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(57) ABSTRACT

A mid-infrared objective lens assembly (10) includes a plu-
rality of spaced apart, refractive lens elements (20) that oper-
ate in the mid-infrared spectral range, the plurality of lens
elements (20) including an aplanatic first lens element (26)
that is closest to an object (14) to be observed. The first lens
element (26) has a forward surface (36) that faces the object
(14) and a rearward surface (38) that faces away from the
object (14). The forward surface (36) can have a radius of
curvature that is negative.
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INFRARED REFRACTIVE OBJECTIVE LENS
ASSEMBLY

RELATED INVENTION

[0001] As faras permitted, the contents of PCT Application
Serial No. PCT/US12/61987 are incorporated herein by ref-
erence. As far as permitted, the contents of U.S. Provisional
Application No. 61/811,548, entitled “MICROSCOPE
WITH OBJECTIVE LENS ASSEMBLY”, and filed on Apr.
12, 2013 are incorporated herein by reference.

GOVERNMENT SPONSORED DEVELOPMENT

[0002] The U.S. Government has rights in this invention
pursuant to contract number NSF SBIR Phase I Award No:
1IP-1230424 and Phase 11 Award No: 1IP-1046450 with the
National Science Foundation.

BACKGROUND

[0003] Objective lens assemblies are commonly used in
microscopes, tele-scopes, cameras and other devices for gath-
ering light from an object being observed and focusing the
light to form an image of the object. Objective lens assemblies
that operate in visible spectrum of light are quite common.
[0004] Currently, the applicant of the present invention is
developing a microscope that operates in the mid infrared
(“MIR”) light spectrum. Unfortunately, existing objective
lens assemblies do not provide sufficient performance in the
MIR light spectrum.

SUMMARY

[0005] The present invention is directed to a mid-infrared
objective lens assembly that gathers mid-infrared light from
an object positioned at an object plane and focuses the mid-
infrared light onto an image plane. In one embodiment, the
objective lens assembly includes a plurality of spaced apart,
refractive lens elements that operate in the mid-infrared spec-
tral range, the plurality of lens elements including an
aplanatic first lens element that is closest to the object, the first
lens element having a forward surface that faces the object
and a rearward surface that faces away from the object,
wherein the forward surface has a radius of curvature that is
negative.

[0006] In one embodiment, the plurality of lens elements
are spaced apart along an optical axis; the forward surface of
the first lens element has a center of the curvature; and the first
lens element is positioned so that the center of curvature is
positioned on the optical axis, and is approximately at the
object plane. Stated in another fashion, the forward surface of
the first lens element is spaced apart from the object plane a
front separation distance along the optical axis, and the front
separation distance is approximately equal to the magnitude
of the radius of curvature of the forward surface of the first
lens element. In alternative, non-exclusive embodiments, the
front separation distance is within approximately one, 0.9,
0.8,0.7,0.6,0.5,0.4, 0.3, 0.2, or 0.1 percent of the radius of
curvature of the forward surface of the first lens element.
[0007] Moreover, in alternative, non-exclusive embodi-
ments, the first lens element is made of a material having an
index of refraction that is greater than 2, 2.5, or 3 for the
mid-infrared spectral range. For example, the first lens ele-
ment can be made of germanium. The use of a high index
material is important for the first lens element to minimize
achromatic aberrations.
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[0008] Additionally, in certain embodiments, the object
lens assembly includes three to ten lens elements, and at least
two of the lens elements are made of different materials, and
each of the lens elements is made of material that is selected
from a group that includes germanium, zinc sulfide, zinc
selenide, and silicon. Alternatively, three or four of the lens
elements can be made of a different material.

[0009] As a non-exclusive example, the first lens element
can be made of a first material having an infrared Abbe
number that is greater than the infrared Abbe number for a
second material of the second lens element.

[0010] In one embodiment, adjacent lens elements are
spaced apart a separation distance along the optical axis, and
the separation distance is either greater than 0.5 millimeters
or less than five micrometers including the value of zero gap.
It should be noted that the separation distance can be an air
gap or can be filled with an adhesive or index matching fluid
or polymer.

[0011] In another embodiment, the plurality of lens ele-
ments are arranged to include a front lens group and a rear
lens group; and the front lens group is corrected for infinite
image conjugate. Further, the rear lens group can include a
first rear lens element and a second rear lens element that are
spaced apart, and the rear lens elements are designed to
achieve anomalous dispersion such that the effective focal
length of the rear lens group decreases with increasing wave-
length. In one embodiment, the first rear lens element has a
positive optical power, and the second rear lens element has a
negative optical power; the first rear lens element is made of
a first material and the second rear lens element is made of a
second material; and the first material has a lower dispersion
or higher infrared Abbe number than the second material in
the mid-infrared spectral range. For example, first material
can be germanium and zinc sulfide or germanium and zinc
selenide.

[0012] Inone embodiment, the rearward surface of the first
lens element has a radius of curvature R that approximately
satisfies the aplanatic condition as defined by the expression:
R=-(Mm/(m+n")*L, wheren is the index of refraction of the first
lens element, n' is the index of refraction of the medium
surrounding the lens element, and L is the physical distance
from the vertex of the rearward surface and the on-axis object
point which is the sum of the distance from the on-axis object
point and the vertex of the forward surface of the first element
and the center thickness of the first lens element.

[0013] Inanother embodiment, the center thickness, Lc, of
each lens elements of the objective lens assembly adheres to
the formula: Lc>1/(4%n) measured in units of centimeters,
where 7] is the average index of refraction over the mid-
infrared operating band of the lens assembly.

[0014] Instill another embodiment, the present invention is
directed to a mid-infrared, refractive objective lens assembly
having a RMS wavefront error of less than approximately 0.5
waves over a wavenumber range of 900-1800 cm™! band in
the mid-infrared spectral range and over a field of view
between 100 micrometers up to 2.0 millimeters.

[0015] Inyetanother embodiment, the present invention is
directed to an infrared objective lens assembly wherein the
plurality of lens elements are designed and arranged so that a
ratio of a magnification factor of the lens assembly to a
numerical aperture of the lens assembly is less than thirty.
[0016] Further, in alternative, non-exclusive embodiments,
the objective lens assembly has a working distance of less
than 100, 90, 80, 70, 60, or 50 millimeters.
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[0017] In still another embodiment, the mid-infrared,
objective lens assembly includes a plurality of spaced apart,
refractive lens elements that operate in the mid-infrared spec-
tral range, the plurality of lens elements including an
aplanatic front lens element that is closest to the object, the
front lens element having an optical axis, a forward surface
that faces the object and a rearward surface that faces away
from the object; the forward surface being spaced apart from
the object a front separation distance along the optical axis. In
this embodiment, a mover assembly moves at least one of the
object and the front lens group of elements to adjust the front
separation distance; and a control system controls the mover
assembly to selectively adjust the front separation distance to
reduce RMS wavefront error. Moreover, in this embodiment,
a mid-infrared laser directs a laser beam that is within the
mid-infrared spectral range at the object; and the control
system controls the mover assembly to selectively adjust the
front separation distance based on the wavelength of the laser
beam in order to minimize RMS wavefront error.

[0018] As provided herein, the term “MIR spectral range”
shall mean and include the range of wavelengths from
approximately three to fifteen micrometers (3-15 pm).
[0019] Further, as used herein, the term “numerical aper-
ture” (“NA”) is a dimensionless number that characterizes the
range of angles (an acceptance cone) in which the objective
lens assembly can accept light from the object. Thus, the
numerical aperture is an indication of the light gathering
ability and the resolution of the objective lens assembly. The
numerical aperture of the objective lens assembly is defined
by the equation NA=n sin 6, where is the index of refraction
of the medium in which the light travels between the object
and the objective lens assembly (e.g. 1.00 for air), and 6 is the
half-angle of the maximum cone of light that can enter the
objective lens assembly from the object. For a microscope
application, the size of the finest resolved detail is propor-
tional to A/2NA, wherein A is the wavelength of light (e.g. in
the MIR spectral range in this example) and NA is the numeri-
cal aperture of the objective lens assembly. Thus, an objective
lens assembly with a larger numerical aperture will be able to
provide finer detail than an objective lens assembly with a
smaller numerical aperture. Further, an objective lens assem-
bly with a larger numerical aperture will collect more light
and the resulting image will be brighter.

[0020] As used herein, the term field of view (“FOV”)
refers to the extent of the object that can be seen at any given
moment at the image plane. For a microscope application
disclosed herein, the field of view is the diameter ofthe circle
of light that is captured by the light sensing device at any
given moment or the width of a rectangular region defined by
the boundaries of the a light sensing device having a rectan-
gular aperture. Generally speaking, the higher the magnifica-
tion of the objective lens assembly, the smaller the field of
view according to the formula Wa/IMt| where Wa is the physi-
cal width of the sensor array and IMtl is the magnitude of the
transverse image magnification of the optical lens assembly.
It is desirable to maximize the FOV provided that the spatial
resolution is not compromised. There is a fundamental
tradeoff between spatial resolution, optical throughput of the
system, and FOV in classical microscopy systems.

