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VARIABLE-ZOOM IMAGING APPARATUS

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority under 35 U.S.C. § 119 to U.S. Provisional
Application Number 63/066,935 filed August 18, 2020, the entire contents of which are

incorporated herein by reference.

FIELD
This disclosure relates to a variable-zoom imaging apparatus. More specifically,
this disclosure relates to an optical imaging system for use with a high-resolution optical

sensor that enables a high-quality, variable zoom in a cost-efficient manner.

BACKGROUND

An optical imaging system forms an image in an image area (typically on an
image plane) of an object positioned in an object area. The optical imaging system
includes one or more optical imaging elements, such as lenses or curved mirrors. Within
the framework of geometrical optics, the properties of each optical imaging element and
their positionings relative to each other and each of the object and image areas
collectively cause light rays emerging from each point of the object area to recombine at
a corresponding point in the image area to thereby form the image. Accordingly, the
optical imaging system generates a spatial distribution of light in the image area that
corresponds to the spatial features of the object in the object area. Specifically, the image
corresponds to how the spatial features of the object differently affect (e.g., reflect,
transmit, diffract, scatter, and/or attenuate) incident light. In some cases, ambient light
illuminates the object to generate the light rays captured by the optical imaging system to
form the image, whereas in other cases, an illumination source is specifically used to
generate this illumination light and generate the image. The spatial extent of the points in
the object area that are imaged onto the image area is called the object field, and

similarly, the spatial extent of the points in the image is called the image field.
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Generally, the degree to which the optical imaging system can reproduce a small
feature in the image field depends on the image-side numerical aperture NA of the optical
imaging system, which corresponds to the range of angles at the imaging area for the
light rays recombined by the optical imaging system at each point in the image area. For
example, the image-side numerical aperture NA can be expressed as nsinf, where 4 is
the angle formed between the most oblique ray incident on the image area (i.e., the
marginal ray) and the optical axis and where » is the index of refraction for the medium
immediately prior to the image area. The aperture stop for the optical imaging system is
the element in the system that sets this numerical aperture N4 by preventing any light ray
that would be outside this range of angles from reaching the image area.

The magnification m' of an optical imaging system with respect to the image in
the image area is a measure of the degree to which the lateral dimensions of respective
features in the image in the image area are increased (or decreased) relative to those in
the object. Accordingly, a feature of the object with lateral dimension D will be
reproduced in the image with a lateral dimension equal to m"D. Often, it is desirable to
provide the optical imaging system with range of different magnifications that can be
selected by a user. For example, after viewing the object over a large object field at a
lower magnification m';, a user may desire to view a subset of this object field at a greater
magnification m’,, i.e., the user may want to “zoom” into a subset of the object area. An
imaging system that provides different magnifications m that vary from a minimum
magnification of m=mm» to a maximum magnification of m=m’u. defines a zoom ratio
z=m"/m'min and a maximum zoom ratio Zmax—m mav/M 'min. Optical imaging systems with
Zmax> 1 can be referred to as variable-zoom systems.

Conventionally, variable-zoom optical systems include systems having one or
more optical imaging elements that move relative to one other to provide the variable
magnification and systems with turrets to insert one of several different optical modules
into the light path to provide the variable magnification. Optically, this variable
magnification is achieved by fixing the image-side numerical aperture while decreasing

the object field and increasing the object-side numerical aperture.
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To capture and store a digital representation of the image of the object produced
by an optical imaging system, an optical sensor (also referred to herein as a “detector” or
“camera’”) having an array of detector elements can be positioned on the image area.
Each detector element produces an electrical signal corresponding to a measure of light
intensity incident on the detector element (or in some instances, a measure of a light
intensity incident on the detector element for each of multiple colors of the light). Image
processing circuitry is coupled to the array of detector elements to process the electrical
signals and store a digital representation of the image. Current technological advances
have enabled high-resolution optical sensors that provide a very large lateral density of
distinct detector elements. Indeed, the number of detector elements can be much greater
than the typical number of pixels necessary for the digital representation. As a result,
some prior art imaging systems implement a “digital zoom,” whereby different
magnifications m of the object in the final digital representation are obtained simply by
generating the digital representation from a corresponding subset of the entire set of
detector elements. Specifically, the smallest zoom corresponds to sampling detector
elements throughout the entire array of detector elements in the image field of the optical
system, whereas larger zooms correspond to sampling detector elements that only lie

within consecutively smaller subsets of the image area of the optical system.

SUMMARY

The inventor has recognized certain problems in prior art zoom systems. Systems
that implement an optical zoom require moving parts, thereby decreasing robustness and
increasing the likelihood of vibrations, image wander, or focus shift during zoom that can
degrade performance. They also typically require a greater number of elements and/or
more complex elements, thereby increasing the cost of manufacture and design. On the
other hand, systems that implement digital zoom suffer from a mismatch between the
design of the optical imaging system and detector element sampling over the entire zoom

range.
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For example, assume that the detector has an array of 10,000-by-10,000 detector
elements and the desired resolution for the digital representation of the image is 1000-by-
1000, then the zoom range can in principle go from 1 to 10 using digital zoom.
Specifically, at the lowest zoom each pixel of the digital representation maps onto a
corresponding 10-by-10 sub-array of detector elements, whereas at the highest zoom each
pixel of the digital representation maps onto a single corresponding detector element in
1000-by-1000 sub-array within the entire array of detector elements. However, this
difference in detector array sampling for different zooms imposes different constraints on
the optical imaging system because the resolution of the 1000-by-1000 digital
representation can be no better than the resolution of the optical image produced on the
detector array by the optical imaging system. So, if the lateral dimension of a detector
element is p, then at lowest zoom the optical imaging system only needs to provide a
resolution sufficient to generate the optical image with feature sizes as small about /0-p,
but at the highest zoom the optical imaging system needs to provide a resolution
sufficient to generate feature sizes as small as about p.

Thus, to provide a high-quality digital representation of the imaging over a full
zoom-range using digital zoom only, the optical imaging system must provide resolution
sufficient for the highest digital zoom setting. At the same time, the optical imaging
system must capture the light ray bundles from the entire object field corresponding to
the lowest zoom thereby increasing the complexity of the optical imaging system, such
requiring many and/or larger optical imaging elements. This is because, generally, the
complexity of the optical imaging system increases with increases in each of the object
field and the image-side NA. For example, it is easier to design an optical system to
produce an image of a relatively smaller area with coarse resolution than to design one to
produce an image of a relatively larger area with fine resolution. To do the latter generally
requires a greater number of optical elements, larger optical elements, and/or more
complex optical elements to direct the correspondingly larger ray bundles from each of
the larger number of points in the larger object field.

