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EFFICIENT AND UNIFORM COLOR-LIGHT INTEGRATION DEVICE

RELATED APPLICATIONS

100013 This application claims priority 1o U.S. provisional application No.
£63/392,639 filed on July 27, 2022, and U.8. provisional application No. 63/452,047, filed

on March 14, 2023, the entire contents of which are incorporated herein by reference.

GOVERNMENT SUPPORT

(00021 This invention was made with government support under Grant No.
1941195 awarded by the National Science Foundation. The government has certain

rights in the invention.

BACKGROUND

100031 In optical imaging and sensing systems, #lumination guaiity 1s of
paramount importance particularly for guantitative optical microscopy. Typical optical
imaging systems are comprised of light dlumination and collection components including
multiple optical elements. Both illumination and collection paths have characteristic
optical transfer functions affecting the field uniformity, which leads to a uneven

flumination profile. Thus, a technigus is neaded that improves light uniformity.

SUMMARY
10004} According to one aspect of the subject matier described in this disclosure,
an exemplary illumination source is provided. The illumination source includes a light

integrating device for coupling to at least one optical structure at an output port. The
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ight integrating device includes at least one input port. At least one light source
produces at least one optical ilumination coupled {o the at least one input port. A light
adjusting tool conirols the optical illumination emitted by the light integrating device,
The light adiusting ool controls uniformity of light emitied by the light integrating device
by modifying at least one intermnal surface of the light integrating device.

10005] in some implementations, the at least one input port and the cutput port
may be positionaed not {o face each other on the at least one internal surface of the light
integrating device. The light integrating device may include an internal shape nominally
conical. The light integrating device may include an apex at the oulput port coupling to
the al least one optical structure. The apex angle may be optimized to maximize light
coupled o the at least one optical structure at the output port. The at least one light
source may include a light emitting diode (LED) at the at least one input port. The at
least one light source may include a plurality of LEDs at the at least one input port. The
ight source may include at least one laser al the at least one input port. The at least
one laser may be mechanically vibrated. The light source may include at least one
fiver-couplad laser delivering the at least one optical Hlumination into the light integrating
device through a fiber. The fiber may be mechanically vibrated. The light adjusting tool
may include a manual adjustment kKnob positioned at a distal end of the light adjusting
tool for madifying the intermnal surface. The internal surface of the light integrating
device may include diffused reflecting material. The light integrating device may include
polytetrafluorcethylene (PTFE).

100063 According to one aspect of the subject matier described in this disclosure,

ancther exemplary Hlumination source is provided. The illumination source includes a
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ight integrating device for coupling to at least one optical structure at an ouiput port.
The light integrating device includes at least one input port. At least one laser source is
coupled o at least one vibration source provides light input to the at least one input port,
The light integrating device homogenizes the light input from the at least one laser
source to emit speckle-free uniform laser ilumination at an cutput port of the light
integrating device.

18007} in some implementations, the at least one input port and the oulput port
may be positioned not {0 face each other on an internal surface of the light integrating
device. The light integrating device may include an internal shape nominally conical.
The light integrating device may include an apex at the cutput port coupling to the at
least one optical structure. The apex angle is optimized to maximize light coupled to the
at least one optical structure at the oulput port. The intemal surface of the light
integrating device may include a diffused reflecting material. The light integrating
device may include polvtelraflucroethylene (PTFE). The at least one laser source may
include a plurality of laser sources for providing light input to the light integration device
at the same or different wavelengths at the at least one input port. The at lsast one
laser source may include at least one fiber-coupled laser delivering the at least one
optical dlumination into the light inlegrating device thru a fiber. The al least one fiber-
coupled laser may include a multib-mode fiber. The fiber may be mechanically vibrated.
(0008} According to another aspect of the subject matter describad in this
disclosure, an exemplary method for producing illumination is provided. The method
includes the following: providing a light integrating device for coupling to at least one

optical structure at an output port, where the light integrating device includes ai least
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one input port; producing, using at least one light source, at least one optical
Hlumination, the at least one light source coupled to the at least one input port; and
controlling, using a light adjiusting tool, the optlical iflumination emitted by the light
integrating device, wherein the light adjusting tool controls uniformity of light emitted by
the light integrating device by modifying at least one inlernal surface of the light
integrating device.

10009} in some implementations, the at least one input port and the oulput port
may be positioned not {0 face each other on the at least one internal surface of the light
integrating device. The light integrating device may include an internal shape nominally
conical. The light integrating device may include an apex at the output port coupling o
the at least one optical structure. The apex angle may be oplimized to maximize light
coupled to the at least one optical structure at the output port. The at least one light
source may include a light emitting diode (LED) at the at least one input port. The at
least one light source may include a plurality of LEDs at the at least one input port. The
light source may include at least one laser at the at least one input port. The at least
one laser may be mechanically vibrated. The light source may include at least ong
fiber-coupled laser delivering the at least one optical Hlumination into the light integrating
device through a fiber. The fiber may be mechanically vibrated. The light adjusting tool
may include a manual adjustment knob positioned at a distal end of the light adjusting
tool for modifying the internal surface. The internal surface of the light integrating
device may include diffused reflecting material. The light integrating device may include

polvistrafluoroethylene (PTFE).