[0021] The optical throughput of the microscope can be
quantified by the amount of light striking the sensor located at
the image plane. The throughput is proportional to the square
of'theratio of the numerical aperture and the transverse image
magnification, (NA/Mt)*. It is desirable to maximize this
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quantity in order to ensure high signal-to-noise ratio (SNR).
Since resolution is proportional to 1/NA and FOV is propor-
tional to 1/Mt, we find that it is desirable to maximize NA and
minimize Mt as much as possible to achieve the best system
performance. However, as NA increases, one generally needs
to increase Mt for two reasons. First, one needs to ensure that
the rate of digital sampling at the image plane is sufficient to
meet image quality requirements. Secondly, optical aberra-
tions increase rapidly with increasing NA and FOV due to the
increasing deviation from paraxial optical theory where the
approximation sin(theta)~theta can be made, where theta is
the angle a light ray makes with any given lens element
surface.

[0022] To ensure a sufficient sampling rate is achieved, the
sample-referred pixel size, Ws, given by the actual physical
pixel size, Wp, divided by the magnitude of the transverse
image magnification, Ws=Wp/IMtl, should be at least
approximately five times smaller than the Airy diameter
which is given by 1.22*lambda/NA. For example, if NA=0.7
and lambda=6 um, then Ws should be less than or equal to 2
um. The present invention provides a way to push the limits of
high NA and wide FOV for an optical lens assembly that
operates in the mid-infrared spectrum.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The novel features of this invention, its structure,
and its operation, will be best understood from the accompa-
nying drawings, taken in conjunction with the accompanying
description, in which similar reference characters refer to
similar parts, and in which:

[0024] FIG. 1A isasimplified side view, in partial cut-away
of an objective lens assembly having features of the present
invention, and an object and an image plane;

[0025] FIG. 1B is a larger, simplified side view, of a portion
of the objective lens assembly, the object and image plane of
FIG. 1A;

[0026] FIG. 10 includes a plurality of spot diagrams gen-
erated for the objective lens assembly of FIGS. 1A and 1B;
[0027] FIG. 1D illustrates RMS wavefront error in units of
waves versus wavelength in micrometers for the objective
lens assembly of FIGS. 1A and 1B;

[0028] FIG. 1E illustrates RMS wavefront error in units of
waves versus wavelength in micrometers for the objective
lens assembly of FIGS. 1A and 1B with an increased front
separation distance;

[0029] FIG. 1F is a simplified illustration of an assembly
that includes a lens assembly having features of the present
invention;

[0030] FIG. 2A is a simplified side view, of another
embodiment of an objective lens assembly having features of
the present invention;

[0031] FIG. 2B is a larger, simplified side view, of a portion
of'the objective lens assembly of FIG. 2A;

[0032] FIG. 2C illustrates RMS wavefront error in units of
waves versus wavelength in micrometers for the objective
lens assembly of FIGS. 2A and 2B;

[0033] FIG. 3A is a simplified side view, of another
embodiment of an objective lens assembly having features of
the present invention;

[0034] FIG. 3B is a larger, simplified side view, of a portion
of'the objective lens assembly of FIG. 3A;

[0035] FIG. 3C illustrates RMS wavefront error in units of
waves versus wavelength in micrometers for the objective
lens assembly of FIGS. 3A and 3B;
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[0036] FIG. 3D illustrates actual test result of an infrared
image;
[0037] FIG. 4A is a simplified side view, of another

embodiment of an objective lens assembly having features of
the present invention;

[0038] FIG. 4B is alarger, simplified side view, of a portion
of the objective lens assembly of FIG. 4A;

[0039] FIG. 4C illustrates RMS wavefront error in units of
waves versus wavelength in micrometers for the objective
lens assembly of FIGS. 4A and 4B;

[0040] FIG. 5 is a simplified illustration of an assembly
having features of the present invention;

[0041] FIG. 6A illustrates the optical dispersion curves for
germanium, zinc selenide, and zinc sulfide; and

[0042] FIG. 6B illustrates the index of refraction curves for
germanium, zinc selenide, and zinc sulfide.

DESCRIPTION

[0043] Referring initially to FIG. 1A, in one embodiment,
the present invention is directed to an objective lens assembly
10 that gathers light 12 (illustrated as dashed lines) from an
object 14 (illustrated as a box) being observed that is located
on an object plane 15, and focuses the light 12 to produce an
image on an image plane 16 (often referred to as the system
focal plane). In this embodiment, the lens assembly 10
includes a lens housing 18 (illustrated in cut-away, and a
plurality of spaced apart, refractive lens elements 20 that are
coupled and secured to the lens housing 18, and that aligned
along an optical axis 22 of the lens assembly 10. Pursuant to
the teachings provided herein, the design of the components
of'the lens assembly 10 can be varied to vary the performance
of the lens assembly 10.

[0044] A number of Figures include an orientation system
that illustrates an X axis, a Y axis that is orthogonal to the X
axis, and a Z axis that is orthogonal to the X and Y axes. It
should be noted that any of these axes can also be referred to
as the first, second, and/or third axes. In FIG. 1A, the optical
axis 22 is collinear with the Z axis, the object plane 15 is
positioned parallel to the X and Y axes, the image plane 16 is
positioned parallel to the X and Y axes, and the radial and phi
vectors lie within the X-Y plane. In certain embodiments, the
lens elements 20 and lens housing 18 are approximately axi-
ally symmetric and have a cylindrical symmetry about the
optical axis 22.

[0045] For the purposes of illustration, drawings are ori-
ented in such a way that the object 14 being imaged is to the
left of the objective lens assembly 10 and the image plane 16
is to the right of the objective lens assembly 10. In this
non-exclusive example, the light 12 travels from left to right
to form an image at the image plane 16. Further, for ease of
discussion, the lens elements 20 will be described objectwise
to imagewise (from left to right) in the drawings.

[0046] As non-exclusive examples, the lens assembly 10
provided herein can be used for MIR imaging, MIR micros-
copy, MIR spectroscopy, MIR spectoscopic imaging, MIR
microspectroscopic imaging, MIR cameras, MIR stand-off
detection, and/or other optical instruments or can be simply
used in bench-top scientific experiments requiring imaging or
off-axis laser illumination. For example, in certain embodi-
ments, a light sensing device 24 (illustrated as a box) can be
positioned at the image plane 16 to capture an image of the
light 12 gathered from the object 14. In one embodiment, the
light sensing device 24 has a measurement band (e.g. senses
light) in the MIR spectral range (or a predetermined desired
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portion thereof) to capture a MIR image of the light 12 col-
lected from the object 14. Subsequently, the MIR image can
be analyzed to determine one or more characteristics of the
object 14 being observed.

[0047] In certain embodiments, the lens assembly 10 pro-
vided herein is uniquely designed to operate in the MIR
spectral range (or a predetermined desired portion thereof),
and is achromatic or substantially achromatic over the MIR
spectral range (or a predetermined desired portion thereof) so
that the effects of chromatic aberrations are reduced. More-
over, the lens assembly 10 is uniquely designed to minimize
achromatic aberrations in order to maximize both a numerical
aperture and a field of view over a substantial portion of the
MIR spectral band. Further, the lens assembly 10 is uniquely
designed to manage coherence effects through the use of (i)
refractive lens elements 20 instead of reflective, (ii) engi-
neered spacing between the lens elements 20 to ensure that
any parasitic etalon free spectral range (“FSR”) falls outside
the measurement band of a spectral imaging system contain-
ing the objective assembly 24; and (iii) engineered optical
thicknesses of lens elements 20 to ensure that parasitic etalon
FSR (coherent effects) falls outside of measurement band of
a spectral imaging system containing the objective assembly.
As a result thereof, the image captured by the light sensing
device 24 will have higher image quality, and spectral images
will yield higher spectral fidelity as well as higher image
quality.

[0048] Further, as provided herein, the present invention is
directed to a refractive objective lens assembly 10 that is
optimized for coherent light, in the MIR spectral range. In
certain embodiments, the objective lens assembly 10 is par-
ticularly used in conjunction with a mid-infrared laser (not
shown in FIG. 1A) that generates a coherent laser beam (not
shown in FIG. 1A) that is in the MIR spectral range and that
is directed at the object 14, and may traverse the objective lens
assembly 10 prior to striking the object 14, as in the case of
reflection mode imaging systems, or by striking the object 14
prior to the objective lens assembly 10 as in the case of
transmission imaging systems. Depending upon the design,
the refractive objective lens assembly 10 collects the light 12
that is either reflected off of or transmitted through the object
14 and images that light onto an imaging sensor 24 such as a
focal plane array (FPA).

[0049] In certain embodiments, as non-exclusive
examples, the objective lens assembly 12 can be optimized
for (i) the entire MIR spectral range of approximately three to
fifteen micrometers (3-15 pum); (ii) a predetermined desired
range of approximately five and one-half to eleven microme-
ters (5.5-11 pum); (iii) a predetermined desired range of
approximately six to ten micrometers (6-10 pm); (iv) a pre-
determined desired range of approximately eight to fourteen
micrometers (8-14 um); (v) a predetermined desired range of
approximately seven to fourteen micrometers (7-14 um); or
(vi) a predetermined desired range of approximately three to
eleven micrometers (3-11 pm). Importantly, with the teach-
ings provided herein, the objective lens assembly 12 can be
optimized for other predetermined desired ranges of the MIR
spectral range than those provided above.