To solve these problems, the inventor discloses a system that combines digital
zoom with a much simpler optical imaging system that includes a variable aperture stop
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to adjust the image-side numerical aperture N4 in accordance with the resolution required
by the digital zoom setting. At the lowest zoom, the aperture stop is set to the smallest
NA and the optical imaging system is designed to capture the light ray bundles from the
entire object field at this smallest NA to produce the optical image on the detector. At
higher zooms, the aperture stop opening is set to a larger N4 to provide the necessary
resolution for a (smaller) sub-area of the object field corresponding to the higher zoom.
The optical imaging system is designed to capture the light ray bundles from this sub-area
of the object field at this larger NA to produce the optical image on the detector. On the
other hand, to simplify the design of the optical imaging system, the optical imaging
system is not designed to capture all of the light ray bundles from the object field outside
of this sub-area at this larger NA. While this may produce a blurry image on certain
portions of the detector, those portions will correspond to detector elements that are
outside the sampling areas of the detector used to produce the digital representation of the
optical image at these higher zooms. This greatly reduces the design constraints on the
optical imaging system, thereby reducing costs and complexity, while still producing
digital images of the object having the desired resolution over the entire zoom range.

Accordingly, and more generally, the following embodiments are disclosed.

In general, in one aspect, a variable-zoom imaging apparatus is disclosed. The
variable-zoom imaging apparatus includes: 1) imaging optics configured to form an image
in an imaging area of an object positioned in an object area; 11) an adjustable aperture stop
to adjustably set a numerical aperture NA for the image formed by the imaging optics; iii)
an electronic detector comprising an array of detector elements positioned in the imaging
area to detect the image; and 1v) image processing circuitry coupled to the electronic
detector to produce a digital representation of the image based on signals from at least
some of the detector elements. The image processing circuitry produces the digital
representation with a different magnification of the object m for each of a plurality of
different numerical apertures for the image set by the adjustable aperture stop, wherein
the different magnifications m vary from a minimum magnification of m=mun to a
maximum magnification of m=nuax to define a zoom ratio z=m/mu» and a maximum

Z00m 1atio Zmax=Hlmax Mmin.
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Embodiments of the variable-zoom imaging apparatus may include any of the
following additional features.

The imaging optics may be fixed to provide a constant magnification of the object
area to the image area.

The zoom ratio z for the digital representation may vary inversely with a field area
spanned by the detector elements to produce the digital representation. For example, the
sizes of the different numerical apertures may be set by the adjustable aperture stop to
increase with corresponding increases in the zoom ratio z for the digital representation.
Furthermore, in certain embodiments, the sizes of the different numerical apertures set by
the adjustable aperture stop may increase linearly with corresponding increases in the
zoom ratio z for the digital representation over a range of zoom ratios greater than 1. For

example, the numerical aperture NA for the image set by the adjustable aperture stop may

. A . . . .
be given by NA &« Tmax), where p is a maximum lateral dimension of a detector
p ——

z
element and A is a central wavelength in light used to form the image on the detector.

The digital representation may include at least one intensity value at each pixel in
an N; by N; array of pixels, where N; and N> are positive integers. For example, N; and
N> may each be greater than or equal to 400.

The array of detector elements for the electronic detector may include an array at
least as large as an M-N; by M'N array, where M is a positive integer greater than or
equal to zma. For example, zax may be greater than or equal to 3. In certain
embodiments, the image processing circuitry produces the digital representation with a
zoom ratio z by determining the intensity value for each pixel in the N; by N> array from
one or more of the signals from the detector elements in a corresponding sub-array of Az
by Mz of detector elements. In other certain embodiments, the image processing
circuitry produces the digital representation with a zoom ratio z by determining the
intensity value for each pixel in the N; by N> array from only one of the signals from the
detector elements in the corresponding sub-array of M/z by M/z of detector elements. In
yet further certain embodiments, the image processing circuitry produces the digital

representation with a zoom ratio z by determining the intensity value for each pixel in the
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N;by N: array from a weighted average of the signals from the detector elements in the
corresponding sub-array of Az by M/z of detector elements. Also, in certain
embodiments, the sub-arrays of detector elements corresponding to the pixels in the
digital representation are repetitively spaced from one another within the field area
spanned by the detector elements to produce the digital representation.

In general, in certain embodiments, the image processing circuitry produces the
digital representation with a zoom ratio z by determining the intensity value for each
pixel in the N; by N; array from one or more of the signals from the detector elements in
a corresponding sub-array of one or more detector elements, wherein the number of
detector elements in each of the corresponding sub-arrays decreases with the increasing
numerical aperture NA adjustably set by the aperture stop.

The imaging optics may include a first set of optics to direct light from the object
to a pupil defined by the aperture stop and a second set of optics to direct light from the
pupil to image area. The variable-zoom imaging apparatus may further include a light
source configured to illuminate the object and thereby provide light to the imaging optics
for forming the image of the object. For example, the light source may be a coherent
laser. Also, in certain embodiments, the variable-zoom imaging apparatus may further
include interferometer components including a beam splitter and a reference surface,
wherein the light source is also configured to illuminate the reference surface and the
beam splitter is configured to coherently combine light from the object and the reference
surface so that the imaged formed by the imaging optics on the imaging area is an
interferometric image.

In certain embodiments, the area of the array of detector elements is between 0.25
cm? and 10 cm?.

In certain embodiments, the minimum magnification is between 1/10 and 1/5,
such as where the variable-zoom imaging apparatus is a Fizeau interferometer. In other
certain embodiments, the minimum magnification is between %2 and 5, such as where the
variable-zoom imaging apparatus is a microscope interferometer.

In certain embodiments, the area of the object area imaged onto the array of
detector elements is between .04 cm? and 10,000 cm?.

7
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The adjustable aperture stop may be continuously adjustable. Alternatively, the
adjustable aperture stop may be discretely adjustable to each of a plurality of discrete
settings. For example, the adjustable aperture stop may be a mechanical aperture stop or
an electronic aperture stop. Also, for example, the aperture stop may provide a nominally
circular opening to define the numerical aperture. Alternatively, for example, the
aperture stop may provide a nominally rectangular opening to define the numerical
aperture.

