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tems and related methods are disclosed. According to an aspect, a system
for imaging or relaying an image of an object includes a first optical ele-

ment having a first focal length f, for imaging or relaying an image of an
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object at the distance f; from the first optical element. The system also in-
cludes a second optical element having a second focal length f, for re-
ceiving an image of the object from the first optical element and for fo-
cusing an output of the image at the distance f, from the second optical
element on a side that opposes the first optical element. The first optical
element and the second optical element are separated by a distance of ap -
proximately [Formula I ], wherein r is the finite radius of curvature of the
wavefront of light located at the object or image of the object.
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DESCRIPTION
COMPACT TELESCOPE CONFIGURATIONS FOR LIGHT SCANNING SYSTEMS
AND METHODS OF USING THE SAME

CROSS REFERENCE TO RELATED APPLICATION
[0001] This application claims the benefit of U.S. Provisional Patent Application

Number 62/112,389, filed February 5, 2015 and titled COMPACT TELESCOPE DESIGN
FOR LIGHT SCANNING SYSTEMS AND METHODS OF USING THE SAME, the

disclosure of which is incorporated herein by reference in its entirety.

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

[0002] The technology disclosed herein was made in part with government support
under Federal Grant Nos. EY021321 and EY023039 awarded by the National Institutes of

Health (NIH). The United States government has certain rights in the technology.

TECHNICAL FIELD
[0003] The present subject matter relates to light scanning systems. More particularly,

the present subject matter relates to compact telescope configurations for light scanning

systems and methods of using the same.

BACKGROUND
[0004] Scanning laser ophthalmoscopy (SLO) and optical coherence tomography

(OCT) are widely used retinal imaging modalities that can assist in the diagnosis of retinal
pathologies. SLO is a confocal imaging technique that produces real-time, high contrast 2-D
en-face retinal images by raster scanning illumination and detecting backscattered light through
a pinhole. OCT, like SLO, utilizes raster scanning and confocal detection but also employs
coherence gating in the axial direction, which allows for high resolution depth sectioning.
Current-generation clinical spectral domain OCT (SD-OCT) and swept source (SS-OCT)
systems utilize rapid acquisition along the depth axis (depth-priority scanning) at 20 - 100 kHz

line rates to produce high-resolution 2-D cross-sectional images (B-scans) near video rate.
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[0005] The combination of SLO and OCT has been explored by various groups in either
simultaneous or sequential SLO-OCT imaging. Some of these imaging systems have been
translated to the clinic as table-top systems mounted to a patient positioning frame like those
used in modern slit-lamps. However, due to the physical size and design of these tabletop
systems, imaging is limited to patients who are able to sit in an upright position and fixate for
several minutes. A portable, handheld SLO-OCT probe would be useful in acquiring motion-
corrected OCT volumes in young children, as well as patients that are supine, under anesthesia,
or otherwise unable to maintain the required posture and fixation. While compact or handheld
SLO systems and handheld OCT systems have been described, there is a need for improved
systems that have a more compact and lightweight design.

[0006] Conventional telescopes, such as Galilean and Keplerian telescopes, require two
sets of optical elements with a spacing between them equal to the sum of their effective focal
lengths. This spacing can contribute to a significant fraction of the telescope size especially
for large magnifications and long focal lengths. Although reducing the focal lengths of the
optics used in the telescope by a constant factor can be done to reduce telescope size while
preserving magnification, practical constraints such as the minimum working distance from a
light scanner to the telescope pose fundamental limits to the extent to which the focal lengths
of telescope optics can be decreased. Handheld light scanning systems employing telescopes
for retinal imaging purposes have been demonstrated. In such cases, a collimated beam was
used prior to a light scanner and a conventional Keplerian telescope was utilized to relay an
image of the scanners to the pupil plane of the eye. However, such designs require a spacing
equal to the sum of the effective focal lengths of the telescope’s optical elements and therefore
limit the minimum size of handheld light scanning systems. For at least this reason, there is
a desire to provide for smaller handheld designs for systems utilizing both a light scanner and

a telescope that relays an image of the light scanner.