[0050] In certain embodiments, the refractive objective
lens assembly 12 is high-resolution, has optimized perfor-
mance under coherent laser illumination in the MIR spectral
range, and achieves diffraction limited spatial resolution over
a substantial fraction of the full field as is limited by the
physical extent of the light sensing device 24 used to capture
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the image. Furthermore, the aberrations can be adequately
suppressed, particularly for off-axis object field points such
that diffraction-limited performance is achieved over the
entire FOV.

[0051] Moreover, the refractive objective lens assemblies
12 provided herein, do not exhibit rapidly diminishing reso-
Iution with field position (i.e. object points removed from the
center of field do not have degraded images). Further, the
refractive objective lens assemblies 12 provided herein (i)
eliminate the obscuration and sharp centralized apertures
exhibited by available reflective objectives, and (ii) correct
for imaging aberrations using multiple refractive lens ele-
ments 20. Additionally, the objective lens assembly 12 pro-
vided herein allows for the use of lower numerical aperture
condenser optics than what are necessary in reflective Cas-
segrain objectives thereby increasing system light coupling
efficiency and reducing the cost and complexity of the imag-
ing system.

[0052] Additionally, as provided herein, in order to push
the limits of high NA and wide FOV, the latter being achieved
by minimizing Mt (the transverse image magnification), the
optical aberrations of the lens assembly must be minimized.
This can be achieved through specific engineering of each
lens element 20, including the lens material, the surface cur-
vature, thickness, and spacing between elements. Ignoring
environmental effects such as temperature and pressure, opti-
cal aberrations come in two basic varieties, chromatic and
achromatic. Chromatic aberrations arise due to the index of
refraction of a given material having wavelength dependence.
How the index of refraction changes with wavelength is
called a dispersion curve. FIG. 6A illustrates the optical dis-
persion curves for germanium 602, zinc selenide 604, and
zinc sulfide 606 over the 5-11 micrometer range and FI1G. 6B
illustrates the index of refraction curves for germanium 607,
zinc selenide 608, and zinc sulfide 609 over the 5-11
micrometer range. The index monotonically decreases with
increasing wavelength for each of these materials. Though the
trend is typical for most infrared glass materials, the magni-
tude and exact shape can vary substantially from one material
to another. Each material has a unique dispersion curve and
can be quantified by a single number called an Abbe number.
Abbe numbers (Vd) are typically defined for the visible spec-
trum using the following formula: Vd=(mD-1)/(mF-nC)
where D, F, and C are the Fraunhofer D, F, and C spectral lines
at 589.3 nm, 486.1 nm, and 656.3 nm respectively. In the
infrared, we chose to define the Abbe number for the spectral
range 5-11 um, using the same formula but by replacing D, F,
and C wavelengths with infrared wavelengths of 8 um (D), 5
um (F) and 8 um (C). For example, germanium will have an
infrared Abbe number of approximately 246 whereas zinc
selenide will have an infrared Abbe number of approximately
48 and whereas zinc sulfide will have an infrared Abbe num-
ber of approximately 33. A higher value of Abbe number
signifies a lower relative dispersion, that is a lower change in
index of refraction with changes in wavelength. In the thin
lens approximation, the optical power defined as the recipro-
cal of the effective focal length (EFL) of the lens of a lens
element is proportional to the product of the reduced index
(mM'-1), where 1' is the index of refraction of the medium
surrounding the lens, and the lens shape, C, given by the
difference between front and back radii of curvature (ROC),
that is P=(m/m'-1)*C, where C=1/ROC,front-1/ROC back.
From this formula, we see that the effect that the dispersion
for a given lens element has on the overall lens assembly
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depends not only the glass properties but also on the shape of
the lens. If attention is not paid to this effect, the result can be
that the imaging condition will not be satisfied for all wave-
lengths within the design spectral band for a given set of
object and image conjugate pairs. That is, the image quality
will become substantially degraded as the wavelength is var-
ied across the design band due to the images being defocused
from the optimum image plane. Chromatic aberration can be
minimized by engineering the materials, the shapes, the
thicknesses, and spacing between lens elements. A minimum
of two different materials, having different dispersion curves
are necessary to reduce chromatic aberration but additional,
that is three or more, material types may be necessary to
adequately minimize chromatic aberrations.

[0053] Achromatic aberrations are defined as those aberra-
tions which are present even in the absence of dispersion. The
primary, or third order, aberrations have been categorized into
five groups: spherical, coma, astigmatism, Petzval curvature
and distortion. Each of these aberrations arise from the devia-
tion of sin(theta)=theta at large angles and depend on the a
combination of object plane position relative to the optical
axis and how a ray launched form this position strikes the
entrance pupil of the system. When the NA is high and the
FOV is wide, theta increases leading to increased achromatic
aberrations. These aberrations must be minimized and can be
achieved by increasing the number of elements of the lens
assembly and by engineering the individual element shapes,
material, thickness, and spacing between lens elements. As
the achromatic aberrations are reduced to a level such that the
RMS spot size of the geometric image blur is substantially
below the size of the Airy disk given by 1.22*lambda/NA, the
objective assembly will be limited by fundamental diffraction
effects and is referred to as diffraction-limited optical system.

[0054] A number of specific, non-exclusive prescriptions
for the refractive objective lens assembly 10 are disclosed
herein. In these embodiments, these refractive objective lens
assemblies 12 have a combination of (i) a relatively high
numerical aperture (NA ranging from 0.15-0.7), (ii) a rela-
tively wide field of view (“FOV™) (at least approximately 0.5
mm), and (iii) a magnification factor of between approxi-
mately four to twelve and one-halftimes (4x-12.5x). It should
be obvious to those skilled in the art that increasing the
magnification factor for any of the existing embodiments is
straightforward. Additionally, the objective lens assemblies
12 disclosed herein are finite conjugate, and thus do not need
a secondary lens to focus onto the object 14. Moreover, due to
the unique design of these specific embodiments, it is
straightforward to convert these objectives into infinite con-
jugate objectives by splitting the front and back groups into
separate lens assemblies.

[0055] The type of object 14 being observed can vary. As
non-exclusive examples, the object 14 can be a biological
specimen such as a human or animal tissue sample, or plant
matter, which is embedded in paraffin or exposed to air, which
is stained or unstained, which is fixed to a variety of infrared
transmissive substrates such as CaF2, BaF2, Si, Ge, ZnS,
ZnSe, CdSe, or on reflective substrates such as Kevley, Au,
Ag, Ti, Ni, Al, etc. Further, the object 14 could be a specimen,
semiconductor material, organic polymer films, metallic
films, insulating films, which can be amorphous, polycrystal-
line, or crsystalline. Furthermore, the object 14 can be a
sample immersed in a liquid medium such as water or growth
medium used to sustain microbial or cellular life. The object
may also contain a hemispherical or hyper-hemispherical
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solid substrate whose apex faces towards the front lens ele-
ment, and which is made of an infrared transparent material
such as CaF2, BaF2, ZnS, ZnSe, Si, or Ge so as to increase the
effective numerical aperture of the objective lens assembly
10. As a non-exclusive example, if the object 14 is a tissue
sample, the field of view of the objective lens assemblies 10
disclosed herein are sufficient to collect an image of a com-
plete single tissue core within a tissue micro-array commonly
used in tissue histopathology, while simultaneously achiev-
ing diffraction-limited spatial resolution in the entire or a
large portion of the MIR spectral range. For example, the
object 14 canbe a tissue cores that is cut into 0.6 mm diameter
cores. In one embodiment, the field of view of the objective
lens assembly 10 is 0.65 mm so that the full extent of a single
0.6 mm diameter core 14 may be imaged at one time within a
single FOV.

[0056] In one embodiment, a stage 25A retains the object
14, and a stage mover assembly 25B is used to move the stage
25A and the object 14 relative to the objective lens assembly
12. For example, the stage mover assembly 25B can be con-
trolled to move the object 14 with 3 degrees of freedom (along
the X, Y, 7) relative to the objective lens assembly 12. Alter-
natively, the stage mover assembly 25B can be designed to
move the stage with six degrees of freedom. The stage mover
assembly 25B can include one or more actuators or the stage
25A can be moved manually. For example, the stage mover
assembly 25B can include a plurality of piezoelectric actua-
tors that precisely position and move the object 14.

[0057] The type of light sensing device 24 can vary. For
example, in one embodiment, the light sensing device 24 can
be an MIR camera that includes a plurality of light sensing
pixels that sense light in the MIR spectral range to capture a
MIR image of the light 12 collected from the object 14. As a
non-exclusive example, the light sensing device 24 can
include a microbolometer focal plane array (FPA) or a mer-
cury cadmium telluride (MCT) focal plane array having
either any rectangular grid pattern having numbers of rows
and columns in the vertical (V) and horizontal (H) directions
ranging from 1 to 2000 pixels or 1 to 4,000,000 total pixels
and any combination of V and H number of pixels within
these ranges. Non-exclusive examples of specific configura-
tions may include specifically 80x80, 160x160, 160x120,
160x128, 324x256, 320240, 384x288, 640x512, 512x512,
640%x640, 640x480, 480x480, 1024x1024, and 1024x768
with a pixel sizes ranging from 5 um up to 200 um, including
configurations of approximately 5 um, 10 um, 17 um, 25 um,
34 um, and 50 um. However, other sizes are possible.