WO 2024/025930 PCT/US2023/028662

100407 According to another aspect of the subject matter described in this
disclosure, an exemplary method for producing illumination is provided. The method
includes the following: providing a light integrating device for coupling to at least one
optical structure at an oulput port, where the light integrating device includes at least
one input port; producing, using at least one laser source coupled to at least one
vibration source, light inpul to the at least one input port; and delivering, at an output
port of the light integrating device, speckle-free and uniform laser fllumination, wherein
the light integrating device homogenizes the light input from the at least one laser
SOUFCS.

(00113 In some implementations, the at least one input port and the output port
may be positionad not {0 face each other on an internal surface of the light integrating
devica. The light integrating device may include an internal shape nominally conical.
The light integrating device may include an apex at the cutput port couphing 1o the at
least one optical structure. The apex angle is optimized to maximize light coupled to the
at least one optical structurs at the oulput port. The internal surface of the light
integrating device may include a diffused reflecting material. The light integrating
device may include polytetraflucroethylens (PTFE). The at least one laser source may
include a plurality of laser sources for providing light input to the light inlegration device
at the same or different wavelengths at the at least one input port. The at least one
laser source may include at least one fibar-coupled laser delivering the at least one
optical dlumination into the light integrating device thru a fiber. The al least one fiber-

coupled laser may include a multi-mode fiber. The fiber may be mechanically vibrated.
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100123 Additional features and advantages of the present disclosure is described

in, and will be apparent from, the detailed description of this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

(00133 The disclosure is Hliusirated by way of example, and not by way of limitation,
in the figures of the accompanying drawings in which like reference numerals are used o
refer to similar elements. H is emphasized that varicus fealures may not be drawn o
scale and the dimensions of various features may be arbitrarily increased or reduced for
clarity of discussion.

100143 FiGs. 1A-1B are schematic diagrams of cross-sectional view of an example
Efficient and Uniform Color-Light Integration Device (EUCLID).

00153 FIG. 2 are preliminary Zemax simulations of light distribution on a camers
for & EUCLID design in a Kéhiler ilumination configuration.

100186} FiG. 3 are simulated oulput radiance cross sections of conical and sphere
light integrating devices (LiIDs).
100173 FIG. 4 are experimental results indicating the illumination profile can be
controlled from bright center o dark center and achieving nearly flat lumination pattern.
(00183 FiG. 5 are heatmap images of a spherical LID, conical LID, and EUCLID
with @ mavable rod in terms of their uniformities under critical illumination.

10018} FIG. 6 are heatmap images of a EUCLID design and the affect of the
movable rod on the light uniformity on a sample.

10020} FiG. 7A-7C are schematic diagrams of an exemplary EUCLID having two

LEDs.
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100213 FiGs. 8A-8B are schematic diagrams of different exemplary
implemeniations of laser-EUCLID.

100223 FIG. @ are images acquired with direct coupling of a vibrated multi-mode
fiber (MMF) and EUCLID outputs with vibration OFF and ON.

100231 FiGs. 10A-10B are the line cuts of the images acquired with direct coupling
of vibrated multi-mode fiber (MMF) and EUCLID outpuis with vibration OFF and ON and
corresponding intensity histograms.

10024} FIG. 11 is a table of a performance comparison betwaen EUCLID and other

solutions in the prior art.

10025] FiGs. 12A-12C are schematic diagrams of ancther exemplary laser-
EUCLID.
100283 FIGs. 13A-13C are schematic diagrams of an exemplary imaging system

using EUCLID and LEDs.

10027} FiGG. 14 is a process flowgraph of operations included in an exemplary
process for producing ilumination.

10028} FIG. 15 is another process flowgraph of operations included in an

exemplary process for producing Hlumination.

DETAILED DESCRIPTION

(00291 The figures and descriptions provided herein may have been simplified to
Hlustrate aspects that are relevant for a clear understanding of the herein described
devices, systems, and methods, while eliminating, for the purpose of clarily, other agpscts

that may be found in typical similar devices, systems, and methods. Those of ordinary
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skill may recognize that other elements and/or operations may be desirable andfor
necessary to implement the devices, systems, and methods described herein. But
because such elements and operations are well known in the art, and because they do
not facilitate a better understanding of the present disclosure, a discussion of such
glements and operations may not be provided herein. However, the present disclosure
is deemed {0 inherently include all such selements, variations, and modifications o the
described aspsects that would be known 1o those of ordinary skill in the art.

(00307 The terminology used herein is for the purpose of describing particular
example embodiments only and is not intended to be limiting. For example, as used
herein, the singular forms *&”, “an” and “the” may be intended {o include the plural forms
as well, unless the context clearly indicates otherwise. The terms “comprises,”
‘comprising,” “including,” and "having,” are inclusive and therafore specify the prasence
of stated features, integers, steps, operations, elements, and/or componenis, but do not
preclude the presence or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof. The method steps, processes,
and operations described herain are not 1o be construed as necessarily requiring their
performance in the particular order discussed or illustrated, unless specifically identified
as an order of performance. i is also to be understood that additional or altemative sleps
may be employsd.

