelength range and the second wavelength range may have intensities that
differ by at least one order of magnitude.

[0010] The second wavelength range may have a lower intensity than the first wavelength
range and an aperture stop of the second channel lens system may be larger than an
aperture stop in the first channel lens system.

[0011] The dichroic element may be before a limiting aperture in the optical system.

[0012] The first and second channel lens systems may have separate and independent limiting
apertures.

[0013] The first and second channel lens systems, in combination with the common objective
lens, may have a retro-focus form.

[0014] Lens elements of the first and second channel lens systems may have identical lens
prescriptions.

[0015] The optical system may be image space telecentric.

[0016] The optical system may include another dichroic beam splitter in one of the first and
second channel lens systems outputting light to a third channel lens system.

[0017] Lenses in the first channel lens system, in the second channel lens system, and in the
third channel lens system may have identical lens prescriptions.

[0018] Each of the second channel lens system and the third channel lens system may have an
aperture stop that is larger than an aperture stop in the first channel lens system,
aperture stops for the second and third channel lens systems may have a same size.

[0019] An aperture stop of the first channel lens system may be a different shape from an
aperture stop of the second channel lens system.

[0020] The aperture stop of the first channel lens system may be a different size than the

aperture stop of the second channel lens system.
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[0021] The aperture stop of the first channel lens system may have a simple geometric shape,
for example a circle, square, or polygon, and the aperture stop of the second channel
lens system may be a Fourier aperture.

[0022] One or more embodiments are directed to an imaging system that includes an optical
system described above and respective sensors in respective channels to detect
corresponding wavelength ranges in each channel lens system.

[0023] One or more embodiments are directed to a kit, including an objective lens, a dichroic
element to split light into a first wavelength range and a second wavelength range, a
first channel lens system to receive light of the first wavelength range, and a second
channel lens system to receive light of the second wavelength, the first and second
channel lens systems having identical lens prescriptions.

[0024] The aperture stop of the first channel lens system may be a different shape from an
aperture stop of the second channel lens system.

[0025] The aperture stop of the first channel lens system may be a different size than the
aperture stop of the second channel lens system.

[0026] The aperture stop of the first channel lens system may have a simple geometric shape,
for example a circle, square, or polygon, and the aperture stop of the second channel
lens system may be a Fourier aperture.

[0027] One or more embodiments are directed to a method of imaging multi-channel wide field
light, the method including providing all light to be imaged incident on a common
objective lens, splitting light from the common objective lens by a dichroic element into
a first wavelength range and a second wavelength range, the dichroic element being in a
position relative to the common objective lens such that the dichroic element receives
sufficiently parallel chief rays, providing light of the first wavelength range from the
dichroic element to a first channel, and providing light of the second wavelength range
from the dichroic element to a second channel. It will be appreciated that any of the
aspects of the invention can be combined. It will also be clear that all features and

options mentioned can be combined.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0028] Features will become apparent to those of skill in the art by describing in detail
exemplary embodiments with reference to the attached drawings in which:

[0029] FIG.1 illustrates a schematic diagram of a multi-channel wide field analysis system in
accordance with an embodiment;

[0030] FIGS. 2A and 2B illustrate the light ray paths between the common objective lens and
the first element of a channel,

[0031] FIG. 3 illustrates a multi-channel wide field imaging system according to an
embodiment;

[0032] FIG. 4 illustrates a lens solution for the imaging system of FIG. 3;

[0033] FIGS. 5A to 5C illustrate performance at different wavelength ranges in the imaging
system of FIG. 3;

[0034] FIG. 6 illustrates a multi-channel wide field imaging system according to an
embodiment; and

[0035] FIG. 7 illustrates a multi-channel wide field imaging system according to an

embodiment.

DETAILED DESCRIPTION

[0036] Example embodiments will now be described more fully hereinafter with reference to
the accompanying drawings; however, they may be embodied in different forms and
should not be construed as limited to the embodiments set forth herein. Rather, these
embodiments are provided so that this disclosure will be thorough and complete, and
will fully convey exemplary implementations to those skilled in the art.