The variable-zoom imaging apparatus may further include a user-control interface
configured to electronically adjust the adjustable aperture stop in response to a user-input
for the zoom ratio. For example, the user-control interface may also cause the image
control circuitry to set the magnification of the object by the detector in response to the
user-input for the zoom ratio. Furthermore, for example, the image control circuitry may
be configured to set the magnification of the object by the detector by adjusting the
sampling of the detector elements used to produce the digital representation.

In certain embodiments, the imaging optics does not need to be sufficiently large
in diameter to pass all light ray trajectories from the object for a full field area of the
object corresponding a full field area spanning all of the detector elements in the array
when the adjustable aperture stop is set to the largest one of the plurality of different
numerical apertures. However, in such embodiments, the imaging optics may be
sufficiently large in diameter to pass all light ray trajectories from the object for the full
field area of the object when the adjustable aperture stop is set to the smallest one of the
plurality of different numerical apertures.

In certain embodiments, the imaging optics does not produce a diffraction-limited
image over a full field area spanning all of the detector elements in the array when the
adjustable aperture stop is set to the largest one of the plurality of different numerical
apertures. However, in such embodiments, the imaging optics may produce a diffraction-
limited image over the full field area when the adjustable aperture stop is set to the
smallest one of the plurality of different numerical apertures. Also, for example, the
imaging optics may produce a diffraction-limited image over a maximum-zoomed field
area equal to an area of the full field area divided by z..x when the adjustable aperture

8
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stop is set to the largest one of the plurality of different numerical apertures. The
imaging optics producing a diffraction-limited image for the numerical aperture NA over

a given field of view in the image area (“FOV”’) means that the imaging optics can
. . . . : 2
produce a feature in the image area with a spatial period d as small as d = A anywhere

in the FOV for coherent illumination.

In general, in another aspect, an optical imaging system for use with a variable-
zoom imaging apparatus implementing a digital zoom is disclosed. The optical imaging
system includes: 1) imaging optics configured to form an image in an imaging area of an
object positioned in an object area; and ii) an adjustable aperture stop to adjustably set a
numerical aperture NA for the image formed by the imaging optics. The imaging optics
are designed to form the image as a diffraction-limited image for each of a plurality of
consecutive increasing numerical apertures NAs for the image set by the adjustable
aperture stop corresponding to consecutively decreasing fields of view of the object in the
object area.

Embodiments of the optical imaging systems may further include any of the
features described above for the variable-zoom imaging apparatus.

All documents referred to herein, if any, are incorporated by reference in their
entirety. In case of conflict with the present disclosure, and any document incorporated
by reference, the present disclosure controls.

The details of one or more embodiments of the invention are set forth in the
accompanying drawings and the description below. Other features, objects, and
advantages of the invention will be apparent from the description and drawings, and from

the claims.

DESCRIPTION OF DRAWINGS
FIG. 1A is a schematic diagram of a variable-zoom imaging apparatus for a first
lower magnification.
FIG. 1B is a schematic diagram of the digital sampling implemented by the

variable-zoom imaging apparatus of FIG. 1A for the first, lower magnification.
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FIG. 2A is a schematic diagram of a variable-zoom imaging apparatus for a
second, higher magnification.

FIG. 2B is a schematic diagram of the digital sampling implemented by the
variable-zoom imaging apparatus of FIG. 1A for the second, higher magnification.

FIGS. 3-5 are ray trace diagrams of illustrative imaging optical systems for
imaging an object onto a sensor, where the systems have a collimator, an aperture stop,
and an ocular, and use the thin lens approximation for the collimator and ocular.

FIGS. 6-7 are ray trace diagrams for the ocular part of the systems depicted in
FIGS. 3-5 to compare the ray bundles for a full object field and a smaller aperture stop
(illustrated in FIG. 6) and a one-third object field size system (resulting in a 3x
magnification for the digital representation rendered by the sensor) and a 3x larger
aperture stop (illustrated in FIG. 7).

FIGS. 8-10 are ray trace diagrams for a 6-lens ocular using real lens elements.

FIG. 11 is a ray trace diagram for a 5-lens ocular using real lens elements and
implementing the optical design simplification of the present invention to enable
diffraction-limited imaging for a variable-zoom system implementing digital zoom.

FIG. 12 is a ray trace diagram of the full optical system for the ocular shown in
FIGS. 8-10 and includes a 3-lens collimator.

FIGS. 13 and 14 are ray trace diagrams of the full optical system for the ocular
shown in FIG. 11 and that further includes a 2-lens collimator. The full optical system
implements the optical design simplification of the present invention to enable
diffraction-limited imaging for variable-zoom system implementing digital zoom. FIG.
13 shows full object field imaging at 1100-pixel resolution, and FIG. 14 shows one-third
object field imaging at 1100-pixel resolution, with the pixel dimension one-third of that
in FIG. 13.

FIG. 15 is a schematic of the optical imaging system of FIGS. 13 and 14 further
including a laser source as an illumination source to illuminate the object via a beam-
splitter.

FIG. 16 is a schematic of the optical imaging system of FIG. 15 further
implemented as an interferometric optical imaging system by including a reference
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element so that the image of the object formed on the sensor interferes with a reference
wave-front to produce interferometric image of the object.

Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

Image zoom is an important feature in many optical systems. Zooming-in on the
image provides the user with better lateral resolution over a smaller image size. A well-
designed zoom system will increase useable resolution in direct proportion to the zoom
ratio. This is normally done by fixing the numerical aperture of the imaging ray bundle
on the sensor while decreasing the lens field of view and increasing the object space
numerical aperture. The advent of new, very high-resolution sensors provides an
alternative method (“digital” zooming) for image zoom for a subset of applications where
the required number of resolution elements across the image is significantly less than the
number of sensor elements across the sensor. As discussed above, however, digital
zooming generally suffers from a mismatch between the design of the optical imaging
system and detector element sampling over the entire digital zoom range.

Embodiments of the present invention include an imaging system where the
aperture stop increases in size proportionally with the desired zoom ratio and the field of
view is adjusted by sampling a proportionally smaller area of the sensor. The optical
system is designed such that the imaging remains diffraction limited over the field of
view specified by the currently selected zoom ratio. Embodiments of this zoom-system
can be much simpler than standard optical zooms which require complex cam
mechanisms to move multiple optical elements to adjust zoom while maintaining focus.
Furthermore, in at least some embodiments, they only require adjusting the size of an
aperture stop while changing the displayed area of a sensor. Moreover, they can maintain
focus and avoid the image wander observed in many mechanically-actuated, optical
zoom-systems.