SUMMARY
[0007] Disclosed herein are compact telescope configurations for light scanning

systems and related methods. In accordance with an aspect, systems disclosed herein use a
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converging beam prior to a light scanner to minimize the separation between telescope optics.
Field correcting optics can be used to compensate for optical aberrations introduced by this
technique while producing a collimated beam output. The presently disclosed subject matter
can be used to maintain telescope magnification while further reducing the telescope size in
light scanning systems. Techniques and systems disclosed herein can be used to provide
small handheld designs for systems using both a light scanner and a telescope that relays an
image of the light scanner.

[0008] According to an aspect, a system for imaging or relaying an image of an object
includes a first optical element having a first focal length f; for imaging or relaying an image
of an object at the distance f; from the first optical element. The system also includes a
second optical element having a second focal length f, and having an optical axis
substantially aligned with an optical axis of the first optical element for receiving an image of
the object from the first optical element and for focusing an output of the image at the distance
f>» from the second optical element on a side that opposes the first optical element. The first

optical element and the second optical element are separated by a distance of approximately

2
i+ fo— ff, wherein r is the finite radius of curvature of the wavefront of light located at the

object or image of the object.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] The foregoing aspects and other features of the present subject matter are
explained in the following description, taken in connection with the accompanying drawings,
wherein:
[00010] FIG. 1 is a diagram of an example converging-at-scanner telescope in
accordance with embodiments of the present disclosure;
[00011] FIG. 2 is a plot of the fractional length reduction of the converging-at-scanner
telescope versus the normalized radius of curvature R of the wavefront of light at the light
scanner for several values of telescope magnifications M;

[00012] FIG. 3 is a plot of the maximum scan angle of the light scanner Omax versus the
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radius of curvature r of the wavefront of light at the light scanner for a variety of input beam
diameters D;

[00013] FIG. 4 is a schematic diagram of an SLO-OCT handheld probe and optical
system in accordance with embodiments of the present disclosure;

[00014] FIG. 5 depicts spot diagrams (grayscaled for 3 wavelengths spanning 805 — 870
nm) from the probe shown in FIG. 4 for both SLO and OCT illumination on the retina of a
model eye spanning a 7° FOV;

[00015] FIG. 6 is a side view of an example handheld probe in accordance with

embodiments of the present disclosure;

[00016] FIG. 7 is a cross-sectional side view of the example handheld probe shown in
FIG. 6;
[00017] FIG. 8 is an image of the fabricated probe in handheld use for imaging a

subject’s eye;

[00018] FIG. 9 are images generated by an example SLO-OCT handheld probe in
accordance with embodiments of the present disclosure;

[00019] FIG. 10 is a diagram of another example probe in accordance with embodiments
of the present disclosure;

[00020] FIG. 11 depicts spot diagrams (grayscaled for 3 wavelengths spanning 1000 —
1100 nm) from the probe shown in FIG. 10 for OCT illumination on the retina of a model eye
spanning a 10 mm FOV; and

[00021] Fi(3. 12 15 a cross-sectional side view of another example probe in accordance

with embodiments of the present disclosure.

DETAILED DESCRIPTION
[00022] For the purposes of promoting an understanding of the principles of the present
disclosure, reference will now be made to various embodiments and specific language will be
used to describe the same. It will nevertheless be understood that no limitation of the scope
of the disclosure is thereby intended, such alteration and further modifications of the disclosure

as illustrated herein, being contemplated as would normally occur to one skilled in the art to
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which the disclosure relates.
[00023] Articles “a” and “an” are used herein to refer to one or to more than one (i.e. at
least one) of the grammatical object of the article. By way of example, “an element” means

at least one element and can include more than one element.

non N

[00024] In this disclosure, "comprises,” "comprising," "containing” and "having" and
the like can have the meaning ascribed to them 1n U.S. Patent faw and can mean "includes,”
"including,” and the like; "consisting essentially of" or "consists essentially"” likewise has the
meaning ascribed in U.S. Patent law and the term is open-ended, allowing for the presence of
more than that which 1s recited so long as basic or novel characteristics of that which 1s recited
is not changed by the presence of more than that which is recited, but excludes prior art
embodiments.