[0037] Definitions

[0038] “Cross-talk” refers to light that is directed toward, and detected by, an incorrect sensor.
The light has followed the correct geometric path, but not the correct chromatic path.

[0039] "Fully filtered light" refers to light including only the wavelengths intended for the

downstream sensor(s). "Partially filtered light" refers to light including primarily the
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wavelengths intended for the downstream sensor(s), but with detectable, but acceptable,
levels of light not intended for the downstream sensor(s). Due to cost, alignment
requirements, and other issues associated with achieving fully filtered light, depending
on the particular scenario, partially filtered light may be employed. Light reflected by a
filter may be fully filtered while the transmitted beam is not, or vice versa. Also, light
that was deemed fully filtered at one junction may be split again at a subsequent
junction, after which the outputs may or may not be fully filtered in their subsequent
respective paths.

[0040] “Parasitic light” refers to any light incident upon a detector that should not be there,
regardless of how it was produced and regardless of what path it took.

[0041] “Chief ray" refers to a ray launched from a point on the object such that it crosses the
system's optical axis at the aperture stop. Each object point emits one chief ray and each
chief ray carries a broad range of wavelengths.

[0042] “Marginal ray” refers to a ray launched from a point on the object such that is passes
through the optical system’s aperture at the extreme limit of the aperture. Each object
point emits marginal rays that, when they pass through the system stop, scribe a
perimeter whose shape and size is equivalent to the stop shape and size. Stopping down
the system reduces the acceptance angle subtended by a set of marginal rays emitted at
the object plane.

[0043] “Lens” is any element with optical power.

[0044] Overview

[0045] An optical system designed for the human eye may be optimized for the visible
spectrum, with particular weight given to the middle, or green, part of the spectrum.
However, imaging systems, in which an electronic image sensor is located in an image
plane, may operate over a much larger spectral region that may include visible,
ultraviolet, near infrared regions, and so forth. The design of an imaging system
becomes more complex as its operating bandwidth increases.

[0046] In particular, imaging systems that operate over wavelength ranges from different
sources, ¢.g. directly from an illumination source, reflected from or transmitted by an

object, direct observation, and so forth, may deal with image signal intensities that vary
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widely for different wavelength ranges. For example, an image signal in a specific
wavelength range and having a relatively large intensity may benefit from some beam
correction to improve the image, but an image signal in a wavelength range having a
relatively low intensity may not be able to afford loss of light such a correction imposes.

[0047] An imaging system according to an embodiment may provide: (a) wavelength-
dependent channels that facilitate simultaneous imaging of signals in different spectral
regions and having intensities that differ by orders of magnitude; (b) as-detected
resolution and contrast that do not vary across the field of view; and (c) chromatic
cross-talk eliminated across some or all of the sensors.

[0048] In accordance with embodiments, the following constraints inform an optical design for
use in such imaging system:

[0049] 1) The system forms multiple images that are provided as inputs to algorithms. These
images are to be read simultaneously in real time, be of near-identical fields-of-view,
and be of near-identical distortion and magnification, i.c., the two or more images may
be superimposable.

[0050] 2) The system operates over multiple channels for different wavelength ranges, where
some channels exhibit throughput where the signal flux is orders of magnitudes
different than other channels, requiring adequate extinction of parasitic light at the low
flux sensors and high throughput of low flux light.

[0051] 3) A beam splitter in the system should minimize or eliminate reflection or
transmission dependencies associated with object field position, such as may cause a
variation of hue at the image plane.

[0052] 4) The system should minimize or eliminate channel-dependent magnification errors
when the independent sensors are positioned for best focus.

[0053] 5) The system should minimize or eliminate field response roll-off, i.e., reduce or
prevent the as-detected color and intensity of an object feature from varying as the
object feature is moved laterally across the field of view, provided the distance to the
object and the illumination incident on the object has not changed.