[0058] In alternative, non-exclusive examples, the light
sensing device 24 has a measurement band (is able to sense
light) that is approximately equal to (i) the entire MIR spectral
range of approximately three to fifteen micrometers (3-15
um); (ii) a predetermined desired range of approximately five
and one-half to eleven micrometers (5.5-11 pum); (iii) a pre-
determined desired range of approximately six to ten
micrometers (6-10 um); (iv) a predetermined desired range of
approximately eight to fourteen micrometers (8-14 um); (v) a
predetermined desired range of approximately seven to four-
teen micrometers (7-14 pm); or (vi) a predetermined desired
range of approximately three to eleven micrometers (3-11
pm).

[0059] Further, in certain embodiments, the light sensing
device 24 can block and not sense light outside the respective
measurement band. For the examples provided above, the
light sensing device 24 can inhibit the sensing of light (i)
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greater than fifteen micrometers or less than three microme-
ters; (ii) greater than eleven micrometers or less than five and
one-half micrometers; (iii) greater than ten micrometers or
less than six micrometers; (iv) greater than eight or less than
fourteen micrometers; (v) greater than seven or less than
fourteen micrometers; or (vi) greater than three or less than
eleven micrometers. It should be noted that the design of the
light sensing device 24 can adjusted to match the desired
requirements of the system.

[0060] The lens housing 18 is rigid and retains the plurality
of lens elements 20. In one non-exclusive embodiment, the
lens housing 18 is generally tubular shaped and retains the
lens elements 20 on the inside of the lens housing 18. It should
be noted that the lens housing 18 illustrated in FIG. 1A is
greatly simplified and the lens housing 18 can include a
plurality of housing components (not shown) for fixedly
securing the lens elements 20 to the lens housing 18 with the
proper spacing.

[0061] As provided above, the objective lens assembly 10
includes a plurality of lens elements 20 that are spaced apart
along the optical axis 22. Further, each of the lens elements 20
are generally disk shaped and each lens element 20 is coaxial
with the optical axis 22. As provided herein, the size, shape,
design, spacing, and number of lens elements 20 can be varied
to achieve the desired performance characteristics of the
objective lens assembly 10. For example, in one embodiment,
the objective lens assembly 10 includes (i) at least three
spaced apart, refractive lens elements 20, (ii) at least two of
the lens elements 20 are made of different materials, and (iii)
each of the lens elements 20 is made of a material that oper-
ates in the MIR spectral range. For example, the lens materi-
als can be selected from a group that includes germanium
(“Ge”), zinc sulfide (“ZnS”), zinc selenide (“ZnSe”), silicon
(“Si”), calcium fluoride (“CaF2”), Barium fluoride (“BaF2”),
or sapphire.

[0062] As non-exclusive examples, achromatic aberrations
of'the objective lens assembly 10 can be minimized by (i) the
use of multiple, as few as two, and as many as four types of
materials (e.g. germanium, zinc sulfide, zinc selenide, silicon,
CaF2); (ii) the combination of germanium, zinc sulfide, and
zinc selenide; or (iii) the combination of germanium and
silicon.

[0063] Animportant metric for describing the performance
of'the objective lens assemblies 10 provided herein is a ratio
of the magnitude of the transverse magnification to the
numerical aperture (IMtl:NA) of the objective lens assembly
10. As provided herein, the size, shape, spacing and materials
utilized for the lens elements 20 of the objective lens assem-
blies 10 are selected so that the assemblies 10 operate in the
MIR spectral range, and the ratio (IMtI:NA) is less than thirty.
The lower the ratio, the better the performance of the lens
assembly 10 provided that one achieves sufficient digital sam-
pling as previously prescribed. As alternative, non-exclusive
examples, as provided herein, the size, shape, spacing and
materials utilized for the lens elements 20 of the objective
lens assemblies 10 are selected so that the assemblies 10
operate in the MIR spectral range, and the ratio (IMtl:NA) is
less than 29, 28, 27, 26, 25, 24, 23, 22,21, 20, 19, 18, 17, 16,
15,14, 13,12, 0r 11.

[0064] All specific, but non-exclusive objective assembly
10 designs prescribed herein or which can be derived as
obvious extensions from these designs have a ratio of trans-
verse magnification magnitude to NA of less than 30, the
lower the value the better the metric. It is generally easier to
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achieve higher values of this ratio. For example, the specific
but non-exclusive embodiment of the lens assembly 10 illus-
trated in FIG. 1A has an NA of 0.7, a magnification of 12.5x,
and therefore a ratio of approximately 18. Another specific
but non-exclusive embodiment of the lens assembly 210 (il-
lustrated in FIG. 2A) has an NA of 0.35 and magnification of
4x to achieve a ratio of 11.4. Yet another specific but non-
exclusive embodiment of the lens assembly 410 (illustrated in
FIG. 4A) has a NA of 0.15 and a magnification of 4x to
achieve a ratio of 26.7. Further, yet, another embodiment not
illustrated herein, but which could be designed through obvi-
ous extension of the objective lens assembly 10 illustrated in
FIG. 1A (having NA 0f 0.7 and amagnification of 12.5x) is an
objective lens assembly achieving a NA of 0.9 and a magni-
fication of 25 to produce a ratio of 28.

[0065] It should be noted with the teachings provided
herein, numerous other lens assemblies designs are possible
that achieve a ratio of below 30. The design prescriptions and
general knowhow disclosed herein, therefore, represent sig-
nificant advancement in the state-of-the-art performance of
microscope objectives in the infrared range of the spectrum.

[0066] Still another important metric for describing the
performance of the objective lens assemblies 10 provided
herein is the amount of root mean square (“RMS”) error that
occurs over a specific wavelength (or wavenumber) range in
the Mid-infrared spectrum. Generally, speaking, the lower the
RMS error, the higher quality of the image formed at the
image plane 16. For example, the objective lens assemblies
provided herein are able to achieve a RMS wavefront error of
less than approximately 0.5 waves over a wavenumber range
of 900-1800 cm-1 band (5.5-11 micrometer range) in the
mid-infrared spectral range. Stated in another fashion, the
objective lens assemblies provided herein are able to achieve
a RMS wavefront error of less than approximately 0.5 waves
over a 5.5 micrometer wavelength range in the mid-infrared
spectral range.

[0067] Further, in alternative, non-exclusive embodiments,
the objective lens assemblies provided herein are able to
achieve a RMS wavefront error of less than approximately
0.4,0.3,0.25, or 0.2 waves over a 5.5 micrometer wavelength
range (e.g. the 900-1800 cm-1 band) in the mid-infrared
spectral range. Moreover, the present lens assemblies are able
to achieve these low RMS wavefront errors

[0068] In alternative, non-exclusive embodiments, the lens
assemblies provided herein are able to achieve a RMS wave-
front error of less than 0.5, 0.4, 0.3, 0.25, or 0.2 waves over a
5.5 micrometer wavelength range (e.g. the 5.5to 11 microme-
ter range) in the mid-infrared spectral range, and over a field
of'view of between 100 micrometers up to 2.0 millimeters. As
alternative examples, the results provided herein are possible
with a field of view of at least 0.5,0.6,0.7,0.8,0.9,1,1.1,1.2,
13,1.4,1.5,1.6,1.7,1.8, 1.9, 2 millimeters.

[0069] A number of different, non-exclusive examples of
objective lens assemblies 10 are provided herein. In the first
embodiment illustrated in FIG. 1A, the objective lens assem-
bly 10 is refractive objective lens assembly having (i) a
numerical aperture of approximately 0.7, a magnification of
12.5x, a field of view of greater than 2 degrees full-angle (or
greater than 0.6 millimeters when using a light sensing device
24 having 480x480 pixel Focal Point Array (“FPA”) with 17
um pixel size), and a diffraction limited performance over a
wavelength range of 900-1800 cm™ (a spectral bandwidth of
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900 cm™'). This objective lens assembly 10 is achromatic
over the spectral range of five and one-half to eleven
micrometers (5.5-11 um).

[0070] Inthe embodiment illustrated in FIG. 1A, the objec-
tive lens assembly 10 includes five spaced apart optical lens
elements 20 which can be grouped into two groups, namely
(1) a front lens group 20A (can also be referred to as the first
lens group) that contains the first three elements 20; and (ii) a
back lens group 20B (can also be referred to as the second lens
group) that contains the final two elements 20B. In this
example, the front lens group 20A is closer than the back lens
group 20B to the object plane 15, while the front lens group
20A is farther than the back lens group 20B to the image plane
16.