(00313 Although the terms first, second, third, etc., may be used hearein to describe
various elements, components, regions, layers andfor sections, these elemenis,
components, regions, layers and/or sections should not be limited by these terms. These

terms may be only used to distinguish one element, component, region, layer or section
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from another slement, component, region, layer or section. That is, terms such as “first,”
‘second,” and other numerical terms, when used herein, do not imply a sequence or order
uniess clearly indicated by the context.

100321 A light integrating device and methods associated therawith for improved
gificiency of light coupling o optical illumination optics as well as the uniformity of the
overall ilumination at the object plane are described herein. The light integrating device
can be applied to Critical lumination as well as Kéhler lumination. The light source
design is termed "Efficient and Uniform Color-Light Integration Device (EUCLID)" that (i)
increases light coupling efficiency and (i) improves iumination uniformity.

(00331 Kéhier illumination is preferred over critical lumination in modern scientific
fight microscopy although it requires additional optics. The primary advantage of Kdhier
Humination is the uniform #lumination of the sample at the cost of reducad light coupling
gfficiency. Uniformity of Kéhler tllumination is still imited partiaily due to imperfect
optical transfer funclion of the oplical flumination path.

100343 EUCLID can directly impact the performance of Interferometric
Reflactance Imaging Sensor (IRIS) systems by providing stronger illumination thus
betler signal o noise ratio as well as improved Hllumination uniformity. it can also be
used (o improve image performance of brightfield light microscopes.

(00351 FIG. 1A is a schemstic diagram of cross-sectional view of an example
EUCLID 100, EUCLID 100 includes a conical cavity 102, input port 104, light emitting
diode (LED)Y1086, movabie rod 108, output port 110, and heatsink 114. Conical cavity 102
is connected to input port 104 and output port 110, Input port 104 receives light or

Hlumination from LED 106 and guides the received light to conical hollow cavity 102,

-G
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Output port 110 receives the light/ilumination outputted by conical cavity 102. Morsover,
ouiput port 100 couples the received light/ilumination {o an oplical structure 116, Input
port 104 and output port 110 are positionad not to face sach other on the internal surface
of conical cavity 102, In some implementations, input port 104 and output port 110 may
be connected to the light integrating device at different positions that are orthogonal from
each other without facing the other.

100363 FIG. 1B shows the conical shape of conical cavity 102 being optimally
designed so the light emitted from conical cavity 102 optimally matches a recaiving optical
structure 120 o maximize light received, such as a lens, numerical aperture optical
glements, or the like. The efficiency increases because most of the light emitted from
conical cavity is directed to the receiving optical structure 120, Conical cavity 102 may
inciude an apex at cutput port 110 coupling to at least one optical structure 120. The
apex angle may be oplimized to maximize light coupled o optical structure 120 at the
output port 110, The internal surface of conical cavity 102 may include a highly and
diffused reflecting material.  Conical cavity 102 may include polytetrafluoroethyiene
(PTFE) or the like.

(00373 Optical structure 116 may be any lens structure or camera arrangement,
such as an objective lens, aspherical lens, coliimalted lens, condenser iens, or any
combination of lens structures. Movable rod 108 is positioned at a distal end of conical
hollow cavity 102, Moreover, movable rod 108 is placed in a hollow cylindrical cavity 112
allowing movable rod 108 to move axially at various distances from the distal end of
conical cavity 102. Heat sink 114 removes heat produced by EUCLID when in operation

to protect its components.
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10038} One can achieve an improvement in dllumination uniformity if the angular
content of the illumination scurce can be modified. To a first order approximation, light
exiting conical cavity 102 at output port 110 comes entirely from the back surface of
conical cavity 102. Hence, EUCLID 100 modifies the angular content of its cutput by
changing the structure back surface of conical cavity 102 using movable rod 108, When
movable rod 108 is fully inserted, the back of conical cavity 102 becomes a flat surface.
Movable rod 108 may be an absorber {or diffused reflector) that can be moved axially
by tumning a knob 118 or the like, controlling the reduction of axial ight thus suppressing
the peak of the gaussian-like distribution of the light profile resulting in a flatter profile.
10039} in other implementations, EUCLID may have a hole (of different
diameters) in the back of conical cavity 102 with movable rod 108 to provide an
adjustabie radiance profile (low output angles). Movable rod 108 may be a Teflon rod
with uniform surface. The end surface of the rod can be fabricated with a secondary
struciure to further manipulate the light uniformity.

100407 FIG. 2 illustrates preliminary Zemax simuiations of light distribution on a
camera for a EUCLID design in a Kéhiler illumination configuration as movable rod 108
is moved from a position flush to the flat part of conical cavity 102 to iis distal end
(effectively lgaving a hole). While these preliminary simulations display fluctuations due
to small number of rays used in Zemax, they clearly demonstrate that the illumination
pattern can be manipulated broadly using a EUCLID design. Beyond the design
Hustraied in FIG. 1, various other patterns may be implemented on the back surface of

EUCLID.