[0054] 6) When the output from one detector will serve, through post-processing, as the basis

for corrective action upon the output from another detector (for example, using the
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image of laser reflectance to adjust for response variations at other wavelengths as may
arise from object-to-hardware distance variations), the after-sampled MTF may be not
only invariant across the field, but also invariant across two or more detectors.

[0055] In view of the above, in accordance with embodiments, one or more of the following
design aspects may be incorporated into an imaging system:

[0056] 1) The channels may share a common optical axis at the object field and may have
nearly identical lens design prescriptions amongst the channels.

[0057] 2) The high-flux wavelength range(s) may be split out of the beam upstream from
the sensors.

[0058] 3) The beamsplitter separating the high-flux from the low-flux channels may be
located after the objective lens and before limiting aperture(s).

[0059] 4) The beam splitter may split the beams according to wavelength ranges, not
power or polarization.

[0060] 5) The beam splitter may be positioned where the chief rays for all field positions
are near-parallel.

[0061] 6) The region for insertion of the beam splitter may be of an aspect ratio that is
favorable to combined specifications of the beam splitter’s angle of incidence and
incident cone angle (or half angle).

[0062] 7) The limiting aperture (or f-stop) may be provided with the channel specific
optics, not with the shared portion of the optics. For example, the low light channel(s)
may have fast f-numbers, while the bright light channel(s) may have slow f-numbers.

[0063] 8) The image space may be made telecentric, or near-telecentric.

[0064] 9) There may be no vignetting of off-axis rays.

[0065] 10)  The f-stop for one channel may be selected in order to achieve an as detected
MTF similar to that of another channel.

[0066] General System

[0067] FIG. 1 illustrates a schematic view of a multi-channel imaging system 1000 of an
analysis system 10 an in accordance with an embodiment. The analysis system 10 may
also include an illumination source and associated optics 20, which provide illumination

to a target which is then imaged by the multi-channel imaging system 1000. Generally,
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the illumination source may include wavelength range(s) for visualization of the target
(not limited to visible wavelengths) and wavelength range(s) for additional information
about the target. Details of specific examples of this general system, as well as specific
optical elements, will be discussed in detail with respect to FIGS. 3, 6 and 7.

The multi-channel imaging system 1000 includes a common objective lens 1010 and a
beam splitter region 1020. The beam splitter region 1020 may include at least one
dichroic beam splitter. The beam splitters in region 1020 divide the beam from the
common objective lens 1010 into multiple, here three, channels, and may include more
than one element. These three channels illustrate different types of typical channels that
may be employed in the multi-channel imager 1000.

A first channel 1100 receives light of a first wavelength band and includes optical
elements 1110 and a first channel aperture 1120, collectively, a first channel optical
system, and an image sensor 1190. The aperture 1120 may be before, among, or after
the optical elements 1110 depending on the optical design.

A second channel 1200 receives light of a second wavelength band and includes optical
elements 1210 and a second channel aperture 1220. The light of the second wavelength
band is then split by a beamsplitter 1230 to create multiple sub-channels, here two sub-
channels, each receiving sub-bands of the second wavelength band. A first sub-channel
1240 receives partially filtered light from the beamsplitter 1230 and includes additional
optical elements 1242 and a sensor 1244. A second sub-channel 1250 receives partially
filtered light from the beamsplitter 1230 and includes additional optical elements 1252
and a sensor 1254, All elements in the second channel 1200 other than the sensors 1244,
1254 collectively form a second channel optical system. The second channel aperture
1220 may be before, among, or after the optical elements 1110 depending on the optical
design.