[00025] Ranges provided herein are understood to be shorthand for all of the values
within the range. For example, a range of 1 to 50 is understood to include any number,
combination of numbers, or sub-range from the group consisting 1,2,3,4,5,6,7, 8,9, 10, 11,
12, 13,14, 15, 16, 17, 18, 19,20, 21 . 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36,
37,38, 39, 40, 41, 42, 43, 44, 45 46, 47, 48, 49, or SO,

[00026] Unless specifically stated or obvious from context, as used herein, the term
"about" is understood as within a range of normal tolerance in the art, for example within 2
standard deviations of the mean.  The term “about” can be understood as within 10%, 9%, 8%,
7%, 6%, S%, 4%, 3%, 2%, 1%, 0.5%, 0.1%, 0.05%, or 0.01% of the stated value. Unless
otherwise clear from context, all numerical values provided herein are modified by the term
“about.”

[00027] Unless otherwise defined, all technical terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this disclosure
belongs.

[00028] In accordance with embodiments of the disclosed subject matter, compact light
scanning systems are provided that utilize a converging beam prior to the scanner to minimize

the empty space within the telescope and field correcting optics to compensate for optical

aberrations. In accordance with embodiments, the systems can be used as part of a combined
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scanning laser ophthalmoscopy and optical coherence tomography handheld probe. As a
result of the presently disclosed subject matter, the size of telescopes in light scanning systems
can be significantly reduced by minimizing the empty space within the telescope and correcting
for the resulting error optically both before and after the light scanner.

[00029] Systems and methods disclosed herein may be used in, for example, bar
scanners, laser printers, endoscopes, confocal microscopes, SLO, OCT systems, and other
devices that utilize both telescopes or beam expanders and light scanning. This compact
design in a light scanner can be important for reducing the size of such equipment. These
compact designs can facilitate better portability and increased comfort for the operator.
[00030] Compact telescope design can be especially important for retinal imaging
modalities, such as SLO and OCT, when developing handheld probe designs. Because of
limitations in the aperture size of current high-speed 2D scanning mirrors, large magnifications
are often necessary to optimize the imaging resolution at the retina. Some traditional methods
of reducing telescope size while preserving magnification require reducing the focal lengths of
the optics used in the telescope by a constant factor. However, practical constraints such as
the minimum working distance from the light scanner to the telescope and from the telescope
to the eye can pose fundamental limits to the extent to which the focal lengths of the telescope
optics can be decreased. The presently disclosed subject matter can be used to further reduce
the telescope size beyond that possible by simply reducing the focal lengths of the telescope
optics. Further, the presently disclosed subject matter can also be applied to any suitable
telescope between two light scanners that serve to image one scanner on to the other.

[00031] As referred to herein, an “optical element” may be any suitable component for
manipulating light. For example, an optical element may be a lens. In other examples, a
refractive optical element may include dioptrics, catoptrics, catadioptrics, diftractive optics,
the like and any combination thereof.  Also, it should be understood that when a particular
optical element {e.g., a lens} is referred to herein, then any other suitable one or more optical
elements may replace the particular optical element for achieving the same function as will be
understood by those of skall in the art.

[00032] As referred to herein, a “light scanner” may be any suitable component for

6
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scanning light. For example, a scanner may be a 2D microelectromechanical system (MEMS)
scanner. In other examples, a light scanner may be a galvanometric scanner, resonant scanner,
reflective polygon scauner, rotating prism scanner, optical phased array, the hike, or any
combination thereof.  Also, it should be understood that when a particular light scanner (e.g.,
a MEMS scanner} is referred to herein, then any other suitable one or more light scanners may
replace the particular optical element for achieving the same function as will be understood by
those of skill in the art.