-11-



WO 2024/025930 PCT/US2023/028662

100411 Yarious conical light integrated devices {LIDS) have been designed and
tested. Various conical devices were built with an LED input port and various sizes of
iight output ports. The cone angles are varied (from 10 {0 46 degrees) {o fit collimating
lens focal distances and numerical apertures. These fix conical designs improved the
ight coupling efficiency to collimation lenses. FIG. 3 shows the simulated output
radiance cross sections of conical and sphere LiDs. Vertical dashed lines 302, 304,
306 represent acceptance angles for employed lenses in the illumination path. The

bump at 45- in the integrated sphere (IS) radiance is due o first reflections of the initial

rays that are exiting I8 without reflecting twice.

100423 FIG. 4 shows the experimental resuits indicating the illumination profile
can be controlled from bright center to dark center and achieving nearly flat ilumination
patiern at a particular position of the rod. I this instance, the movable rod has a
diameter of 7.95 mm.

10043} FIG. 5 inciudes heatmap images of a spherical LID (inset 502), conical LID
{inset 504), and EUCLID with a movabile rod (Inset 508} in terms of their uniformities
under critical illumination. Inthis case, spherical LID is an 18 with a diameter of 25 mm,
the conic LID has a cone angle of 23 degress, and the EUCLID has a hole size of 7.95
mm at most uniform configurations. Moreover, FIG. 5 includes the graphical results 508
of the heatmap of the horizontal cross sections for the spherical LID, conical LID, and
the EUCLID described here.

100443 FIG. € are heatmap images 602 - 612 of a EUCLID design and the effect
of the movable rod on the light uniformity on a sample. In this case, the EUCLID design

has a 7 mm hole at one distal end of its conical cavity. One can see the closer the

-12 -
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movable rod is to the hole the more uniformity is achieved. Images 602 - 612 shows the
ight uniformity when the movable rod is positioned at G mm, 2 mm, 4 mm, 10 mm, 15
mm, and infinity {when movable rod is completely removed) respectively. Images 602 -
612 are scaled to the pixel value deviation of a given EUCLID configuration.

100451 FIG. 7A-7C are schematic diagrams of an exemplary EUCLID 700 having
two LEDs. FIG. 7A shows the detailed components of EUCLID Y00, EUCLID 700
includes heaisinks 702 and 704, light inlegrating device 706, aspheric lens 708, lens
structure 710, input ports 712 and 714, and LEDS 716 and 718. EUCLID 700 includes
heatsinks 702 and 704 for cooling LEDs 716 and 718, LED 716 is conneciad to input
port 712 and LED 718 is connected to input port 714, Input ports 712 and 714 are
connected o light integrating device 706 at different positions. kach LED 716 and 718
produce collimated light at different wavelangths that are direcied o light integrating
device 706 via input ports 712 and 714 respectively.

1004863 Light integrating device 706 inciudes a conical hollow cavity as in conical
cavity 102 of EUCLID 100, The illuminations from LEDs 716 and 718 are uniformiy
homogenized inside the conical hollow cavity of light integrating device 706 resulting in
fight integrating device 706 producing uniform light as cutput. The output of light
integrating device 706 is collimated by using aspheric lens 708, Aspheric lens 708 is
located inside a cylinder structure 710, Cylinder structure 710 is for adjusting the
distance batwean the cutput of light integrating device 706 and aspheric lens 708.
100473 FIG. 7B shows a cross-sectional view of input port 714, LED 718, and light
integrating device 706. Inpul port 714 includes a conical cavity 720 for directing

collimated light produced by LED 718 {o light integrating device 706. Conical cavity 720

-13 -
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is made from polished aluminum or the like. This is done {o reduce the input port
dimensions. Note input port 714 also includes a conical cavity like conical cavity 720 {o
direct collimated light from LED 718 to light integrating device 706, FIG. 7B further
shows an outer region of conical cavity 722 of light integrating device 706 with a hole
724. Hole 724 is configured to be an opening for input port 714 {o send illumination
from LED 718 to conical cavity 722. Light infegrating device 706 is made from durable
plastics, such as PTFE or the like. In this implemeniation, input port 714, input port 716,
and output port are connected to the light integrating davice at different positions that
orthogonal without facing each other. The oulput of conical cavity 722 is positioned so it
does not face input port 714 and input port 716, Moreover, the oulput of cavity 722 is
directed to hollow cavity 728, which includes aspheric lans 708. One can lateraily
adjust, using lens adjustor 710, the position of aspheric lens 708 within cavity 728 to
produce a collimated output.

10048} FiG. 7C shows an enclosure 726 configured to protect EUCLID 700
Enclosure 726 protects within the components of EUCLID 700 except for heatsinks 702
and 704, aspheric lens 708, and lens structure 710, Enclosure 726 is made from any
plastic materials capable of durable use, such as polytetrafluoroethylene (PTFE) or the
ke, In other implementations, enclosure 702 may be made from other materials
capable of durable use.