A representative embodiment of the inventive variable-zoom imaging system 100
is shown in FIGS. 1A and 2A for a first, lower magnification m; (FIG. 1A) and a second,

higher magnification m> (FIG. 2A). The variable-zoom imaging system 100 is
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configured to produce an image on an image area 150 of an object 115 on an object area
110. As will be described further below, the magnifications m; and m; are with respect to
a final, digital representation of the image, and in contrast to the optical magnification m’
of the image of the object in the image area, which is constant for inventive variable-
zoom imaging system 100 shown in FIGS. 1A and 2A. In addition to its optical
components, it includes an electronic detector 145 comprising an N-by-N array of
detector elements (also referred to herein as a high-resolution sensor) configured to detect
the image by measuring a light intensity value at each of the detector elements. Image
processing circuitry 155 is electronically coupled to the detector 145 to store and process
the intensity values to provide a digital representation of the image. The image
processing circuitry 155 is electronically coupled to a user interface 190 to receive
commands from the user interface and to provide the digital representation to the user
interface 190. The optical components of the variable-zoom imaging system 100 extend
along an optical axis 105 corresponding to the z-axis and include a first optical module of
one or more optical elements 130 (also referred to herein as a “collimator”), a second
optical module of one or more optical elements 140 (also referred to herein as an
“ocular”), and an aperture stop 135 positioned between the first optical module 130 and
the second optical module 140. The optical elements within optical modules 130 and 140
can include, for example, lenses and/or curved mirrors. In the present embodiment, both
the object area 110 and the image area 150 extend parallel to the x-y plane, as do the
array of detector elements for the detector 145. The aperture stop 135 provides a variable
aperture opening to vary the image-side numerical aperture NA of the optical imaging
system and is operatively coupled to the user interface 190 so that the user can control
this image-side numerical aperture NA. The aperture opening will also limit the object-
side numerical aperture, which equals the image-side numerical aperture N4 multiplied
by the magnification m.

The collimator 130 and ocular 140 form an optical imaging system for producing
the optical image of the object 115 on the object area 110 on the image area 150.
Specifically, the properties (e.g., dimensions and optical power) of each of the optical
elements within the optical imaging system and their positionings relative to each other

12
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and each of the object and image areas collectively cause light rays emerging from each
point of the object area to recombine at a corresponding point in the image area to
thereby form the image. This is depicted schematically in each FIGS. 1A and 2A with
respect to three points on the object area 110 and three corresponding points on the image
area 150. There is one set of corresponding points on the optical axis 105 and the two
other sets of corresponding points at the outer edges of the object and image fields
(depicted by A0 and 417 in FIG. 1A and Ao and Azrin FIG. 2A). The central ray 125 of
the ray bundle emerging from each point of the object area 110 is referred to as a chief
ray and is depicted in FIGS. 1A and 2A as a solid arrow. The optical imaging system in
FIGS. 1A and 2A is a telecentric system because the chief rays, which pass through the
center of the opening providing by the aperture stop 135, are perpendicular to each of the
object area 110 and image area 150. The outermost ray 120 (in FIG. 1A) and 220 (in
FIG. 2A) of the ray bundle emerging from each point of the object area 110 is referred to
as the marginal ray and is depicted in FIGS. 1A and 2A as a dashed arrow. The edge of
the opening provided by aperture stop 135 coincides with the path of the marginal rays
and delimits the angles at which the marginal rays emerge from the object area 110 and
are incident on image area 150.

To configure the variable-zoom imaging system 100 for operation at the first,
lower magnification m; (as shown in FIG. 1A), the user interface 190 causes the variable
aperture stop 135 to provide a smaller opening for the ray bundles, thereby resulting in a
smaller marginal ray 120 angle &; incident on the image area 150 relative to the optical
axis 105 and a resulting smaller image-side numerical aperture NA;. Conversely, to
configure the variable-zoom imaging system 100 for operation at the second, higher
magnification m> (as shown in FIG. 2A), the user interface 190 causes the variable
aperture stop 135 to provide a larger opening for the ray bundles, thereby resulting in a
larger marginal ray 220 angle & incident on the image area 150 relative to the optical
axis 105 and a resulting larger image-side numerical aperture NA>. In certain
embodiments, the ocular 140 has an effective focal length of fand the aperture stop 135
and image area 150 are positioned in the front and back focal planes of the ocular 140,
respectively, in which case the marginal ray angle incident on the image area &satisfies
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the equation tanf = r/f,and NA = n - sin[arctan(r/f)], where r is the distance from
the optical axis 105 to the edge of the aperture stop opening parallel to the x-y plane. For
example, for a circular aperture stop positioned perpendicular to the optical axis, 7 is the
radius of the aperture stop opening. In the limit of small angles for 6, which are common
in many imaging systems, the expression for N4 simplifiesto NA =n-r/f.

Importantly, while the different magnifications m; and m; of the variable-zoom
imaging system 100 correspond to different aperture stop openings, the optical elements
within each of the collimator 130 and ocular 140 remain the same and do not move
relative to each other, or relative to the object and image areas, thereby providing a very
stable and robust system. Instead, digital zooming is used to provide the different
magnifications, as schematically illustrated in FIGS. 1B and 2B, respectively.
Specifically, FIGS. 1A and 1B schematically illustrate the sampling by imaging
processing circuitry 155 of the detector elements of detector 150 to produce the digital
representation 195. For ease of illustration, the digital representation 195 in these figures
is depicted as having values across a 3-by-3 array of pixels, and the detector is depicted
as having a 9-by-9 array of detector elements.