A third channel 1300 receives light of a third wavelength band and includes optical
elements 1310 and a third channel aperture 1320. The light of the third wavelength
band is then split by a beamsplitter 1330 to create multiple sub-channels, here two sub-
channels, each receiving sub-bands of the third wavelength band. A first sub-channel

1340 may include a rejection filter 1346 to eliminate any unwanted wavelengths that
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were transmitted by the beamsplitter 1330 to the first sub-channel 1340. The first sub-
channel 1340 then transmits the fully filtered light to additional optical elements 1342
and a sensor 1344. A second sub-channel 1350 receives partially filtered light from the
beamsplitter 1330 and includes additional optical elements 1352 and a sensor 1354. All
elements in the third channel 1300 other than the sensors 1344, 1354 collectively form a
third channel optical system. The third channel aperture 1320 may be before, among, or
after the optical elements 1310 depending on the optical design.

As indicated in FIG. 1, the beamsplitter 1020 is provided in an optimal region for
wavelength dependent beam splitting. When the beam splitter 1020 includes a dichroic
element, the optimal region may be realized when 1) field dependent ray bundles
transmitted by the common objective lens 1010 have near parallel cones and 2) a
marginal ray having the largest cone angle is within the acceptance angle for the
beamsplitter 1020.

FIGS. 2A and 2B illustrate constraints on the rays that occur in the region where the
dichroic beam splitter 1020 is inserted for splitting wavelength bands. FIG. 2A
illustrates the position and direction for the chief rays after the common objective lens
1010, here illustrated as a triplet. The remaining lenses (“channel optics”) and the
sensor in FIGS. 2A and 2B are in respective channels. Ray 1 indicates the chief ray for
an on-axis field position and Rays 2 and 3 indicate the chief rays for extreme off-axis
field positions, with remaining chief rays being between Rays 2 and 3. By having the
chief rays for all field positions be near-parallel in the region where the dichroic is
inserted, the dichroic reduces or eliminates reflection or transmission dependencies
associated with object field positions (such as may cause a variation of hue at the image
plane). Increased parallelism may be achieved by increasing the distance between the
lens elements before and after the dichroic beam splitter 1020. In other words, the chief
rays become more parallel as the space between the common objective lens 1010 and
the beam splitter 1020 increases. This may result in more power in the common
objective lens 1010, here a negative triplet, and a larger, i.e., in diameter, first lens

element in the channel optics, here a doublet.
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As may be seen in FIG. 2A, the chief rays 1, 2, 3, from the common objective lens
1010, are made sufficiently parallel that the ray bundles are effectively similar enough
with respect to the dichroic beam splitter 1020 specifications. The dichroic beam splitter
1020 is specified according to various reflection and transmission characteristics across
various wavelength ranges. However, another set of parameters concern incident beam
angle and cone half angle.

Referring to FIG. 2B, a comparison is now made for equivalent marginal rays. The
upper marginal ray for the upper field position is labeled 1a. The upper marginal ray for
the lower field position is labeled 2a. Their angles relative to the optical axis are labeled
Ib and 2b respectively. The larger of these two angles is equal to or less than the
defined half cone angle for the incident beam specification for the dichroic beam splitter
1020.

The prescription in Table 1 below provides an example solution for the design form
meeting the constraints noted above. Other solutions may be provided, as multiple
solutions will fulfill the same requirements of the design form as summarized above in
the Overview.

Table 1

SURFACE DATA SUMMARY:

Sarf Tyre Radia= Taickness Glass= Dizneter
C=s STAMDARD Infinity 302 Z43.3714
1 STAMDARD Infinity 3 5-25L7 32
Z STAMDARD Infinity 5 32
3 STAMNDARD 10l.606 7 5-Z5L7 32
4 STAMNDARD -23.53 4 S5-LAT5E 32
5 STAMDARD 29.413 & 5-F5L5 32
& STAMNDARD 29.413 13 z4
7 STAMNDARD Infinity 115.0001 Z20.50633
2 STAMNDARD 56.411 f.3332/3 5-MEAZ 4z
3 STAMDARD E7.335 & S5-FEFL51 4z
10 STANDARD =-217.721 Z2.000131 4z
11 STAMDARD Infinity 34,9333332 31.087E87
STC STAMDARD Infinity z 192.72428
13 STANDARD Zl.461 7.5 S5-FFL31 26
14 ESTAMDARD -35.553 3 5-MEAZ Zh
15 STAMDARD Infinity Z.55 Zh
16 STANDARD 13.337 ] 5-TIMS Z4
17 ETAMDARD 1%.827 Z24,.03253 20
12 STAMDARD Infinity 0,03 6.O45577
IMA STAMDARD Infinity 6.035214