[00033] FIG. 1 illustrates a diagram of an example converging-at-scanner telescope 100
in accordance with embodiments of the present disclosure. Relevant lengths and angles are
labeled in the figure. Shaded areas 102, 104, and 106 denote scan angles. Chief rays are
denoted by dashed lines 108, 110, and 112. Dotted circle 114 indicates the location of beam
convergences from light with a radius of curvature r at the light scanner in the case that 7 is
less than f;. Here, a positive value of 7 refers to a radius of curvature that would result in a
converging beam after the light scanner while a negative value of » would result in a diverging
beam after the light scanner. A general schematic of the converging-at-scanner telescope
design is shown in Fig. 1. The beam enters the telescope converging at a distance  from a
position 115 for the scanner. There are two lenses, L1 and L2, with focal lengths f; and f>,
respectively. The layout is identical to a traditional 4fimaging telescope, except the distance
between the lenses d, which is decreased to compensate for the initial defocus caused by the
converging beam. As r is increased to infinity, the input beam becomes collimated and d
becomes f; + f> as in a 4f telescope. Because the chief rays of the scan all start a lateral
distance f; from the principal plane of L1, they travel in infinity space between the lenses, and
thus converge at a lateral distance f> after the principal plane of L2. Additionally, the same
lateral and angular magnifications based on the length of the lenses apply as for a 4f telescope
(> f1 and fi/ f> respectively). Thus, a 4f imaging configuration is easily converted to a
converging-at-scanner design without change in angular range or spot size. In the limiting

case where d = 0, the two optical elements can be combined into a single element with focal

Jis
fitfe

length f' = L2 14 this case, 1 =
2
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[00034] By approximating L1 and L2 as thin, paraxial lenses, the following expression
for the total length of the telescope £ can be derived:
t=f+fit+d

fi
=ht+hHh+ (A +f2—7)

By normalizing this expression by the total length of a 4f telescope, 2f; + 2>, a general

expression for the fractional length of the telescope, L, can be derived:
1
2R(1+ M)

where R = r/f; (normalized radius of curvature) and M = fo/f; (lateral magnification of the

L=1

telescope). A plot of the latter term in this equation, the fractional reduction in telescope
length, is shown in FIG. 2, which illustrates a plot of the fractional length reduction of the
converging-at-scanner telescope versus the normalized radius of curvature R of the wavefront
of light at the light scanner for several values of telescope magnifications M.

[00035] However, if purely paraxial lenses are used, a small value of 7 induces a high
field curvature. In the previous work, the field curvature was induced intentionally, but for
many imaging systems field curvature is undesirable as it leads to regions of the image being
out of focus. To quantify the degradation of the image, consider a Gaussian input beam of

diameter D. The beam can converge after a distance 7, giving it a divergence angle ¢ of

¢ = atan (%)

and therefore a Rayleigh range of

4 42
Zp = =

ng? 7 atan? (%)

The image can be said to be out of focus if the beam is scanned to an angle Bmax such that the
focus of the scanned beam is a Rayleigh range away from the focus of the unscanned beam.
The expression for Omax 1s:
ZR
Omax = acos(1 — T)
A plot of Omax versus r for a variety of input beam diameters is shown in FIG. 3. The plots

demonstrate that a short » length greatly reduces the potential in-focus scan angle range. It
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should be noted that even at one Rayleigh range, the spot size is increased by a factor of V2,

which may still lead to blurring.

[00036] If the application calls for a scan angle greater than Omax or the scan is within
Bmax but the blur at the edges of the image is too great, additional optics can be introduced to
reduce the field curvature. One method for reducing field curvature is to simply introduce a
zero-power field flattening lens into the system. If 7 < f;, there can be a focal plane between
the scanner and L1; otherwise, there can be a focal plane between L1 and L2. Typically, the
field flattener may be placed as close to the focal plane as possible to minimize the induced
aberrations, but the field flattener may be placed in any suitable position within the system.
[00037] A second method to remove field curvature may be to design custom optics for
L1 that incorporate focusing power, aberration correction, and field flattening in a low number
of elements. Although custom optics are a more expensive option, this approach will result
in the lowest total amount of aberration (including field curvature).