100487 EUCLID can be used with coherent light sources, such as lasers, to create
uniform dlumination. Usually, these sources can sometimes cause a speckle pattern
due to their temporal and spatial coherence, which can be problematic in imaging

applications. To address this issue, a laser-EUCLID is implemented. it can uniformly
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combine multiple coherent sources which can have different operating wavelengihs on
the one optical axis and provide speckie-free illumination. Additionally, the number of
speckles can be adjusted as needed, and a randomized yet stable speckie pattern can
be switched {0 a new random pattern when required.

100507 FIG. 8A is a schematic diagram of an exemplary laser-EUCLID 800.
Laser-EUCLID 800 includes a EUCLID 802, adjustable iens 804, laser source 8086,
muiti-mode fiber (MMF) 808, and DO vibration motor 810, EUCLID 802 used inthis
implementation is similar to EUCLID 100 describad earlier including having a movable
rod 803. Laser-EUCLID 800 can be utilized by coupling the laser source 806 through
an input port 812 of the EUCLID 802 via MMF 808. To vibrate MMF 808, a DC vibration
motor 810 or the like can be used. Laser source 806 may include one or more lasers
having same or muitiple different wavelengths coupled to MMF 808. EUCLID 802,
using its conical cavity, homogenizes the iaser light input from laser source 806 to emit
speckle-free uniform laser illumination at an cutput port of the light integrating device.
The output of EUCLID 802 is directed to hollow cavity 814, which includes an adjustable
lens 804. One can laterally adjust the position of adjustable lens 804 within cavity 814
to produce a collimated cuiput. Adjusiable lens 804 may be an aspheric lens or the like.
100513 FiG. 88 is a schematic diagram of ancther exemplary laser-EUCLID 820
Laser-EUCLID 820 includes EUCLID 822 light guide core 824, light connector 826,
laser source 828, multi-mode fiber (MMF) 830, and DC vibration motor 832, EUCLID
802 used in this implementation is similar to EUCLID 100 described earlier. In other
implementations, EUCLID 802 may include a movable rod to adjust for light uniformity.

Laser-EUCLID 822 can be utilized by coupling the laser source 828 through an input

[
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port 834 of the EUCLID 822 via MMF 830. To vibrate MMF 830, a DC vibration motor
832 or the like can be used. Laser source 828 may include one or more lasers having
same or multiple different wavelengths, EUCLID 822, using its conical cavity,
homogenizes the laser light input from laser source 828 to emit speckie-fres uniform
laser illumination at an ocutput port of the light integrating device. The output of EUCLID
822 is directed to a light guide core 824 that passes thru a light connecior 826. Light
guide core 824 may be any kind of light guide that transmit light one point to another.
Moreover, light guide core 824 may be made from glass, plastic, or the like. Light
connector 826 is used to establish the connection belween light guide core 824 and the
cutput of EUCLID 822, Light connector 826 may be a SMA connector, liquid light guide
connector, or the like.

(0052} In some implemeantations, laser source 808 or 822 may include one or
mare fiber-coupled lasers delivering laser light into EUCLID 802 or 822 thru a fiber. The
fiber may be mechanically vibrated. The one or more fiber-coupled lasers may include
a multi-maode fiber.

10083} FIG. @ shows the recarding on the CMUOS camera when a polished Si
wafer is imaged without and with vibrations. As demonsirated, laser-EUCLID provides
speckle-free uniform Hllumination that is not possible otherwise. Example image 902
shows the image in the case of direct coupling of the MMF outpul. The MMF is
vibrated, and spacklas are visible in tha image. There is no field correction, and while
the uniformity of illumination can be further improved using beam-shaping optics, one
cannot reduce the speckies. Example image 904 shows when the MMF coupled to

EUCLID with the DC vibration motor turned OFF. One can see maximum speckle.

- 16 -
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Finally, with the vibration motor turned ON, the EUCLID output is speckle free and very
uniform, as shown in the example image 906,

10054} FIG. 10A shows exemplary line-cuts 1002-1006 associated with
exemplary images S02-206 respectively for a semi-quantitative comparison. In this
case, iine-cut 1002 is associated with direct coupling of the MMF cutput, line-cut 1004 is
associated with the MMF coupled to EUCLID with the DC vibration motor turned OFF,
and line-cut 1006 is associated with the MMF coupled to EUCLID with the DC vibration
mator turned ON. As shown, line-cut 1008 exhibits a high level of uniformity.

10055} FiG. 10B shows exemplary intensity histograms 1010-1014 associated
with exempiary images 1002-1006 respectively for a semi-guantitative comparison. In
this case, histogram 1010 is associated with direct coupling of the MMF output,
histogram 1012 is associated with the MMF coupled to EUCLID with the DBC vibration
motor turned OFF, and histogram 1014 is associated with the MMF coupled to EUCLID
with the DC vibration motor turned ON. Histogram 1014 clearly shows the superior
performance of Laser-EUCLID in flatness factor and plateau uniformity.