Herein, the specific prescription of Table 1 is referenced for the purpose of illustrating

the form. Other variations of this form exist. Lens design and filter selection may be
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simplified or become more complex if the operating space and / or the performance
requirements change.

[0079] Example 1

[0080] FIG. 3 illustrates a wide field imaging system 2000 according to an embodiment. The
wide field imaging system 2000 includes a common objective lens 2010, a beam splitter
2020, a first channel 2100, a second channel 2200, and a third channel 2300. The
prescription of Table 1 may be used with this embodiment.

[0081] Light from an object field enters the common objective lens 2010, here illustrated as a
triplet lens. The beam splitter 2020, e.g., a dichroic element, splits the light into two
wavelength bands. In this particular example, the beam splitter 2020 reflects a first
wavelength range to the first channel 2100, and transmits a second wavelength range to
the second and third channels. In this particular embodiment, the first wavelength range
is more intense than the second wavelength range.

[0082] The first channel 2100 may include a mirror 2110 for redirecting the light towards
lenses 2120, an aperture stop 2130, and a detector 2190.

[0083] The second and third channels 2200, 2300 are split respectively by another beam splitter
2204, e.g., a dichroic eclement, into longer and shorter wavelength ranges within the
second wavelength range. A rejection filter 2202 may be positioned before the beam
splitter 2204 in case some light of the first wavelength range was transmitted by the
beam splitter 2020 into the second and third channels.

[0084] Each of the second and third channels 2200, 2300 may include a mirror 2210, 2310 for
redirecting the light towards a detector 2290, 2390, optical elements 2220, 2320, and an
aperture stop 2230, 2330. Each of the second and third channels may include rejection
filters 2240, 2340.

[0085] When a target being imaged by the imaging system 2000 has been illuminated by laser
light and fluoresces in response to the laser light, e.g., the imaging system is used in
open field surgery or clinical assessments, the first wavelength range may include
visible light and the laser light, and the second wavelength range may include
fluorescent light. The first wavelength range has shorter wavelengths and brighter light

than the second wavelength range, e.g., the second wavelength range may include near
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infrared (NIR) light that is one or more, e.g., four or five, orders of magnitude fainter
than light in the first wavelength range. The second wavelength range may be split into
shorter NIR for the second channel 2200 and longer NIR for the third channel 2300.

As noted above in the Overview, the optical elements may have identical lens
prescriptions within the channels. As used herein, identical lens prescriptions mean that
the lens materials and lens geometries are the same regardless of associated wavelength
range or channel. However, air to glass coatings may be identical or may be
wavelength range dependent.

As shown in FIG. 4, light from the common objective lens 2010 and split by the beam
splitter 2020, is incident on lenses 2030, 2040, and 2050, and passes through respective
aperture stops 2130, 2230, 2330 before being incident on respective image sensors
2190, 2290, 2390. In the particular design shown herein and detailed above in Table 1,
lenses 2030 and 2040 are doublets with the aperture stop being before the doublet 2040.
The faint signal in the second and third channels may have a relatively larger aperture
stop, e.g., an f/2 stop, while the stronger signal may have a smaller aperture stop, e.g.,
an /5.6 stop. The final lens 2050 may be a negative meniscus lens. In other words, an
open area of the aperture stop may be larger for the lower intensity light than an open
area of the aperture stop for the higher intensity light.