[0071] For convenience, moving left to right in FIG. 1A
(objectwise to imagewise), the lens elements 20 of (i) the first
lens group 20A can be labeled as a front, first lens element 26
that is closest to the object 14 being observed; a front, second
element 28 spaced apart and directly to the right of the front,
first lens element 26; and a front, third lens element 30 spaced
apart and directly to the right of the front, second lens element
28; and (ii) the second lens group 20B can be labeled as a
back, first lens element 32 spaced apart and directly to the
right of the front, third lens element 30; and a back, second
lens element 34 spaced apart and directly to the right of the
back, first lens element 32. In this embodiment, the back
second lens element 34 is the closest to the image plane 16,
and the lens elements 28, 30, 32 are spaced apart and are
positioned between the front first lens element 26 and the
back second lens element 34.

[0072] Itshould be noted that (i) the front, first lens element
26 can also be referred to as a front lens element, (ii) the back,
second lens element 34 can also be referred to as a rear lens
element, and (iii) the lens elements 28, 30 and 32 can also be
referred to as intermediate lens elements 28, 30, 32.

[0073] In certain embodiments, the front lens group 20A
and back lens group 20B are independently corrected for
infinite image conjugates, and/or the back lens group 20B is
designed to achieve anomalous dispersion such that the effec-
tive focal length of the back lens group 20B decreases with
increasing wavelength. Thus, the present invention provides a
straightforward way to convert these objectives into infinite
conjugate objectives by splitting the front lens group 20A
from the back lens group 20B. This feature allows for the
increase in separation distance between front and back lens
groups without increasing aberrations. This enables beam
splitters (not shown) or other optical filtering components
(not shown) to be easily placed between the front and back
lens groups 20A, 20B that are designed to operate with col-
limated light.

[0074] FIG. 1B is a larger, simplified side view of a portion
of'the objective lens assembly 10 from FIG. 1A including (i)
the lens elements 26, 28, 30, of the front lens group 20A; (ii)
the lens elements 32, 34 of the back lens group 20B, (iii) the
object 14 at the object plane 15, and (iv) the image plane 16.
Each of the lens elements 20 includes a forward surface 36
and a rearward surface 38. Further, for each element 20, the
forward surface 36 faces the object 14 (faces left away from
the image plane 16) and is closer to the object 14 than its
corresponding rearward surface 38, while the rearward sur-
face 38 faces the image plane 16 (faces right away from the
object 14) and is closer to the image plane 16 than its corre-
sponding forward surface 36.
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[0075] In FIG. 1B, (i) the distance “a” illustrates a front
separation distance between the object 14 and the forward
surface 36 of the front, first lens element 26 along the optical
axis 22; (ii) the distance “b” illustrates a thickness of the front
first lens element 26 along the optical axis 22; (iii) the dis-
tance “c” illustrates a separation distance between the rear-
ward surface 38 of the front, first lens element 26 and the
forward surface 36 of the front second lens element 28 along
the optical axis 22; (iv) the distance “d” illustrates a thickness
of'the front second lens element 28 along the optical axis 22;
(v) the distance “e” illustrates a separation distance between
the rearward surface 38 of the front, second element 28 and
the forward surface 36 of the front, third lens element 30
along the optical axis 22; (vi) the distance “f” illustrates a
thickness of the front, third lens element 30 along the optical
axis 22; (vii) the distance “g” illustrates a separation distance
between the rearward surface 38 of the front, third lens ele-
ment 30 and the forward surface 36 of the back, first lens
element 32 along the optical axis 22; (viii) the distance “h”
illustrates a thickness of the back, first lens element 32 along
the optical axis 22; (ix) the distance “i” illustrates a separation
distance between the rearward surface 38 of the back first lens
element 32 and forward surface 36 of the back second lens
element 34 along the optical axis 22; (x) the distance “j”
illustrates a thickness of the back second lens element 34
along the optical axis 22; and (xi) the distance “k” illustrates
the distance between the rearward surface 38 of the back
second lens element 34 and the image plane 16 along the
optical axis 22.

[0076] Incertainembodiments, the separation distance “c”,
“e”,“g”, “” between adjacent lens elements 20 is greater than
0.5 millimeters and less than five micrometers in order to shift
parasitic etalons out of the spectral band of spectroscopic
systems containing the objective lens assembly 10.

[0077] It should be noted that each thickness “b”, “d”, “f”,
“h”, 4" can be referred to as the center thickness Lc. Further,
the center thickness, Lc, of each lens elements 20 of the
objective lens assembly 10 adheres to the formula: Le>1/
(4*1), where m is the average index of refraction over the
mid-infrared operating band of the lens assembly, in order to
shift parasitic etalons out of the spectral band of spectro-
scopic systems containing the objective lens assembly 10.
[0078] In the embodiment illustrated in FIG. 1B, each of
the surfaces 36, 38 of each of the elements 20 is curved and
has a center of curvature 40 (illustrated with a circle) located
on the optical axis 22, with a vertex 42 of the respective
surface 36, 38 being located on the optical axis 22. As pro-
vided herein, for each surface 36, 38, a radius of curvature 44
is equal to a distance from its vertex 42 to its center of
curvature 40. As provided herein, for each surface 36, 38, (i)
ifits vertex 42 is left of its center of curvature 40, the radius of
curvature 40 is positive; and (ii) if its vertex 42 is right of its
center of curvature 40, the radius of curvature 44 is negative.
It should be noted that only the center of curvature 40, vertex
42, and radius of curvature 44 ofthe forward surface 36 of the
front, first lens element 26 is labeled in FIG. 1B. In the case
that the first lens surface contains aspherical or hyperboloidal
surfaces that deviate from a pure spherical shape, the radius of
a sphere that shall best describe the aspherical surface, for
example using a least-squares fit, shall be used.

[0079] As provided herein, in certain embodiments, the
front, first lens element 26 is uniquely designed and posi-
tioned so that (i) the forward surface 36 has a radius of
curvature 44 that is negative; and (ii) the center of curvature
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40 of the forward surface 36 is positioned on the optical axis
22, and is approximately at the object plane 15. Stated in
another fashion, the front, first lens element 26 is uniquely
designed and positioned so that the front separation distance
“a” along the optical axis 22 is approximately equal to the
radius of curvature 44 of the forward surface 36 of the front
first lens element 26. In alternative, non-exclusive embodi-
ments, the front separation distance “a” is within approxi-
mately 1,0.9,0.8,0.7,0.6,0.5,0.4,0.3,0.2, or 0.1 percent of
the radius of curvature 44. A benefit of this design is that the
first surface introduces no aberrations for on axis object
points and negligible aberrations for off-axis points due to the
lack of ray bending at the surface.

[0080] Moreover, the rearward surface 39 of the front first
lens element 28 can be designed to approximately satisfy the
aplanatic condition as defined by the expression: R=—(n/(n+
N")*L, where 1 is the index of refraction of the first lens
element, 1' is the index of refraction of the medium surround-
ing the lens element, and L is the physical distance from the
vertex of the rearward surface and the on-axis object point
which is the sum of the distance from the on-axis object point
and the vertex of the forward surface of the first element and
the center thickness of the first lens element.

[0081] Further, in certain embodiments, the lens elements
20 are uniquely designed and positioned so that a working
distance 46 of the optical lens assembly 10 is less than
approximately one hundred millimeters, 75 mm, or 50 mm.
As provided herein, the term working distance 46 shall be
equal to the shortest distance between the front first lens
element 26 and the object plane 15. A benefit of this design is
that object distances are located within a suitable range for
microscopy applications that require magnification factors
greater than 2x.

[0082] Additionally, in one embodiment, (i) the back first
lens element 30 has a positive optical power of lower disper-
sion, and (ii) the back second lens element 34 has a negative
optical power of higher dispersion. This feature allows the
back lens group 20B to achieve the effect of creating an air
spaced doublet having positive power with anomalous dis-
persion, that is the effective focal length of the doublet
decreases with increasing wavelength.

[0083] As provided herein, depending upon the design, at
least two of the lens elements 20 are made of different mate-
rials that operate in the MIR spectral range. In one embodi-
ment, the front, first lens element 26 is made of a material
having an index of refraction that is greater than two for the
mid-infrared spectral range. For example, a suitable material
for the front, first lens element 26 is selected from a group that
includes germanium, zinc sulfide, zinc selenide, and silicon.

[0084] Inoneembodiment, the front, first lens element 26 is
made of a material having an infrared Abbe number that is
greater than an Abbe number for a material of one of the other
lens elements 28, 30, 32, 32. Further, the back, first lens
element 32 is made of a first material and the back, second
lens element 34 is made of a second material; and wherein the
first material has an infrared Abbe number is greater than an
Abbe number for the second material in the mid-infrared
spectral range.