10056} FiG. 11 shows a table 1102 of a performance comparison of EUCLID. In
particular, table 1102 presents a performance evaluation of EUCLID while utilizing LEDs
and lasers. it is noteworthy that EUCLID showcases superior performance compared (o
the existing spackle-free and commercial refractive optical element (ROE) solutions.
(00573 FiGs. 12A-12C are schamatic diagrams of another exemplary laser-
EUCLID 1200, FIG. 12A shows laser-EUCLID 1200 having g EUCLID 1202, aspheric
lens 1204, lens adjuster 1208, and input poris 1208 — 1212, Note that laser-EUCLID

1200 is configured to operate like a light integrating device like laser-EUCLID 800.

-17 -
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Also, EUCLID 1202 includes a conical cavity like EUCLID 802 to produce uniform laser
light, including a movable rod 1214 to control the uniformity of the laser light and
speckle ocutputted from EUCLID 1202, One may make EUCLID 1202 from durable
plastics, such as PTFE or the like. Aspheric lens 1204 is like adjustable lens 804,
ncluding how to adjust the distance between the ouiput of EUCLID 1202 and aspheric
lens 1204 using lens adjustor 1206, In this implementation, igser-EUCLID 1200
includes three input ports 1208-1212 for receiving laser light from three different MME
fibers. In other implementations, laser-EUCLID may have more or lass input ports.
Note each MMF fiber may be connected to a DC vibration motor.

10058} FIG. 128 shows a cross-sectional view of EUCLID 1202, input port 1212,
aspheric lens 1204, and lens adjustor 1206, In particular, FIG. 128 shows a hollow
conical cavity 1216 of EUCLID 1202, Each input port 1208-1212 diracts the received
laser light from the different MMFEs 10 conical cavity 1218, VWhen the vibration motor for
each MMF fiber is tumed ON and connected to EUCLID 1202, EUCLID 1202
homogenizes the optical fluminations from its internal LEDs and receaived laser hight
from different MMFs to emit a uniform and speckle-free laser light as output.

100591 Movable rod 1214 controls uniformity and speckle of light emitted by
conical cavity 1216 by modifying the back surface of conical cavity 1216 using movable
rod 1214, In this implementation, conical cavity 1216 may have a hole {of different
diameaters) on is back surface with movable rod 1214 to provide an adjustable radiance
profile (low output angles). Moreover, the oulput of conical cavity 1216 is directed {o

hollow cavity 1218, which includes an aspheric lens 1204, One can laterally adjust,
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using lens adjustor 1206, the position of aspheric lens 1204 within cavity 1218 to
produce a collimated output.

10060} in FIG. 120, an enclosure 1220 is configured {o protect laser-EUCLID
1200, This enclosure 1220 safeguards all the components within laser-EUCLID 1200,
except for aspheric lens 1204 and lens adjustor 1200, Additionally, there are openings
1222 that coincide with input poris 1208-1212 1o receive the three MMFs. Enclosure
1220 can be made from various durable plastic materials, such as
polvtetrafluorcethylene (PTFE) or similar materials. It is also possible to create
enclosure 1220 using other durable materiais.

100613 FIG. 13A shows an exemplary imaging system 1300 using EUCLID for
imaging. Humination source 1302 provides illumination {0 imaging system 1300 for
imaging a sample or the like. Hlumination source 1302 may include EUCLID 100 or 700
described herein, where the cutput is a highly uniform iight. Moreover, illumination
source 1302 may inciude laser-EUCLID 800, 820, or 1200 described hersin, where the
output is speckie-free and uniform laser light. In both instances, the cutput of
Humination 1302 s directed {o lens arrangement 1304,

100621 imaging system 1302 produces Koehiler fllumination for imaging using a 4f
Koehier alignment. In other implementations, imaging system 1302 may include other
configurations for producing different illumination types besides Keohler illumination. In
particular, imaging system 1302 includes a pupil 1306, a colimator lens 1308, a pupi
1310, a condenser lens 1312, an objactive lens 1314, and an objective back focal
aperture stop 1316, The distance between pupil 1306 and collimator lens 1308 is the

focal distance f1 of collimator lens 1308, The distance between pupi 1310 and

-10 .
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colfimator lens 1308 is aiso 1. The distance between pupil 1310 and condenser lens
1312 is the focal length f2 of condenser lens 1312, The distance between objective

lens 1314 and condenser lens 1312 is also 2.

100631 in this implementation, pupil 1306 receives the ocutput light from
flumination source 1302 and directs the received light to collimator lens 1308,
Collimator lens 1308 focuses and ieads the received light to pupil 1310, Pupil 1310
direct its received light to condenser lens 1312, Condenser lens 1312 focuses its
raceived light to objective back focal aperture stop 1316 {0 be received by objective lans
1314, Objective lens 1314 outputs light defined by Koehler tlumination to be applied for
imaging on a sample plane.