The channel lenses 2030, 2040, and 2050 may have a net positive power such that, in
combination with the common objective lens 2010, each optical system will have a
retro-focus form, i.e., the forward group has negative power, the rear group has positive
power, and the back focal length exceeds the effective focal length. Further, the channel
lenses 2030, 2040, and 2050, in combination with the common objective lens 2010,
may be image space telecentric, such that images produced at the respective sensors
2190, 2290, 2390 may have a same size regardless of axial color or the axial position of
best focus at the sensors. Ray cones approaching the sensor have the same angle of
incidence and angular subtense, i.c., the image space is telecentric or near-telecentric,
and the beam passing through the system is unvignetted, everywhere in the image plane,

the image is evenly illuminated.
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FIGS. 5A to 5C illustrate the spatial frequency versus MTF and through-focus MTF for
the NIR, laser reflectance, and visible light in the imaging system 2000 of FIG. 3. As
may be seen therein, the design specified by the parameters in Table 1 allows channels
to operate f/2 or higher, with a full field view of 40 degrees, and in the spectral region
from 460nm to 900nm. The prescription may be modified and optimized to include
other wavelengths, other fields of view, other f-numbers, and so forth, which satisfy the
conditions outlined above in the Overview.

Example 2

FIG. 6 illustrates a wide field imaging system 3000 according to an embodiment. The
wide field imaging system 3000 includes a common objective lens 3010, a beam splitter
3020, a first channel 3100, and a second channel 3200. The prescription of Table 1 may
be used with this embodiment. The first channel includes a mirror 3130, optical
elements 3120, a first aperture stop 3110, and a sensor 3190. The second channel
includes a rejection filter 3030, a mirror 3230, optical elements 3220, a second aperture
stop 3210, and a sensor 3290.

When a target being imaged by the imaging system 3000 has been illuminated by laser
light, backscattered light will form a random interference pattern, i.e., a speckle pattern.
When there is movement in the target, the speckle pattern changes. Here, the first
wavelength range may include visible light and the second wavelength range may
include laser light. Here, the beam splitter 3020 separates the light from the common
objective lens 3010 into the visible wavelength range for the first channel 3100 and the
laser wavelength range for the second channel 3200. The aperture stop 3110 in the first
channel may have a simple geometry, i.e. a circle, square, or polygon, as is generally
the case, while the aperture stop 3210 in the second channel may have an aperture for
use with speckle imaging, e.g., a Fourier aperture.

Example 3

FIG. 7 illustrates a wide field imaging system 4000 according to an embodiment. The
wide field imaging system 4000 includes a common objective lens 4010, beam splitters

4020, 4025, 4030, 4040, 4050 a first channel 4100, a second channel 4200, a third
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channel 4300, a fourth channel 4400, a fifth channel 4500, and a sixth channel 4600.
The prescription of Table I may be used with this embodiment.

Table I1;

SURFACE DATA SUMMARY:

Sarf Type Radias= Taickness Gla== Dianeter
G2& STAMDARD Infinity 275 234,742
1 STAMDARD Infinity 25 54.35343

2 STANMNDARD 105,634 14 A-ZF2 w0

3 STAMNDARD -15Z .62 1o A-ZLAFRS T

4 STAMDARD 47 .345 135.737 13

5 STAMNDARD Infinitcy a 23.04034

& STAMNDARD 20.474 11 A-LaX7? 56

7 STAMNDARD Infinity 43.10323 56

2 STAMDARD Infinity 0 11.0272
ETC STAMDARD Infinitcy 1 11.9272
12 STAMNDARD 33.56 1z A-Z3AF1 32
11 STAMNDARD -53.,393Z 6.7 A-ZF62 32
17 STAMNDARD 1z4.3 Z5.ZRERZ Z=
13 STAMNDARD Infinitcy a 14.71736
14 STAMNDARD 25.00024 3.5 A-ZLAFRE 24
15 STAMNDARD Z5 T.1133E85 1=
1% STAMNDARD Infinity a.05 13.122323
IMA STAMNDARD Infinitcy 13.2167

The imaging system 4000 may image fluorescence, laser speckle, laser reflectance, and
white light. A first beam splitter 4020 may transmit high flux light and reflect low flux
light.