[0085] Table 1 below is one, non-exclusive lens prescrip-
tion for the objective lens assembly 10 of FIGS. 1A and 1B:
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TABLE 1
Semi-
Ele- Sur- Radi-  Thick- Mate- diam-
Group  ment face us ness rial eter Conic
— — object — 9.5 air — —
1 1 F -9.5 5.0 gemma- 6.8 0

nium

B -11.6 3.0 air 9.8 0
2 F -65.9 5.0 zine 10.9 0
selenide
B -42.8 3.0 air 11.7 0
3 F -170.5 5.0 zine 11.9 0
selenide
B -138.3 22.0 air 12.2 0
2 1 F 458.8 5.0 germa- 12.7 0
nium
B -294.6 3.0 air 12.6 0
2 F -196.1 5.0 zine 12.0 0
selenide
B 189.1  195.0 air 11.7 0
— — image — 0.0 — — —

[0086] Referring to Table 1, in this example, for the first
lens group 20A, (i) the front, first lens element 26 is aplanatic
and is made of germanium, (ii) the front, second element 28 is
made of ZnSe, and (iii) the front, third lens element 30 is
made of ZnSe. Further, for the second lens group 20B, (i) the
back, first lens element 32 is made of germanium, and (ii) the
back, second lens element 34 is made of ZnS. In this embodi-
ment, the aberrations are minimized to achieve high-resolu-
tion (high-NA), wide-field-of-view (FOV) performance
through the use of (i) an aplanatic front first lens element 26
and an aplanatic back, first lens element 32; (ii) the use of a
high-index material (e.g. germanium) for the front first lens
element 26 and back first lens element 32; and (iii) the use of
refractive lens elements 20.

[0087] FIG. 1C includes a plurality of spot diagrams 50
generated for the objective lens assembly 10 of FIGS. 1A and
1B. FIG. 10 illustrates simulated data that was generated
using an optical and illumination design software. These spot
diagrams 50 can be used to analyze the performance of the
objective lens assembly 10. In this example, each spot dia-
gram 50 is a two dimensional plot where the vertical axis is
the field position in millimeters (radial distance from the
center of the field of view (e.g. the optical axis) of the objec-
tive lens assembly 10), and the horizontal axis is the wave-
length. Each spot diagram 50 includes an airy disk 52 (illus-
trated with a dashed line), and the actual spot 54 (illustrated
with a circle or oval) that would be captured on the light
sensing device (illustrated in FIG. 1A).

[0088] More specifically, (i) the upper row of spot diagrams
50 have a field position of zero millimeters (not offset from
the optical axis), and wavelength of each subsequent spot
diagram 50 changes from 5.5 to 11 microns, in half micron
spacings; (ii) the second highest row of spot diagrams 50 have
afield position of —0.125 millimeters (radially offset by 0.125
millimeters from the optical axis), and wavelength of each
subsequent spot diagram 50 changes from 5.5 to 11 microns,
in half micron spacings; (iii) the third highest row of spot
diagrams 50 have a field position of —-0.250 millimeters (radi-
ally offset by 0.250 millimeters from the optical axis), and
wavelength of each subsequent spot diagram 50 changes from
5.5to 11 microns, in half micron spacings; and (iv) the lowest
row of spot diagrams 50 have a field position of -0.325
millimeters (radially offset by 0.325 millimeters from the
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optical axis), and wavelength of each subsequent spot dia-
gram 50 changes from 5.5 to 11 microns, in half micron
spacings.

[0089] These spot diagrams 50 illustrate that the objective
lens assembly 10 described above and illustrated in FIGS. 1A
and 1B maintains very good performance as the field position
changes towards the edge of the field of view. This will result
in a higher resolution image captured with the light sensing
device 24 (illustrated in FIG. 1A).

[0090] FIG. 1D is a graph is another way to illustrate the
performance of the objective lens assembly 10 described
above and illustrated in FIGS. 1A and 1B. FIG. 1D illustrates
simulated data that was generated using an optical and illu-
mination design software. More specifically, FIG. 1D illus-
trates RMS wavefront error in units of waves (vertical axis)
versus wavelength in micrometers (horizontal axis) for the
objective lens assembly 10 described above and illustrated in
FIGS. 1A and 1B. The graph includes a separate curve for
four different field positions, namely (i) curve 56 for on-axis
field position; (ii) curve 58 for a field position of -0.125
millimeters (radial axis offset of -0.125 millimeters); (iii)
curve 60 for a field position of —0.250 millimeters (radial axis
offset of -0.250 millimeters); and (iv) curve 62 for a field
position of —0.325 millimeters (radial axis offset of —0.325
millimeters). Performance is better when the RMS wavefront
error is small. As illustrated in FIG. 1D, the RMS wavefront
error of the objective lens assembly 10 will vary according to
field position and wavelength. Importantly, the objective lens
assembly 10 was designed to minimize the RMS wavefront
error as best as possible across the desired band.

[0091] As illustrated in FIG. 1D, (i) the RMS wavefront
error is less than 0.2 waves for the entire 5.5 to 11 micrometer
range, and (ii) for the on-axis field position, the RMS wave-
front error is less than 0.15 waves for the entire 5.5 to 11
micrometer range. Additionally, it should be noted that each
curve 56, 58, 60, 62 has a minimum RMS wavefront error at
a specific wavelength in the 5.5 to 11 micrometer range. For
example, the minimum RMS wavefront error for curve 56
(on-axis) is at approximately 9.9 micrometers.

[0092] Referring back to FIG. 1B, as provided herein,
changing the front separation distance “a” between the object
14 and the forward surface 36 of the front, first lens element
26 will change the wavelength where the RMS wavefront
error is at a minimum. Thus, at certain wavelengths in the
Mid-infrared spectral range, the RMS wavetront error can be
reduced and optimized by adjusting the separation distance
“a”.

[0093] FIG. 1E illustrates RMS wavefront error in units of
waves (vertical axis) versus wavelength in micrometers (hori-
zontal axis) for the objective lens assembly 10 described
above and illustrated in FIGS. 1A and 1B with the front
separation distance “a” increased by ten micrometers. FIG.
1E illustrates simulated data that was generated using an
optical and illumination design software. The graph includes
a separate curve for four different field positions, namely (i)
curve 56 for on-axis field position; (ii) curve 58 for a field
position of =0.125 millimeters (radial axis offset of —0.125
millimeters); (iii) curve 60 for a field position of —0.250
millimeters (radial axis offset of —=0.250 millimeters); and (iv)
curve 62 for a field position of —0.325 millimeters (radial axis
offset of —0.325 millimeters).

[0094] As illustrated in FIG. 1E, with a ten micrometer
displacement of the object from its nominal position, the
minimum RMS wavefront error for curve 56 (on-axis) is now
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moved to approximately 6.6 micrometers. Thus, the separa-
tion distance “a” can be adjusted to adjust the performance of
the lens assembly 10 and increase the achromatic range of the
lens assembly from 5.5-11 um to 3-11 um.

[0095] FIG.1F is a simplified illustration of an assembly 70
that includes a lens assembly 10 (only a portion is illustrated
in FIG. 1F) that is similar to the lens assembly 10 illustrated
in FIGS. 1A and 1B. In this embodiment, the assembly 70
includes a Mid-infrared laser source 72 that directs a coherent
mid-infrared beam 74 at the object 14 along the optical axis
22. For example, the laser source 72 can be tunable to gener-
ate different wavelength beams 74 in the mid-infrared spec-
trum. In FIG. 1F, the beam 74 is transmitted through the
object 14. Alternatively, the assembly 70 can be designed so
that the beam 74 is directed through the lens assembly 10 and
reflected off of the object 14.

[0096] Further, in this embodiment, the assembly 70
includes the stage 25 A that retains the object 14, and the stage
mover assembly 25B that moves the object 14 relative to the
lens assembly 10 and the object plane 15. Additionally, in this
embodiment, the lens assembly 10 includes a lens mover
assembly 76 (e.g. one or more actuators) that can be used to
move the lens elements 26, 28, 30 of the front lens group 20A
relative to the lens housing 18, the object 14, the object plane
15, and the back lens group 20B (illustrated in FIG. 1B).
Alternatively, the lens mover assembly 76 can be used to
move just front first lens elements 26.

[0097] With this design, either or both of the mover assem-
blies 25B, 76 can be used to selectively adjust the front
separation distance “a” to selectively adjust the characteris-
tics of the lens assembly 10. Additionally, in this embodi-
ment, the assembly 70 includes a control system 78 that can
be used to selectively control one or both of the mover assem-
blies 25B, 76 to selectively adjust the characteristics of the
lens assembly 10. The control system 78 can include one or
more processors.

[0098] For example, if the laser source 72 is tunable, the
control system 78, in a feedforward fashion, can control one
or both of the mover assemblies 25B, 76 to selectively adjust
the separation distance “a” so that the lens assembly 10 has
the optimum characteristics (reduce RMS wavefront error) at
the wavelength of the beam 74. Stated in another fashion, in
certain embodiments, the present invention adjusts the sepa-
ration distance “a” in a feed forward fashion to achieve the
best performance from the objective lens assembly 10. For
example, if it is desired to capture an image of the object 14
when the laser beam 74 has a center wavelength of ten
micrometers, the separation distance “a” is adjusted to
achieve the best performance from the objective lens assem-
bly 10 at ten micrometers. Alternatively, if it is desired to
capture an image of the object 14 when the laser beam 74 has
a center wavelength of eight micrometers, the separation
distance “a” is adjusted to achieve the best performance from
the objective lens assembly 10 at eight micrometers.

[0099] Inone embodiment, actual or simulated tests can be
performed to determine the best, front separation distance “a”
for each wavelength in the mid-infrared spectrum or portion
thereof to generate a lookup table. Subsequently, the control
system 78 can use the lookup table to control the front sepa-
ration distance “a” to achieve the reduced RMS wavefront
error based on the wavelength of the beam 74.