[00038] A compact telescope design in accordance with embodiments disclosed herein
may be used to prototype an SLO and OCT handheld probe. For example, FIG. 4 illustrates
a schematic diagram of an SLO-OCT handheld probe and optical system 400 in accordance
with embodiments of the present disclosure. Referring to FIG. 4, the optical components of
the system 400 are labeled and described in the legend. The system may be used to image in
SLO mode or OCT mode. For both SLO and OCT imaging, light from an 840 + 35 nm
superluminescent diode (SLD) can be directed through an 80/20 coupler to an input fiber port
on the handheld probe. Light sources with other central wavelengths or bandwidths may also
beused. Also splitting ratios other than 80/20 can be employed for the coupler. Light to the
handheld probe can be collimated by an off-axis parabolic mirror and then focused by a lens
prior to a I mm aperture MEMS scanner. After the MEMS scanner is the proposed compact
telescope, which includes a combination of custom (L2 and L4) and commercial (L3) lenses to
magnify the beam at the scanners to create a 2.8 mm beam at the pupil of the eye with a 7°
field of view (FOV). Field curvature was minimized in this design by suitable optics that

incorporate focusing power, aberration correction, and field flattening in a low number of
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elements. Although such optics may be a more expensive option, this approach can result in
the lowest total amount of aberration (including field curvature). A plano-concave lens (L3)
can remove most of the field curvature and may be placed soon after the focal plane. Prior to
this lens, a custom biconvex lens (L2) may be suitably positioned. In one experimental design,
the positioning of lens L2 was optimized in optical design software ZEMAX (available from
Zemax LLC), such that the principal plane of the L2 and L3 lens pair was a focal length away
from the scanner and the remaining monochromatic aberrations of the system including
residual field curvature were minimized. The last lens of the telescope, an asymmetric triplet
(L4), was optimized to provide a telescope magnification of 2.8, correct for chromatic
aberrations across the illumination spectrum (840 + 35 nm), and minimize induced
monochromatic aberrations. The resulting optical design achieved a near-diffraction limited
resolution of 8 um over a 7° FOV on a model eye as shown by the geometric spot diagrams in
FIG. 5, which depicts spot diagrams (grayscaled for 3 wavelengths spanning 805 — 870 nm)
for both SLO and OCT illumination on the retina of a model eye spanning a 7° FOV.
Backscattered light from the eye was collected through the same fiber used for illumination
and directed to a spectrometer when imaging in OCT mode or an avalanche photodiode when
imaging in SLO mode. The remaining end of the 80/20 coupler was connected to a beam
dump or areference arm when imaging in SLO or OCT mode, respectively. Another possible
collection scheme may use a dual-clad fiber as an alternative to the coupler used in this
embodiment. In this scheme, the single mode core of the dual clad fiber can input light into
the handheld probe while both the single mode core and multimode outer cladding could collect
backscattered light used for imaging in either SLO or OCT modes.

[00039] SLO images were acquired at 14.8 frames per second (fps) with 500 lines per
frame and 675 pixels per line by using a 5 MHz digitizer, applying a 3.7 kHz sinusoidal
waveform to the fast axis of the MEMS scanner, and utilizing both the forward and backward
sweeps of the sinusoidal scan as separate lines in the frame. For OCT imaging, B-scans were
acquired at 40 fps with 500 A-scans/B-scan and 2048 pixels/A-scan, by using a 20 kHz A-scan
rate (limited by the speed of the spectrometer) and a 40 Hz sawtooth waveform to the fast axis