The high flux light is incident on a second beam splitter 4025, which may or may not
include a dichroic element, that reflects the visualization wavelengths into the first
channel 4100 including lenses 4110, an aperture stop 4120, and a sensor 4190. The
second beam splitter 4025 transmits the laser reflectance and laser speckle light to a
third beam splitter 4030, which reflects the laser reflectance light to the second channel
4200 and transmits the laser speckle light to the third channel 4300. The second channel
4200 includes lenses 4210, an aperture stop 4220, and a sensor 4290. The third channel
includes lenses 4310, an aperture stop 4320, and a sensor 4390. A first lens of the
second and third channels 4200, 4300 may be before the third beam splitter 4030, such
that the first lens is shared, i.e., may be a common lens to both channels 4200, 4300.
The low flux light is incident on a fourth beam splitter 4040 that reflects visible
fluorescence light to the fourth channel 4400 and transmits NIR fluorescence light. The
fourth channel includes lenses 4410, an aperture stop 4420, and a sensor 4490. A fifth

beam splitter 4050 reflects the shorter wavelength NIR fluorescence light and transmits



CA 02981353 2017-09-29

WO 2016/154750 PCT/CA2016/050365

[00100]

[00101]

-16-

the longer wavelength NIR light. The fifth channel 4500 includes lenses 4510, an
aperture stop 4520, and a sensor 4590. The sixth channel includes lenses 4610, an
aperture stop 4620, and a sensor 4690. A first lens of the fifth and sixth channels 4500,
4600 may be before the fifth beam splitter 4050, such that the first lens is shared, i.c.,
may be a common lens to both channels 4500, 4600.

By way of summation and review, one or more embodiments may provide wavelength-
dependent channels that facilitate simultaneous imaging of spectral regions having
intensities that differ by order(s) of magnitude; as-detected resolution and contrast that
are substantially constant across the field of view, such that superimposition is useful;
and/or reduce or eliminate chromatic cross-talk across some or all of the sensors.

While the present disclosure has been illustrated and described in connection with
various embodiments shown and described in detail, it is not intended to be limited to
the details shown, since various modifications and structural changes may be made
without departing in any way from the scope of the present disclosure. Various
modifications of form, arrangement of components, steps, details and order of
operations of the embodiments illustrated, as well as other embodiments of the
disclosure may be made without departing in any way from the scope of the present
disclosure, and will be apparent to a person of skill in the art upon reference to this
description. It is therefore contemplated that the appended claims will cover such
modifications and embodiments as they fall within the true scope of the disclosure. For
the purpose of clarity and a concise description features are described herein as part of
the same or separate embodiments, however, it will be appreciated that the scope of the
disclosure includes embodiments having combinations of all or some of the features
described. For the terms "for example" and "such as," and grammatical equivalences
thereof, the phrase "and without limitation" is understood to follow unless explicitly

TP TITS
a

stated otherwise. As used herein, the singular forms an”, and “the” include plural

referents unless the context clearly dictates otherwise.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1 An optical system for use with a multi-channel wide field imaging system,
the optical system comprising:

an objective lens;

a dichroic element to split light into a first wavelength range and a second
wavelength range, the dichroic element positioned to receive near parallel chief rays from
the objective lens;

a first channel lens system to receive light of the first wavelength range from the
dichroic element; and

a second channel lens system to receive light of the second wavelength range from
the dichroic element, wherein

the first wavelength range is in the visible region and the second wavelength range
is outside the visible region, and

lens elements of the first and second channel lens systems have identical lens

prescriptions.

2. The optical system as claimed in claim 1, wherein the objective lens is to
output marginal rays that are within a cone half angle requirement for the dichroic

element.