[0100] The maximum amount of change in separation dis-
tance “a” required to achieve optimum results across the
entire desired wavelength range will vary according to the
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design of the objective lens assembly 10. For example, in
alternative non-exclusive embodiments, the separation dis-
tance “a” can be varied by a 5, 10, 15, or 20 micrometer range
to achieve the desired optimization.

[0101] Another, non-exclusive example of an objective lens
assembly 210 is illustrated in FIG. 2 A, the object plane 15 and
the image plane 16. In this embodiment, the objective lens
assembly 210 is somewhat similar to the lens assembly 10
described above. However, in this embodiment, the objective
lens assembly 210 has a numerical aperture of 0.35, a mag-
nification of 4x, a field of view of greater than 7 degrees
full-angle (or greater than 2 millimeters when using a 480x
480 pixel FPA with 17 um pixel size), and a diffraction limited
performance over the spectral range of 900-2000 cm™! (a
spectral bandwidth of 1100 cm™"); and chromatic aberration
control over the spectral range of five and one-half to eleven
micrometers (5.5-11 pm).

[0102] Inthe embodiment illustrated in FIG. 2A, the objec-
tive lens assembly 210 includes four spaced apart optical lens
elements 220 which can be grouped into two groups, namely
(1) a front lens group 220A that contains the first two elements
220; and (ii) a back lens group 220B that contains the final
two elements 220B. The front lens group 220A is closer than
the back lens group 220B to the object plane 15, while the
front lens group 220A is farther than the back lens group
220B to the image plane 16.

[0103] For convenience, moving left to right in FIG. 2A
(objectwise to imagewise), the lens elements 220 of (i) the
first lens group 220A can be labeled as a front, first lens
element 226 that is closest to the object 214 being observed;
and a front, second element 228 spaced apart and directly to
the right of the front, first lens element 226; and (ii) the second
lens group 220B can be labeled as a back, first lens element
232 spaced apart and directly to the right of the front, second
lens element 228; and a back, second lens element 234 spaced
apart and directly to the right of the back, first lens element
232.

[0104] In this embodiment, the front lens group 220A is
corrected for infinite image conjugate, and/or the back lens
group 2208 is designed to achieve anomalous dispersion such
that the effective focal length of the back lens group 220B
decreases with increasing wavelength.

[0105] FIG. 2B is a larger, simplified side view of a portion
of'the objective lens assembly 210 from FIG. 2A including (i)
the lens elements 226, 228 of the front lens group 220A; (ii)
the lens elements 232, 234 of the back lens group 220B, and
(iii) the object 214. Each of the lens elements 220 includes a
forward surface 236 and arearward surface 238. Further, each
lens 220 has a lens thickness 280 (only one is shown) and a
separation distance 282 (only one is shown) separates adja-
cent lens elements 220. Further, the forward surface 236 of
the front first lens element 226 is spaced apart a front sepa-
ration distance “a” along the optical axis 22.

[0106] Table 2 below is one, non-exclusive lens prescrip-
tion for the objective lens assembly 210 of FIGS. 2A and 2B:
TABLE 2

Semi-
Ele- Sur- Radi-  Thick- Mate- diam-
Group  ment face us ness rial eter Conic
— — object — 40 air — —
1 1 F -26.4 3.0 germa- 13.6 0
nium
B -27.7 3.0 air 14.9 0
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TABLE 2-continued

Semi-
Ele- Sur- Radi-  Thick- Mate- diam-
Group  ment face us ness rial eter Conic
2 F -72.8 4.0 zine 16.5 0
selenide
B -51.1 3.0 air 17.3 0
3 F -526.0 4.0 germa- 18.0 0
nium
B -138.3 3.0 air 18.3 0
4 F -140.6 5.0 zine 17.8 0
sulfide
B -387.8  195.0 air 17.7 0

— — image — 0.0 — — —

[0107] Referring to Table 2, in this example, for the front
lens group 220A, (i) the front, first lens element 226 is
aplanatic and is made of germanium, and (ii) the front, second
element 228 is made of ZnSe. Further, for the back lens group
220B, (i) the back, first lens element 232 is made of germa-
nium, and (ii) the back, second lens element 234 is made of
ZnS. In this embodiment, the aberrations are minimized to
achieve high-resolution (high-NA), wide-field-of-view
(FOV) performance through the use of (i) an aplanatic front
first lens element 226 and an aplanatic back, first lens element
232; (i1) the use of a high-index material (e.g. germanium) for
the front first lens element 226 and back first lens element
232; and (iii) the use of refractive lens elements 220.

[0108] FIG.2C s a graph thatillustrates the performance of
the objective lens assembly 210 described above and illus-
trated in FIGS. 2A and 2B. FIG. 2C illustrates simulated data
that was generated using an optical and illumination design
software. More specifically, FIG. 2C illustrates RMS wave-
front error in units of waves (vertical axis) versus wavelength
in micrometers (horizontal axis) for the objective lens assem-
bly 210 described above and illustrated in FIGS. 2A and 2B.
The graph includes a separate curve for four different field
positions, namely (i) curve 256 for on-axis field position; (ii)
curve 258 for a field position of —0.5 millimeters (radial axis
offset of 0.5 millimeters); (iii) curve 260 for a field position
of =0.750 millimeters (radial axis offset of —0.750 millime-
ters); and (iv) curve 262 for a field position of —1.000 milli-
meters (radial axis offset of —1.000 millimeters). As illus-
trated in FIG. 2C, the RMS wavefront error of the objective
lens assembly 10 will vary according to field position and
wavelength. Importantly, the objective lens assembly 210 was
designed to minimize the RMS wavefront error as best as
possible across the desired band.

[0109] As illustrated in FIG. 2C, the RMS wavefront error
is less than 0.18 waves for the entire 5.5 to 11 micrometer
range. Additionally, it should be noted that each curve 256,
258, 260, 262 has a minimum RMS wavefront error at a
specific wavelength in the 5.5 to 11 micrometer range. Thus,
as provided above, the RMS wavelength error can again be
adjusted by adjusting the front separation distance “a”.
[0110] Another, non-exclusive example of an objective lens
assembly 310 is illustrated in FIG. 3A, with the object plane
15 and the image plane 16. In this embodiment, the objective
lens assembly 310 is somewhat similar to the lens assembly
10 described above. However, in this embodiment, the objec-
tive lens assembly 310 has a numerical aperture of 0.7, and a
magnification of 12.5.

[0111] Inthe embodiment illustrated in FIG. 3 A, the objec-
tive lens assembly 310 includes six spaced apart optical lens
elements 320 which can be grouped into three groups, namely
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(1) a front lens group 320A that contains the first two elements
320; (ii) an intermediate lens group 320B that contains the
three elements 320; and (iii) a rear lens group 320C that
includes a single lens element 320. The front lens group 320A
is closer than the back lens group 320C to the object plane 15,
while the front lens group 320A is farther than the back lens
group 320B to the image plane 16.

[0112] For convenience, moving left to right in FIG. 3A
(objectwise to imagewise), the lens elements 320 of (i) the
front lens group 320A can be labeled as a front, first lens
element 326, and a front, second element 328; (ii) the inter-
mediate lens group 320B can be labeled as an intermediate,
first lens element 330, an intermediate, second lens element
332, and an intermediate third lens element 334; and (iii) the
single lens element 320 of the rear lens group 320C.

[0113] FIG. 3B is a larger, simplified side view of a portion
of'the objective lens assembly 310 from FIG. 3A including (i)
the lens elements 326, 328 of the front lens group 320A; (ii)
the lens elements 332, 334, 336 of the intermediate lens group
320B, (iii) the one lens elements 320 of the rear lens group
320C, and (iv) the object 14. Each of the lens elements 320
includes a forward surface 336 and a rearward surface 338.
Further, each lens 320 has a lens thickness 380 (only one is
shown) and a separation distance 382 (only one is shown)
separates adjacent lens elements 320. Further, the forward
surface 336 of the front first lens element 326 is spaced apart
a front separation distance “a” along the optical axis 22 from
the object 14.