10064} FIG. 138 shows LED illumination source 1304 is directly connected to the
same imaging system 1302, Nevertheless, the ocutput image 1320, genearatad through
EUCLID, is highly uniform and free of speckies, with no skew, making it a suitable
option for imaging purposes, as shown in FIG. 13C. On the other hand, image 1322,
associated with LED usage, shows a skewed fllumination, which is not desirable for
imaging purposes, as shown in FIG. 13C. Hence, it is conclusive that EUCLID is a
preferred option for Koghler dlumination and other similar applications.

10065} FiG. 14 is a process flowgraph of operations included in an exemplary
process 1400 for producing illumination.  Process 1400 includes providing a light
integrating device (such as EUCLID 102, 706, 802, 822, or 1202) for coupling o at least
one optical structure (such as imaging system 1300, lenses) at an output port (such as
output port 110) (Step 1402). The light integrating device includes at Isast one input port

(such as input port 104, 712, or 714). Process 1400 includes producing, using at least
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one light source (such as LED 106, 718, or 718), at least one optical ilumination coupled
to the at least one input port (Step 1404). Process 1400 inciudes controlling, using a light
adjusting tool (such as movable rod 108 or 1214}, the optical Hlumination emitted by the
fight infegrating device (Step 1406).  The light adjusting ool controls uniformity of light
gmitted by the light integrating device by modifying at least one internal surface of the
light integrating device.

10066} in some implementations, the at least one input port and the oulput port
may be positioned not {o face each other on the at least one internal surface of the light
integrating device. The light integrating device may include an internal shape nominally
conical. The light integrating device may include an apex at the output port coupling o
the at least one optical structure. The apex angle may be oplimized to maximize light
coupled to the at least one optical structure at the output port. The at least one light
source may include a light emitting diode (LED) at the at least one input port. The at
least one light source may include a plurality of LEDs at the at least one input port. The
light source may include at least one laser at the at least one input port. The at least
one laser may be mechanically vibrated. The light source may include at least ong
fiber-coupled laser delivering the at least one optical Hlumination into the light integrating
device through a fiber. The fiber may be mechanically vibrated. The light adjusting tool
may include a manual adjustment knob positioned at a distal end of the light adjusting
tool for modifying the internal surface. The internal surface of the light integrating
device may include diffused reflecting material. The light integrating device may include

polvistrafluoroethylene (PTFE).
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100673 FiG. 15 is a process flowgraph of operations included in an exemplary
process 1500 for producing ilumination. Process 1500 includes providing a light
integrating device (such as EUCLID 102, 706, 802, 822, or 1202) for coupling to at least
one optical structure (such as imaging system 1300, lenses) at an output port (such as
cutput port 110) (Step 1502). The light integrating device includes at least one input
port {((such as input port 104, 712, or 714). Process 1500 includes producing, using at
least one laser source {such as laser source 806 or 828) couplad to at lsast one
vibration source (such DC vibration motor), light input to the at least one input port {(Step
1504). Process 1500 includes delivering, at an ouiput port (such as oulput port 110) of
the light integrating device, speckle-free and uniform laser iflumination (Step 15086). The
ight integrating device homogenizes the light input from the at least one laser source,
(0068} in some implemeantations, the at least one input port and the oulput port
may be positioned not {0 face each other on an internal surface of the light integrating
device. The light integrating device may include an internal shape nominally conical.
The light integrating device may include an apex at the cutput port coupling to the at
least one optical structure. The apex angle is optimized to maximize light coupled o the
at least one optical structure at the cutput port. The internal surface of the light
integrating device may include a diffused reflecting material. The light integrating
device may include polytetraflucroethylene (PTRE). The at least one laser source may
include a plurality of laser sources for providing light input to the light integration device
at the same or different wavelengths at the at least one input port. The at least one

laser source may include at least one fiber-coupled laser delivering the at least one
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optical iilumination into the light integrating device thru a fiber. The at least one fiber-
coupled laser may include a multi-mode fiber. The fiber may be mechanically vibrated.

{

(00697 Reference in the specification 1o “one implementation” or “an
implementation” meaans that a particular feature, structure, or characteristic described in
connection with the implementation is included in al least one implementation of the
disciosure. The appearances of the phrase “in one implemeniation,” "in some

EE

implementiations,” “in one instance,” “in some instances,” "in one case,” “in some cases,”
‘in one embodiment,” or “in some embodiments” in various places in the specification are
not necessarily all referring to the same implementation or embodiment.

(00707 Finally, the above descriptions of the implementations of the present
disclosure have been presented for the purposes of illustration and description. s not
intended {0 be exhaustive or to limit the present disclosure 1o the precisea form disciosed
Many modifications and variations are possible in light of the above teaching. it is
intended that the scope of the present disclosure be limited not by this detsiled
description, but rather by the claims of this application. As will be understood by those
familiar with the art, the present disclosure may be embaodied in other specific forms
without departing from the spirit or essential characteristics thereof. Accordingly, the

present disclosure is intended (o be Hlustrative, but not imiting, of the scope of the present

disclosure, which is set forth in the following claims.
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WHAT IS CLAIMED 18

1. An lumination source comprising:

a light integrating device for coupling to at least one optical structure at an cufput
port, where the light integrating device includes at least one input port;

at least one light source for producing at least one optical iflumination coupled to
the at least one input port; and

a light adjusting tool for controlling the optical ilumination emitied by the light
integrating device, wherain the light adjusting teol controls uniformity of light emitted by
the light integrating device by modifying at least one internal surface of the light

integrating device.