of the MEMS scanner.
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[00040] FIGs. 6 and 7 illustrates different views of an example handheld probe 600 in
accordance with embodiments of the present disclosure. Particularly, FIG. 6 is a side view of
the probe 600, and FIG. 7 is a cross-sectional side view of the probe 600. Referring to FIG.
7, the probe 600 includes an L-shaped key 700 to prevent the outer bore from being
unintentially removed when adjusting focus. The probe 600 also includes a spacer 702 with
tangential and toroidal interfaces for supporting the close proximity of the multiscale lens pair
located after the MEMS scanner while minimizing stress-induced distortions of the optical
wavefront. Reference number 704 indicates the probe body, which may be made of 7075
aluminum or any other suitable material. The probe 600 includes a 4 start high lead threaded
interface 706 for rapid focus adjustment. Further, the probe 600 includes a
polytetrafluoroethylene radio tensioning ring 708 for preventing the objective from
unintentional translation. Radial tension can be supplied by 20% compression of a neoprene
foam ring. It is noted that the mechanics of the probe 600 were designed and modeled in
SOLIDWORKS software, available from Dassault Systemes. The probe 600 in this example
has a form factor of 7x 6 x 2.5 cm and a weight of about 94 g.  The last lens of the probe was
allowed to translate by rotating the probe’s outer bore in order to provide + 3 D of refractive
correction. FIG. 8 is an image of the fabricated probe in handheld use for imaging a subject’s
eye.

[00041] With continued reference to FIG. 7, the probe 600 include a MEMS scanner 710
is the MEMS scanner. Further, the probe includes an input fiber 712 to provide light to the
system from the SLD. The probe 600 also includes a reflective collimator (OAP) 714 (see
the example of FIG. 4).  Further, the probe 600 include lens L1 716, lens L2 718, lens L3 720,
and lens L4 722 (see the example of FIG. 4).

[00042] FIG. 9 are images generated by an example SLO-OCT handheld probe in
accordance with embodiments of the present disclosure. The SNR of the OCT system was
101 dB and the incident power on the eye for either SLO or OCT was 685 pW, which is under
the ANSI maximum permissible exposure limit. The OCT axial resolution and 6 dB falloff
range were measured to be 7 um (in air) and 1.1 mm, respectively.  Background

measurements taken prior to imaging were subtracted from both SLO and OCT images to

11



WO 2016/127140 PCT/US2016/016900

minimize static artifacts such as lens reflections and scratches or dust on optical elements.
Such artifacts can be further reduced by the use of polarization gating. SLO images were
acquired with a field of view of either 6.4° x 8.8° as shown in the image labeled A, or 3° as
shown in the images labeled B and C. Image A of FIG. 101s a single frame SLO image taken
at the maximum scan range of the MEMS scanner giving a 6.4° x 8.8° FOV at a 4.4°
eccentricity. Images B and C of FIG. 10 are single frame SLO images taken with a 3° FOV
at a 5.7° and 3.8° eccentricity, respectfully, visualizing parafoveal photoreceptors.

[00043] At the smaller FOV, the SLO visualized parafoveal cones as close as a 3.8°
eccentricity without adaptive optics. OCT images were acquired at a 6.4° FOV as shown in
the image labeled D in FIG. 9. A mosaic of twenty-five 6.4° x 8.8° FOV images was created
using Mosaic] software to obtain a 26.4° x 18.4° FOV image of the retina as shown in the
image label E in FIG. 9. In the mosaic image, nerve fiber bundles can be clearly visualized
at the bottom left region of the optic disc. Image D shows an OCT B-scan (10 frame average)
spanning a 6.4° FOV at the fovea. Image E shows a mosaic with a 26.4° x 18.4° FOV
generated from 25 SLO images with the FOV of image A. Boxes 900, 902, and 904 indicate
the locations of the SLO images A, B, and C, respectively. Dashed line 906 indicates the
location of the OCT B-scan of image D.