As shown in FIG. 1B, at the first, lower magnification m;, an intensity value at
each pixel in digital representation 195 is derived from one or more values in a spatially
corresponding block of 3-by-3 detector elements in detector 145. For example, the
intensity value could simply correspond to that for the central detector element in the 3-
by-3 block of detector elements; it could correspond to the average of the intensity values
in the 3-by-3 block of detector elements; it could correspond to a weighted average of the
intensity values in the 3-by-3 block of detector elements (e.g., where the central detector
element is weighted more heavily than the surrounding detector elements); or it could
correspond to even more complex functions of the intensity values in the 3-by-3 block of
detector elements. In any case, the digital representation is derived from detector
elements that span the full area of the detector on the image area 150, corresponding to an
image field dimension of 4;;, and therefore the scale of the digital representation

corresponds to the object field dimension of 4 ;0.
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On the other hand, as shown in FIG. 2B, at the second, higher magnification m,
an intensity value at each pixel in the 3-by-3 digital representation 195 is derived from
the intensity value for a corresponding detector element in a 3-by-3 block of detector
elements in the center of the detector 145. In this case, the digital representation is
derived from detector elements in only a central third of the full area of the detector on
the image area 150, corresponding to an image field dimension of 42;, and therefore the
scale of the digital representation corresponds to the object field dimension of 420, which
based on illustrative depiction in FIGS. 1B and 2B is one third of 4;0. As a result, for
this illustrative depiction, the second, higher magnification mis three times greater than
the first, lower magnification m;.

Of course, in practical embodiments, the resolution of the detector provides many,
many more detector elements, e.g., at least 1000-by-1000, or even as large or larger than
10,000-by-10,000. As a result, in further embodiments, many more gradations of digital
zoom are possible, where successively greater magnifications for the digital
representation are based on sampling a consecutively smaller areas of the array of
detector elements provided by the detector. To optically accommodate this increasing
digital magnification, the variable aperture stop is set to correspondingly increase the
aperture stop, and thereby the NA, so that the area of the optical image on the detector
that is captured by the digital representation (i.e., the image field having dimension 4,) is
diffraction-limited with respect to image features having sizes on the order of the block of
detector elements corresponding to each pixel in the digital representation. On the other
hand, the quality of the optical image on the detector outside of this area need not be of
high-quality because the digital representation does not sample those areas, thereby
lessening the design constraints on the optical imaging system.

For example, assume that the required image resolution for the digital
representation is N-by-N pixels and the desired range for the zoom ratio z is from z,=1
to zmax=M, where M is a positive integer. Then in further embodiments, the detector is
selected to have a resolution provided by at least an M N-by-M-N array of detector
elements. For example, in one embodiment for a zoom ratio of 1, the entire detector
array is read and then sub-sampled such that every M™ pixel on every M™ row is selected
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to derive the values for each pixel in the N-by-N digital representation of the optical
image. Through communication with the user interface, the image processing circuitry
can alter this sampling to provide higher zoom ratios. For example, instead of sampling
every M™ pixel on every M™ row to provide a zoom ratio equal to 1, the image processing
circuitry can sample every (M-m)™ pixel on every (M-m)" row, where m goes from 0 to
M-1, to provide a zoom ratio z equal to AM/(M-m), and the imaging processing circuitry
only reads a central portion of the detector array sufficient to populate the N-by-N digital
representation at this sampling. Using these integer sampling intervals, it is possible to
sample unique detector elements. For example, if AM=3, then the integer values of m=0,
1, 2 would correspond to sampling 3x3, 2x2, and 1x1 pixel blocks, respectively, which
correspond to zoom ratios z of 1, 1.5, and 3, respectively, However, intermediate zoom
ratios can also be selected by interpolating detector elements. Moreover, as described
above with respect to FIGS. 1B and 2B, the imaging processing circuitry can also derive
the intensity value at each pixel in the digital representation from one or more intensity
signals in spatially corresponding (M-m)-by-(M-m) blocks of detector elements, by
averaging, weighted averaging, or more complex processing of these detector element
signals.

To provide an optical image that exploits the resolution provided by the detector
element sampling and that enables a diffraction-limited image to be captured by the
digital representation at each such zoom ratio, the image-side numerical aperture N4 set
by the variable aperture stop (e.g., under control by the user interface) can be given by
the formula:

A
NA = PPy (1)

where p is a minimum lateral dimension of a detector element and A is a central
wavelength in light used to form the image on the detector. More generally, including for

non-integral sampling, the N4 can be set according to:

A
we

z

NA =
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As aresult, the optical imaging system need only be designed to be diffraction
limited at larger NAs, for consecutively smaller image fields A7 corresponding to
increasing digital zooms. Image quality on the detector that is not diffraction-limited that
is outside the image field for a certain zoom ratio will not matter because those areas are
not required to produce the digital representation for that zoom ratio. This is a significant
advantage to the optical designer of the imaging optical system because the field size
over which the optical imaging system needs to be corrected decreases inversely
proportional to the size of the aperture stop opening. For example, at a zoom of 2x, the
stop is twice as large as at 1x, but the field is ¥ as large. This tradeoff of aperture stop
size vs. field size makes it easier to design the optical system than if it were necessary to
design a primary optical imaging system which was capable of the full field size and full
resolution as would normally be required for a conventional digital zoom system that
purports to be diffraction-limited. And, the advantage of this approach versus an optical
continuous zoom or a series of zoom relay lenses on a turret is that there are no moving
optical elements other than an aperture stop. This avoids the tight assembly and
alignment tolerances required to minimize image position shift and focus shift during
zoom.

The user experience is also noticeably improved. For example, because there are
no moving lenses, the image position on the camera is, by definition, fixed between
different zoom positions. Also, focus does not shift with zoom, so the user can zoom to
the maximum magnification and focus the image and be confident that when switching to
a lower zoom that focus will not shift. Furthermore, the raw pixel lateral calibration
between the object and camera is unchanged with zoom ratios, and therefore a single
calibration at any zoom position is enough to calibrate all zoom positions. Moreover, the
subsampling of detector element array at lower zooms can result in a higher instrument
transfer function (“ITF”) because the individual detector element size is small compared
the distance between detector elements being sampled.

In further embodiments, the relationship between the image-side numerical
aperture NA and the zoom ratio z can differ somewhat from that shown in Equations (1)
or (2) above. For example, Equations (1) and (2) assume coherent illumination of the
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object. To take into account incoherent illumination, one can consider the general
formula for the Abbe resolution limit:

d=A1/(NA+ NA" (3)
where d is the smallest spatial period resolvable in the image and NA ’is the numerical
aperture for the illumination of the object. This illumination numerical aperture NA’
varies from NA =0 for coherent illumination to N4 '=NA for incoherent illumination that
fills the image-side aperture. Equations (1) and (2) correspond to this Abbe formula for
coherent illumination resolving the smallest spatial period corresponding to a given zoom

setting z:

d = 2p () @).
For example, at maximum zoom, d=2p, corresponding to the size of two detector
elements. Accordingly, in other embodiments involving incoherent illumination, the
expressions for image-side NA in Equations (1) and (2) are reduced by up to one-half in
the limit of incoherent illumination that fills the image-side aperture.