3. The optical system as claimed in claim 1 or claim 2, wherein the first
wavelength range and the second wavelength range have intensities that differ by at least

one order of magnitude.

4. The optical system as claimed in any one of claims 1 to 3, wherein the
second wavelength range has a lower intensity than the first wavelength range and an
aperture stop of the second channel lens system is larger than an aperture stop in the first

channel lens system.

CA 2981353 2019-07-05
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5. The optical system as claimed in any one of claims 1 to 4, wherein the

dichroic element is before a limiting aperture in the optical system.

6. The optical system as claimed in any one of claims 1 to 5, wherein the first

and second channel lens systems have separate and independent limiting apertures.

7. The optical system as claimed in any one of claims 1 to 6, wherein the first
and second channel lens systems, in combination with the objective lens, have a retro-

focus form.

8. The optical system as claimed in any one of claims 1 to 7, wherein the

optical system is image space telecentric or near telecentric.

9. The optical system as claimed in any one of claims 1 to 3, further
comprising another dichroic beam splitter in one of the first and second channel lens

systems outputting light to a third channel lens system.

10.  The optical system as claimed in claim 9, wherein lenses in the first
channel lens system, in the second channel lens system, and in the third channel lens

system have identical lens prescriptions.

11.  The optical system as claimed in claim 9 or claim 10, wherein each of the
second channel lens system and the third channel lens system has an aperture stop that is
larger than an aperture stop in the first channel lens system, the aperture stop for the
second channel lens system and the aperture stop for the third channel lens system having

a same size.

CA 2981353 2019-07-05
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12.  The optical system as claimed in any one of claims 1 to 3, wherein an
aperture stop of the first channel lens system is different from an aperture stop of the

second channel lens system.

13.  The optical system as claimed in claim 12, wherein the aperture stop of
the first channel lens system is smaller than the aperture stop of the second channel lens

system.

14.  The optical system as claimed in claim 12 or claim 13, wherein the
aperture stop of the first channel lens system is an opening having simple geometry and

the aperture stop of the second channel lens system is a Fourier aperture.

15.  Animaging system, comprising:
an optical system as claimed in any one of claims 1 to 14; and
respective image sensors in respective channels to detect corresponding

wavelength ranges in each channel lens system.

16. A Kkit, comprising:

an objective lens;

a dichroic element to split light into a first wavelength range and a second
wavelength range;

a first channel lens system to receive light of the first wavelength range; and

a second channel lens system to receive light of the second wavelength, the first
and second channel lens systems having identical lens prescriptions, wherein the first
wavelength range is in the visible region and the second wavelength range is outside the

visible region.

17.  Thekitas claimed in claim 16, wherein an aperture stop of the first channel

lens system is different from an aperture stop of the second channel lens system.

CA 2981353 2019-07-05
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18.  The kit as claimed in claim 17, wherein the aperture stop of the first

channel lens system is smaller than the aperture stop of the second channel lens system.

19. The kit as claimed in claim 17 or claim 18, wherein the aperture stop of
the first channel lens system is an opening having simple geometry and the aperture stop

of the second channel lens system is a Fourier aperture.

20. A method of imaging multi-channel wide field light, the method
comprising:

providing all light to be imaged incident on a common objective lens;

splitting light from the common objective lens by a dichroic element into a first
wavelength range and a second wavelength range, the dichroic element being in a position
relative to the common objective lens such that the dichroic element receives sufficiently
parallel chief rays;

providing light of the first wavelength range from the dichroic element to a first
channel; and

providing light of the second wavelength range from the dichroic element to a
second channel, wherein

the first wavelength range is in the visible region and the second wavelength range
1s outside the visible region, and

lens elements of the first and second channel lens systems have identical lens

prescriptions.

CA 2981353 2019-07-05
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System in Laser Reflectance 793nm at /5.6
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System in VIS 460nm, 540nm, 640nm at /5.6
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