[00044] FIG. 10 illustrates a diagram of another example probe 600 in accordance with
embodiments of the present disclosure. The probe 600 may be used to image an eye as
depicted in the figure.  An optical pathway of the probe 600 is designated by reference number
1000. The probe 600 includes lenses L1 — L7, which may be any suitable optical elements.
In this example, lens L1 is an achromatic collimating lens. Lens L2 is an achromatic lens.
Lenses L3 — L7 together form a large FOV, high resolution telescope. The resolution of probe
600 when imaging an eye or model eye may be diffraction limited with an airy disk radius
ranging between 11.8 um and 13.1 um. The RMS radius for the spot size when imaging an
eye or model eye may be 6.7 um.

[00045] FIG. 11 depicts spot diagrams from the probe 600 shown in FIG. 10. These
diagrams demonstrate diffraction-limited performance (12.5 um resolution) spanning the entire

retinal field of view (10 mm x 10 mm).
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[000406] The presently disclosed subject matter provides, for example, a compact
telescope design for constructing very compact SLO and OCT handheld probes with high
imaging quality. A system in accordance with the present disclosure may be used for
reducing the size of other devices that utilize both telescopes and light scanning such as bar
scanners, laser printers, endoscopes, confocal microscopes, and the like.

[00047] In accordance with embodiments of the present disclosure, FIG. 12 tllustrates a
cross-sectional side view of ancther example probe 600, The probe 600 shown in FIG. 12 has
a very wide field of view. A prototype built in accordance with this design has a weight of
165 g, and the system was capable of a 35° FOV, which corresponds to a 10 mm FOV.  The
optical design for the probe 600 was used to specify component locations in the mechanical
design. The mechanical design for the system was developed in SOLIDWORKS software.
The probe 600 includes lens tubes, lens spacers, and mirror mounts for accomodating the
closely spaced optics of the system and to maintain a small footprint.  The internal skeleton
and other structural components were wade of 7075 aluminum, in this example, to simphty
fabrication and to maintain a low weight. The use of undersized dowel pins along with a
tightly toleranced backbone provided for accurate component positioning, while the use of
tangential and toroidal imterfaces on pertinent lens surfaces mimimized stress induced
distortions of the optical wavefront. ZEMAX software was used to determine the maximum
permissible positional error of optical components. A mechanical tolerance stack analysis
was performed to ensure that the optical design specifications were satisfied given standard
commercial mechanical fabrication tolerances. The probe 600 has auto-focus capability
through the use of an electromcally countrollable translation stage which actuates all
components posterior to the principal optical bore, thereby improving stability durnng
adjustment of the focus. The probe 600 incorporates an apodization filter located after the
collimation optics used herein to further improve the lateral resolution of the system.  The
same scheme may also be used in an SLO system in a separate illumination path or in a variety
of other telescope applications to better couotrol the spatial inteusity distribution of the
illumination pattern.  Lenses L1 — L7 are shown in FIG. 12, It should be understood that

fenses .1 — L7 can be replaced by any suttable optical elements or combination thereof.

13



WO 2016/127140 PCT/US2016/016900

[00048] The various techniques described herein may be implemented with hardware or
software or, where appropriate, with a combination of both. Thus, the methods and apparatus
of the disclosed embodiments, or certain aspects or portions thereof, may take the form of
program code (i.e., instructions) embodied in tangible media, such as floppy diskettes, CD-
ROMs, hard drives, or any other machine-readable storage medium, wherein, when the
program code is loaded into and executed by a machine, such as a computer, the machine
becomes an apparatus for practicing the presently disclosed subject matter. In the case of
program code execution on programmable computers, the computer will generally include a
processor, a storage medium readable by the processor (including volatile and non-volatile
memory and/or storage elements), at least one input device and at least one output device. One
or more programs may be implemented in a high level procedural or object oriented
programming language to communicate with a computer system. However, the program(s) can
be implemented in assembly or machine language, if desired. In any case, the language may be
a compiled or interpreted language, and combined with hardware implementations.