Furthermore, Equations (1) and (2), whether or not modified to account for
incoherent illumination, do not account for any oversampling whereby the numerical
aperture is somewhat larger than that necessary for resolving the smallest spatial period
corresponding to a given digital zoom setting. Accordingly, in other embodiments, the
image-side numerical aperture NA can be somewhat larger than that given by Equations
(1) and (2), whether or not modified to account for incoherent illumination. What is
important, however, is that the image-side numerical aperture NA generally increases
with corresponding increases in the zoom ratio z.

Optical imaging systems that implement the features of the present invention can
be designed using conventional optical design software well-known in the art, such as
Code V Optical Design Software from Synopsys or similar software from Zemax LLC.
The simplification in optical design resulting from the present invention will now
illustrated in FIGS. 3-14, which include ray-trace diagrams produced from such optical
design software and illustrate chief ray, and in some cases marginal ray, propagation for

several object points for various designs of the imaging optical system.
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The cost of fabricating an optical imaging system is generally determined by the
number of optical elements, and their size and precision. Therefore cost is controlled by
minimizing the number of elements, reducing their size and allowing for looser
tolerances on the surfaces and on their alignment. Often the optical imaging system is
designed as a telecentric imaging system. In a telecentric imaging system designed for
magnification or demagnification there are typically two groups of lenses separated such
that they have a common focal point between the groups. The aperture stop of the system
is located at this point. By locating the stop at the place where the two foci are coincident
the chief rays on both the object and image sides of the lens are parallel to the optical
axes. In the embodiment of FIGS. 1A and 2A, these two groups corresponding to the
collimator 130 and ocular 140.

FIG. 3 illustrates a simple telecentric optical imaging system using the thin-lens
approximation for producing an image of an object onto a sensor (i.e., a detector with an
array of detector elements). The telecentric optical imaging system includes a collimator
and an ocular sharing a common focal point, with the aperture positioned at that focal
point. The sizes of the lenses are determined by a combination of the field of view
(corresponding to object field Ao in the embodiment of FIGS. 1A and 2A) and the
aperture stop size. As illustrated in FIG. 4, a smaller field size will reduce the size of the
required lenses. Furthermore, as illustrated in FIG. 5, increasing the aperture stop size
will increase the required size of the lenses because the optical system needs to capture a
larger angular range of rays emerging from each object point in the object field of view.

Focusing now on only the ocular part of the system, FIGS. 6 and 7 compare the
ray bundles for a full object field and a smaller aperture stop (illustrated in FIG. 6) and a
one-third object field size system (resulting in a 3x magnification for the digital
representation rendered by the sensor) and a 3x larger aperture stop (illustrated in FIG. 7).
Notably in the system of FIG. 6 the ray bundle requires a larger diameter of the ocular
lens, but results in a relatively smaller beam footprint on the ocular lens, whereas in the
system of FIG. 7, a smaller diameter is necessary, but the beam footprint is larger and

substantially covers this smaller diameter. As a result, for this 3x zoom condition the
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ocular lens needs to be of higher quality only over a small area at the center of the ocular
lens.

FIGS. 8-10 illustrate the same principles with a real ocular lens formed by
multiple lens elements. Specifically, FIG. 8 shows a 6-element ocular designed to
provide 3300-pixel resolution over the full field of view of the sensor. In contrast, FIG. 9
shows the same system, but with the stop size reduced to provide only 1100-pixel
resolution, and resulting in a much smaller ray bundle footprint on the lens elements of
the ocular. Finally, FIG. 10 illustrated the same system with same 3300-pixel resolution
as in FIG. 6, but with one-third object field (resulting in a 3x magnification for the digital
representation rendered by the sensor), which shows a similar (or even smaller) ray
bundle footprint as that for FIG. 9.

By reducing the diameter of the lenses required between FIGS. 8 and 9, the cost
of the ocular is reduced. Further simplification and cost reduction is also possible
because an ocular which meets these imaging specifications no longer requires 6
elements. For example, a new ocular is shown in FIG. 11, where the number of elements
has been reduced from 6 to 5.

Additionally, the large collimator used with the ocular in FIG. 8 requires 3
elements to achieve the imaging performance of 3300 pixels across the entire object field
as shown in FIG. 12 providing the full system layout. On the other hand, the collimator
for use with the ocular in FIG. 11 and shown in FIGS. 13 and 14 providing the full
system layout only requires 2 elements, a further cost savings. FIG. 13 shows the
inventive system imaging the full object field at 1100-pixel resolution, and FIG. 14
shows the system imaging the one-third object field (resulting in a 3x magnification for
the digital representation rendered by the sensor) at 1100-pixel resolution, but with the
pixel dimension one third of that for FIG. 13.

The full system layouts depicted in FIGS. 12-14 include a beam-splitter element
(depicted as a rectangular element) along the optical path between the collimator and the
aperture stop position. The purpose of the beam splitter to couple light from an
illumination source (e.g., a laser source) to illuminate the object (e.g., a test part under
inspection) to generate the light rays imaged by the collimator and ocular onto the sensor.
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The full system including these additional elements is shown in FIG. 15. Specifically,
light from a laser source is focused by laser focus lens and then reflected by the beam
splitter and passes through the 2-lens collimator to illuminate the object (e.g., a test part)
in the object field. Light emerging from the test part in response to this illumination light
is then imaged by the 2-lens collimator through the beam splitter and an aperture stop,
which defines the image-side numerical aperture for the system and is located at the focus
of the 2-lens collimator. Light passing through the aperture stop is then focused by the 5-
lens ocular to form on optical image of the object on the sensor, which is used to capture
a digital representation of the object.

In other embodiments, different illumination configurations can be used. For
example, an illumination source can illuminate the object at an angle from the side, or
from back, or ambient light can be used to illuminate the object. As noted above, the
illumination can be coherent (such as from a laser source) or incoherent, resulting in
different requirements on the numerical aperture NA necessary to resolve certain-sized
features.