2. The llumination source of claim 1, wherein the at least one input port and the
output port are positionad not 10 face each other on the at least one internal surface of

the light integrating device.

3. The Hlumination source of claim 1, wherain the light integrating device

comprises an intemal shape nominally conical.

4. The illumination source of claim 3, wherein the light integrating device

comprises an apex at the output port coupling to the al least one optical structure.

5. The illumination source of claim 4, wherein the apex angle is optimized o

maximize light coupled to the at least one optical structure at the output port.
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8. The lllumination source of claim 1, wherein the at least one light source

comprises a light emitting diode (LED) at the at least one input port.

7. The llumination source of claim 1, wherein the at least one light source

comprises a plurality of LEDs at the at least one input port

8. The llumination source of claim 1, wherein the light source comprises at lsast

one laser at the at least one input port.

8. The llumination source of claim 8, the at least one laser is mechanically

vibrated.

13, The illumination source of claim 1, wherein the at least one light source
comprises at least one fiber-coupled laser delivering the at least one optical ilumination

into the light integrating device through a fiber.

1. The illumination source of claim 10, wherein the fiber is mechanically

vibrated.

12, The illumination source of claim 1, whearein the light adjusting tool comprises
a manual adjustment knob positioned at a distal end of the light adjusting tool for

modifying the internal surface.

[
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13. The illumination source of claim 1, wherein the internal surface of the light

integrating device comprises diffused reflecting matenial.

4. The iilumination source of claim 1, wherein the light integrating device

comprises polyietrafluorcethyiene (PTRFE).

15, An Hlumination source comprising:

a light integrating device for coupling to at least one optical structure at an output
port, where the light integrating device includes at least one input port;

at least one laser source coupled to al least one vibration source provides light
input to the at least one input port, wherein

the light integrating device homaogenizes the light input from the at least one laser
source to emil speckle-freg uniform laser ilumination at an output port of the light

integrating device.

16. The illumination source of claim 15, wharein the at least ong input port and
the output port are positioned not to face sach other on an internal surface of the light

integrating device.

17. The illumination source of claim 15, whersin the light integrating device

comprises an intemal shape nominally conical.
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18. The illumination source of claim 17, whearein the light integrating device

comprises an apex at the output port coupling o the al least one optical structure.

18. The illumination source of claim 18, wherein the apex angle is optimized o

maximize light coupled to the at least one optical structure at the output port.

20. The fllumination source of claim 16, wherein the internal surface of the light

integrating device comprises a diffusad reflecting material.

21. The illurnination source of claim 15, wherein the light integrating device

comprises polytetrafluorcethylens (PTFE).

22. The illumination source of claim 15, wherein the at least one laser source
comprises a plurality of laser sources for providing light input to the light integration

device at the same or different wavelengths at the at least one input port.

23. The illumination source of claim 15, wherein the at least one laser source
comprises at least one fiber-coupled laser delivering the at least one optical ilumination

into the light integrating device through a fiber.

24. The illumination source of claim 23, wherein the at least one fiber-coupied

laser comprises a multi-mode fiber.
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25. The illumination source of claim 23, the fiber is mechanically vibrated.

268, A method for producing ilumination, the method comprising:

providing a light integrating device for coupling to at least one optical structure at
an output port, where the light integrating device includes at least one input pori;

producing, using at least one light source, at least one optical iilumination, the at
least one light source coupled to the at least one input port; and

controlling, using a light adjusting tool, the optical liumination emitiad by the light
integrating device, wherein the light adjusting tool controls uniformity of light emitted by
the light integrating device by modifying at least one inlernal surface of the light

integrating device.

27. The method of claim 28, wherein the light integrating device comprises an
internal shape nominally conical with an apex of a cone at the output port, and the apex
angle is optimized to maximize light coupled o the at least one oplical structure at the

ouiput port.

28. A method for producing ilumination, the method comprising:

providing a light integrating device for coupling to at least one optical struciure at
an output port, where the light integrating device includes at least one input port;

producing, using at least one laser source coupled {0 at least one vibration

source, light input to the at least one input port, and
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delivering, at an oulput port of the light integrating device, speckie-free and
uniform laser llumination, wherein the light integrating device homogenizes the light

input from the at least one laser source.

22. The method of ciaim 28, wherein the at least igser source comprises a
plurality of laser sources for providing the light input to the light integrating device at the

same or different wavelengths at least one input port.

30. The method of claim 28, wherein the light integrating device comprises an
internal shape nominally conical with an apex of a cone at the output port, and the apex
angle is optimized to maximize light coupled o the at least one optical structure at the

output port.
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