[00049] The described methods and apparatus may also be embodied in the form of
program code that is transmitted over some transmission medium, such as over electrical wiring
or cabling, through fiber optics, or via any other form of transmission, wherein, when the
program code is received and loaded into and executed by a machine, such as an EPROM, a
gate array, a programmable logic device (PLD), a client computer, a video recorder or the like,
the machine becomes an apparatus for practicing the presently disclosed subject matter.
When implemented on a general-purpose processor, the program code combines with the
processor to provide a unique apparatus that operates to perform the processing of the presently
disclosed subject matter.

[00050] Features from one embodiment or aspect may be combined with features from
any other embodiment or aspect in any appropriate combination. For example, any individual
or collective features of method aspects or embodiments may be applied to apparatus, system,
product, or component aspects of embodiments and vice versa.

[00051] While the embodiments have been described in connection with the various

embodiments of the various figures, it is to be understood that other similar embodiments may
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be used or modifications and additions may be made to the described embodiment for
performing the same function without deviating therefrom.  Therefore, the disclosed
embodiments should not be limited to any single embodiment, but rather should be construed
in breadth and scope in accordance with the appended claims.One skilled in the art will readily
appreciate that the present subject matter is well adapted to carry out the objects and obtain the
ends and advantages mentioned, as well as those inherent therein. The present examples
along with the methods described herein are presently representative of various embodiments,
are exemplary, and are not intended as limitations on the scope of the present subject matter.
Changes therein and other uses will occur to those skilled in the art which are encompassed

within the spirit of the present subject matter as defined by the scope of the claims.
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CLAIMS
What is claimed:
1. A system comprising;

a first optical element having a first focal length f; for imaging or relaying an image
of an object at the distance f; from the first optical element;

a second optical element having a second focal length f, and having an optical axis
substantially aligned with an optical axis of the first optical element for receiving an image of
the object from the first optical element and for focusing an output of the image at the distance
f> from the second optical element on a side that opposes the first optical element; and

wherein the first optical element and the second optical element are separated by a

2
distance of approximately f; + f, — f71’ wherein r is the finite radius of curvature of the

wavefront of light located at the object or image of the object.

2. The system of claim 1, wherein the optical elements are lenses.

3. The system of claim 1, wherein the first optical element and the second optical element

are biconvex lenses.

4. The system of claim 1, wherein the second optical element is an asymmetric triplet
lens.

5. The system of claim 1, wherein the first optical element is a biconvex lens.

6. The system of claim 5, further comprising a plano-concave lens positioned between

the first optical element and the second optical element, and having an optical axis substantially

aligned with the optical axes of the first and second optical elements.

7. The system of claim 1, wherein the object is a scanner.

16
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8. The system of claim 1, further comprising an eye positioned at the distance f, from

the second lens.

0. The system of claim 7, wherein the scanner is a microelectromechanical system

(MEMS) scanner.

10. The system of claim 7, wherein the scanner is operably connected to scanning laser

ophthalmoscopy (SLO) equipment for imaging the subject.

11. The system of claim 7, wherein the scanner is operably connected to scanning optical

coherence tomography (OCT) equipment for imaging the subject.

12. The system of claim 7, wherein the scanner is operably connected to scanning optical

coherence tomography (OCT) equipment and laser ophthalmoscopy (SLO) equipment for

imaging the subject.

13. The system of claim 1, wherein 7 is between 0 and infinity.

14.  The system of claim 1, further comprising a field flattening element to reduce field

curvature induced by the system design.

15.  The system of claim 14, wherein a field flattening element is located near an

intermediate focal or image plane.

16. The system of claim 14, wherein a field flattening element is the closest optical

element surface to an intermediate focal or image plane.
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f£

17.  The system of claim 13, wherein 7 is between the value of and the larger of 5f1
1 2
or 5f;.
18.  The system of claim 1, wherein the first and second elements are combined into a
single optical element with focal length f' = %
1 2
19. The system of claim 1, wherein the first optical element and the second optical
element are meniscus lenses.
20. The system of claim 19, further comprising one meniscus and two biconvex lenses

positioned between the first optical element and the second optical element, and having an
optical axis substantially aligned with the optical axes of the first and second optical

elements.
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