Furthermore, in other embodiments, the variable-zoom imaging system can be
configured as an interferometric system, as illustrated schematically in FIG. 16, which
further includes a reference element to the system of FIG. 15 to reflect illumination light
back to the sensor through the 5-element ocular to interfere with the light from the test
part and form an interferometric image of the test part on the sensor, which can be
processed by the image processing circuitry to produce a digital representation of the
interferometric image. For example, as is well-known in the art, interferometric imaging
can be used to provide surface height information about a test part in the object area
being imaged. Specifically, in FIG. 16, the reference element is a transmission flat
position just prior to the object to reflect a small portion of the illumination light back to
the sensor to interfere with the illumination light that reflects from the object.

Embodiments of the invention can have many different implementations. For
example, the absolute magnification provided by the optical imaging system can be
greater than one (i.e., magnifying) or less than one (i.e., de-magnifying). For example, in
certain embodiments the minimum magnification will be between 1/10 and 1/5, such as
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would be suitable for the imaging optics in a Fizeau interferometer. In another example,
in certain embodiments, the minimum magnification will be between %4 and 5, such as
would be suitable for the imaging optics in a microscope interferometer. Also, for
example, the area of the array of detector elements can vary over a wide range depending
on the implementation, such as, anywhere between 0.25 cm? and 10 cm?. Relatedly, an
area of the object area imaged onto the array of detector elements can also vary over a
wide range depending on the implementation, such as, anywhere between .04 cm? and
10,000 cm?.

Also, in some embodiments, the adjustable aperture stop provides a continuously
adjustable aperture opening, while in others, the adjustable aperture stop is discretely
adjustable to each of a plurality of discrete settings. The adjustable aperture stop can be
mechanically actuated or electronically actuated. Also, while the embodiment of FIGS.
1A and 2A have a user-control interface configured to adjust the adjustable aperture stop
in response to a user-input for the zoom ratio, in other embodiments, the aperture stop
can also be manually adjusted. Typically, the aperture opening is circular, but

embodiments with square or rectangular openings are also possible.

Scope

It must be noted that as used herein and in the appended claims, the singular
forms “a”, “an”, and “the” include plural referents unless the context clearly dictates
otherwise, e.g., when the word “single” is used.

As used herein, the terms “adapted” and “configured” mean that the element,
component or other subject matter is designed and/or intended to perform a given
function. Thus, the use of the terms “adapted” and “configured” should not be construed
to mean that a given element, component, or other subject matter is simply “capable of”
performing a given function.

As used herein, the phrases “at least one of” and “one or more of,” in reference to
a list of more than one entity, means any one or more of the entity in the list of entity, and
is not limited to at least one of each and every entity specifically listed within the list of
entity. For example, “at least one of A and B” (or, equivalently, “at least one of A or B,”
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or, equivalently, “at least one of A and/or B”) may refer to A alone, B alone, or the
combination of A and B.

As used herein, the term “and/or” placed between a first entity and a second entity
means one of (1) the first entity, (2) the second entity, and (3) the first entity and the
second entity. Multiple entity listed with “and/or” should be construed in the same
manner, i.e., “one or more” of the entity so conjoined. Other entity may optionally be
present other than the entity specifically identified by the “and/or” clause, whether related
or unrelated to those entities specifically identified.

While this specification contains many specific implementation details, these
should not be construed as limitations on the scope of any inventions or of what may be
claimed, but rather as descriptions of features specific to particular embodiments of
particular inventions.

Certain features that are described in this specification in the context of separate
embodiments can also be implemented in combination in a single embodiment.
Conversely, various features that are described in the context of a single embodiment can
also be implemented in multiple embodiments separately or in any suitable
subcombination.

Moreover, although features may be described above as acting in certain
combinations and even initially claimed as such, one or more features from a claimed
combination can in some cases be excised from the combination, and the claimed
combination may be directed to a subcombination or variation of a subcombination.

Similarly, while operations are depicted in the drawings in a particular order, this
should not be understood as requiring that such operations be performed in the particular
order shown or in sequential order, or that all illustrated operations be performed, to
achieve desirable results. In certain circumstances, multitasking and parallel processing
may be advantageous. Moreover, the separation of various system components in the
embodiments described above should not be understood as requiring such separation in
all embodiments, and it should be understood that the described program components and
systems can generally be integrated together in a single software product or packaged
into multiple software products.
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Thus, particular embodiments of the subject matter have been described. Other
embodiments are within the scope of the following claims. In some cases, the actions
recited in the claims can be performed in a different order and still achieve desirable
results. In addition, the processes depicted in the accompanying figures do not necessarily
require the particular order shown, or sequential order, to achieve desirable results. In
certain implementations, multitasking and parallel processing may be advantageous.

A number of embodiments of the invention have been described. Nevertheless, it
will be understood that various modifications may be made without departing from the
spirit and scope of the invention. Accordingly, other embodiments are within the scope

of the following claims.
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CLAIMS:

1. A variable-zoom imaging apparatus comprising:

imaging optics configured to form an image in an imaging area of an object positioned in

an object area;

a light source configured to illuminate the object and thereby provide light to the imaging

optics for forming the image of the object;

an adjustable aperture stop to adjustably set a numerical aperture NA for the image

formed by the imaging optics;

an electronic detector comprising an array of detector elements positioned in the imaging

area to detect the image; and

image processing circuitry coupled to the electronic detector to produce a digital
representation of the image based on signals from at least some of the detector elements,

wherein the image processing circuitry produces the digital representation with a
different magnification of the object m for each of a plurality of different numerical
apertures for the image set by the adjustable aperture stop,

wherein the different magnifications m vary from a minimum magnification of m=mmin to
a maximum magnification of m=mmax to define a zoom ratio z=m/mmin and a maximum

Zzoom ratio Zmax=Mmax/Mmin,

wherein the sizes of the different numerical apertures set by the adjustable aperture stop
increase with corresponding increases in the zoom ratio z for the digital representation,

wherein the imaging optics does not produce a diffraction-limited image over a full field
area spanning all of the detector elements in the array when the adjustable aperture stop is
set to the largest one of the plurality of different numerical apertures, and

wherein the imaging optics does produce a diffraction-limited image over the full field
area when the adjustable aperture stop is set to the smallest one of the plurality of

different numerical apertures.
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10.

11.

The variable-zoom imaging apparatus of claim 1, wherein the imaging optics are fixed to provide

a constant magnification of the object area to the image area.

The variable-zoom imaging apparatus of claim 1, the zoom ratio z for the digital representation
varies inversely with a field area spanned by the detector elements to produce the digital

representation.

The variable-zoom imaging apparatus of claim 3, wherein the sizes of the different numerical
apertures set by the adjustable aperture stop increase with corresponding increases in the zoom

ratio z for the digital representation.

The variable-zoom imaging apparatus of claim 4, wherein the sizes of the different numerical
apertures set by the adjustable aperture stop increases linearly with corresponding increases in

the zoom ratio z for the digital representation over a range of zoom ratios greater than 1.
The variable-zoom imaging apparatus of claim 4, wherein the numerical aperture NA for the

—r
)

lateral dimension of a detector element and X' is a central wavelength in light used to form the

image set by the adjustable aperture stop is given by NA « , where p is a maximum

image on the detector.

The variable-zoom imaging apparatus of claim 4, wherein the digital representation comprises at
least one intensity value at each pixel in an N1 by N array of pixels, where N1 and N are positive

integers.

The variable-zoom imaging apparatus of claim 7, wherein N1 and N> are each greater than or
equal to 400.

The variable-zoom imaging apparatus of claim 7, wherein the array of detector elements for the
electronic detector comprise an array at least as large as an M:N1 by M-N; array, where M is a

positive integer greater than or equal t0 Zmax.
The variable-zoom imaging apparatus of claim 9, wherein zmax is greater than or equal to 3.

The variable-zoom imaging apparatus of claim 9, wherein the image processing circuitry
produces the digital representation with a zoom ratio z by determining the intensity value for
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each pixel in the N1 by N2 array from one or more of the signals from the detector elements in a

corresponding sub-array of M/z by M/z of detector elements.

12. The variable-zoom imaging apparatus of claim 11, wherein the image processing circuitry
produces the digital representation with a zoom ratio z by determining the intensity value for
each pixel in the N1 by N2 array from only one of the signals from the detector elements in the
corresponding sub-array of M/z by M/z of detector elements.

13. The variable-zoom imaging apparatus of claim 11, wherein the image processing circuitry
produces the digital representation with a zoom ratio z by determining the intensity value for
each pixel in the N1 by N2 array from a weighted average of the signals from the detector

elements in the corresponding sub-array of M/z by M/z of detector elements.

14. The variable-zoom imaging apparatus of claim 11, wherein the sub-arrays of detector elements
corresponding to the pixels in the digital representation are repetitively spaced from one another

within the field area spanned by the detector elements to produce the digital representation.

15. The variable-zoom imaging apparatus of claim 7, wherein the image processing circuitry
produces the digital representation with a zoom ratio z by determining the intensity value for
each pixel in the N1 by N2 array from one or more of the signals from the detector elements in a
corresponding sub-array of one or more detector elements, wherein the number of detector
elements in each of the corresponding sub-arrays decreases with the increasing numerical
aperture NA adjustably set by the aperture stop.

16. The variable-zoom imaging apparatus of claim 1, wherein the imaging optics comprise a first set
of optics to direct light from the object to a pupil defined by the aperture stop and a second set of

optics to direct light from the pupil to image area.

17. The variable-zoom imaging apparatus of claim 1, further comprising interferometer components
including a beam splitter and a reference surface, and wherein the light source is also configured
to illuminate the reference surface and the beam splitter is configured to coherently combine
light from the object and the reference surface so that the imaged formed by the imaging optics

on the imaging area is an interferometric image.

18. The variable-zoom imaging apparatus of claim 1 wherein the light source is a coherent laser.

27



19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

The variable-zoom imaging apparatus of claim 1, wherein the area of the array of detector

elements is between 0.25 cm? and 10 cm?.

The variable-zoom imaging apparatus of claim 1, wherein the minimum magnification is
between 1/10 and 1/5.

The variable-zoom imaging apparatus of claim 1, wherein the minimum magnification is

between Y2 and 5.

The variable-zoom imaging apparatus of claim 1, wherein an area of the object area imaged onto
the array of detector elements is between .04 cm? and 10,000 cm?.

The variable-zoom imaging apparatus of claim 1, wherein the adjustable aperture stop is

continuously adjustable.

The variable-zoom imaging apparatus of claim 1, wherein the adjustable aperture stop is

discretely adjustable to each of a plurality of discrete settings.

The variable-zoom imaging apparatus of claim 1, wherein the adjustable aperture stop a

mechanical aperture stop.

The variable-zoom imaging apparatus of claim 1, wherein the adjustable aperture stop is an

electronic aperture stop.

The variable-zoom imaging apparatus of claim 1, further comprising a user-control interface
configured to electronically adjust the adjustable aperture stop in response to a user-input for the

zoom ratio.

The variable-zoom imaging apparatus of claim 27, wherein the user-control interface also causes
the image control circuitry to set the magnification of the object by the detector in response to

the user-input for the zoom ratio.

The variable-zoom imaging apparatus of claim 28, wherein image control circuitry is configured
to set the magnification of the object by the detector by adjusting the sampling of the detector

elements used to produce the digital representation.

The variable-zoom imaging apparatus of claim 1, where the aperture stop provides a nominally

circular opening to define the numerical aperture.
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31.

32.

33.

34.

35.

The variable-zoom imaging apparatus of claim 1, where the aperture stop provides a nominally

rectangular opening to define the numerical aperture.

The variable-zoom imaging apparatus of claim 1, wherein the imaging optics are not sufficiently
large in diameter to pass all light ray trajectories from the object for a full field area of the object
corresponding a full field area spanning all of the detector elements in the array when the
adjustable aperture stop is set to the largest one of the plurality of different numerical apertures.

The variable-zoom imaging apparatus of claim 32, the imaging optics are sufficiently large in
diameter to pass all light ray trajectories from the object for the full field area of the object when
the adjustable aperture stop is set to the smallest one of the plurality of different numerical

apertures.

The variable-zoom imaging apparatus of claim 1, wherein the imaging optics does produce a
diffraction-limited image over a maximum-zoomed field area equal to an area of the full field
area divided by zmax When the adjustable aperture stop is set to the largest one of the plurality of

different numerical apertures.

The variable-zoom imaging apparatus of claim 34, wherein the imaging optics producing a
diffraction-limited image for the numerical aperture NA over a given field of view in the image

area (“FOV”’) means that the imaging optics can produce a feature in the image area with a

A

spatial period d as small as d = ¥ anywhere in the FOV for coherent illumination.
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