[0114] Table 3 below is one, non-exclusive lens prescrip-
tion for the objective lens assembly 310 of FIGS. 3A and 3B:

TABLE 3
Semi-
Ele- Sur- Radi-  Thick- Mate- diam-
Group ment face us ness rial eter Conic

— —  object — 9.5 air — —

1 1 F -9.5 5.0 germa- 6.7 0
nium

B -11.6 3.0 air 10.0 1.27E-03

2 F -60.2 3.0 germa- 12.7 0
nium

B -47.1 0.5 air 12.7 0

2 1 F -382.1 3.0 germa- 12.7 0
nium

B -140.2 0.5 air 12.7 0

2 F -114.9 3.0 zine 12.7 0

selenide

B 104.3 0.5 air 12.7 0

3 F 105.3 3.0 germa- 12.7 0
nium

B 182.1 24.0 air 12.7 0

3 1 F 597.2 2.2 germa- 12.7 0
nium

B infinity  194.2 air 12.0 0

— Image — 0.0 — — —

[0115] FIG. 3Cis a graph that illustrates the performance of
the objective lens assembly 310 described above and illus-
trated in FIGS. 3A and 3B. FIG. 3C illustrates simulated data
that was generated using an optical and illumination design
software. More specifically, FIG. 3C illustrates RMS wave-
front error in units of waves (vertical axis) versus wavelength
in micrometers (horizontal axis) for the objective lens assem-
bly 310 described above and illustrated in FIGS. 3A and 3B.
The graph includes a separate curve for four different field
positions, namely (i) curve 356 for on-axis field position; (ii)
curve 358 for a field position of —0.125 millimeters (radial



US 2016/0018628 Al

axis offset of —0.125 millimeters); (iii) curve 360 for a field
position of —0.250 millimeters (radial axis offset of —0.250
millimeters); and (iv) curve 362 for a field position of —0.325
millimeters (radial axis offset of —0.325 millimeters). As
illustrated in FIG. 3C, the RMS wavefront error of the objec-
tive lens assembly 10 will vary according to field position and
wavelength.

[0116] As illustrated in FIG. 3C, the RMS wavefront error
is less than 0.5 waves for the entire 5.5 to 11 micrometer
range. Additionally, it should be noted that each curve 356,
358, 360, 362 has a minimum RMS wavefront error at a
specific wavelength in the 5.5 to 11 micrometer range. Thus,
as provided above, the RMS wavelength error can again be

[Tt

adjusted by adjusting the front separation distance “a”.

[0117] FIG. 3D illustrates actual test result of an infrared
image of a USAF1951 resolution test target using the 6-cle-
ment 0.7NA 12.5x lens assembly 310 prescribed in Table 3
with infrared laser illumination at 1555 cm-1 (6.43 um). The
test target consists of groups of lithographically defined ver-
tical and horizontal chrome bars of varying widths and spac-
ing on soda lime glass substrate. The image demonstrates that
the infrared optical assembly prescribed in Table 3 can
resolve features down to 4.39 um over a field of view of 650
um. This result demonstrates that the performance of the lens
assembly exceeds the design specification by yielding an
effective numerical aperture, NA_effective, of 0.9, which was
calculated using the formula NA_eftective=0.61*lambda/4.
39.

[0118] Yet another, non-exclusive example of an objective
lens assembly 410 is illustrated in FIG. 4A, with the object
plane 15 and the image plane 16. In this embodiment, the
objective lens assembly 410 is somewhat similar to the lens
assembly 10 described above. However, in this embodiment,
the objective lens assembly 310 has a numerical aperture of
0.15, and a magnification of 4x.

[0119] Inthe embodiment illustrated in FIG. 4A, the objec-
tive lens assembly 410 includes three spaced apart optical
lens elements 420 which can be grouped into two groups,
namely (i) a front lens group 420A that contains the first two
elements 420; and (ii) a rear lens group 420B that includes a
single lens element 420. The front lens group 420A is closer
than the back lens group 420B to the object plane 15, while
the front lens group 420A is farther than the back lens group
420B to the image plane 16.

[0120] For convenience, moving left to right in FIG. 4A
(objectwise to imagewise), the lens elements 420 of (i) the
front lens group 420A can be labeled as a front, first lens
element 426, and a front, second element 428; and (ii) the
single lens element 420 of the rear lens group 420B.

[0121] FIG. 4B is a larger, simplified side view of a portion
of'the objective lens assembly 410 from FIG. 4A including (i)
the lens elements 426, 428 of the front lens group 320A; and
(i1) the one lens elements 420 of the rear lens group 420B, and
(iii) the object 14. Each of the lens elements 420 includes a
forward surface 436 and a rearward surface 438. Further, each
lens 420 has a lens thickness 480 (only one is shown) and a
separation distance 482 (only one is shown) separates adja-
cent lens elements 420. Further, the forward surface 436 of
the front first lens element 426 is spaced apart a front sepa-
ration distance “a” along the optical axis 22 from the object
14.

[0122] Table 4 below is one, non-exclusive lens prescrip-
tion for the objective lens assembly 410 of FIGS. 4A and 4B:
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TABLE 4
Semi-
Ele- Sur- Radi-  Thick- Mate- diam-
Group  ment face us ness rial eter Conic
— — object — 45 — — —
1 1 F -45.0 3.0 germa- 127 0
nium
B -38.4 2.0 air 12.7 0
2 F -194.6 3.0 germa- 127 0
nium
B -148.3 8.0 air 12.7 0
2 1 F 597.2 2.2 germa- 127 0
nium
B infinity  196.3 air 12.7 0
— — image N/A 0.0 — — —

[0123] FIG. 4C is a graph that illustrates the performance of
the objective lens assembly 410 described above and illus-
trated in FIGS. 4A and 4B. FIG. 4C illustrates simulated data
that was generated using an optical and illumination design
software. More specifically, FIG. 4C illustrates RMS wave-
front error in units of waves (vertical axis) versus wavelength
in micrometers (horizontal axis) for the objective lens assem-
bly 410 described above and illustrated in FIGS. 4A and 4B.
The graph includes a separate curve for four different field
positions, namely (i) curve 456 for on-axis field position; (ii)
curve 458 for a field position of =0.5 millimeters (radial axis
offset of 0.5 millimeters); (iii) curve 460 for a field position
of' —0.75 millimeters (radial axis offset of —0.75 millimeters);
and (iv) curve 462 for a field position of -1 millimeters (radial
axis offset of —1 millimeters). As illustrated in FIG. 4C, the
RMS wavetront error of the objective lens assembly 10 will
vary according to field position and wavelength.

[0124] As illustrated in FIG. 4C, the RMS wavefront error
is less than 0.8 waves for the entire 5.5 to 11 micrometer
range. Additionally, it should be noted that each curve 456,
458, 460, 462 has a minimum RMS wavefront error at a
specific wavelength in the 5.5 to 11 micrometer range. Thus,
as provided above, the RMS wavelength error can again be
adjusted by adjusting the front separation distance “a”.
[0125] FIG. 51is a simplified illustration of an assembly 500
having features of the present invention. More specifically,
the assembly 500 illustrated in FIG. 5 is a mid-infrared,
imaging microscope that utilizes an objective lens assembly
510 having features of the present invention. In particular, the
imaging microscope 500 can be used to analyze and evaluate
the various properties of the object 14. For example, in one
embodiment, the imaging microscope 500 is an infrared
imaging microscope that uses tunable laser radiation to inter-
rogate one or more objects (samples) 14 in order to reveal
properties of the sample 14 that are less apparent under ordi-
nary illumination.

[0126] The sample 14 can be a variety of things, including
human tissue, animal tissue, plant matter, explosive residues,
powders, liquids, solids, inks, and other materials commonly
analyzed using ordinary or specialized microscopes. More
particularly, in certain non-exclusive applications, the sample
14 can be human tissue and the imaging microscope 500 can
be utilized for rapid screening of the tissue sample 14 for the
presence of cancerous cells and/or other health related con-
ditions; and/or the imaging microscope 500 can be utilized in
certain forensic applications such as rapid screening of the
sample 14 for the presence of explosive residues and/or other
dangerous substances. Additionally, when positioned sub-
stantially within the imaging microscope 500 for purposes of
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analysis, the sample 14 can be present by itself, or the sample
14 can be held in place using one or more slides, e.g., infrared
transparent slides.

[0127] Further, the sample 14 can be sufficiently thin to
allow study through transmission of an illumination beam,
e.g., an infrared illumination beam, through the sample 14
(i.e. in transmission mode), or the sample 14 can be an opti-
cally opaque sample that is analyzed through reflection of an
illumination beam, e.g., an infrared illumination beam, by the
sample (i.e. in reflection mode). For example, in the embodi-
ment illustrated in FIG. 5, the imaging microscope 500 can
alternatively be utilized in both transmission mode and reflec-
tion mode.

[0128] The design of the imaging microscope 500 can be
varied. In the embodiment illustrated in FIG. 5, the imaging
microscope 500 includes (i) a laser source 572 that generates
alaser beam 574, (ii) a plurality of spaced apart beam steerers
502 that steer the beam 574, (iii) an illumination switch 504
that is controlled to either direct the beam 574 at the object 14
in transmission mode or reflection mode, (iv) the objective
lens assembly 510 having features of the present invention,
(v)abeamsplitter 506, and (vii) a light sensing device 724 that
captures an infrared image of the object 14. It should be noted
that the imaging microscope 500 can be designed with more
or fewer components than are illustrated in FIG. 5, and/or the
components can be organized in another fashion than illus-
trated in FIG. 5. For example, the microscope 500 can include
multiple position lens turrent (not shown) that include one or
more mid-infrared objective lens assemblies having features
of the present invention, and/or one or more objective lens
assemblies that work outside the mid-infrared spectral range.
[0129] In one embodiment, the laser source 572 emits a
temporally coherent, illumination beam 574 that is usable for
illuminating and analyzing the sample 14 in transmission
mode and/or in reflection mode. In certain embodiments, the
laser source 572 is a mid-infrared (MIR) beam source that
generates the illumination beam 34 that is in the mid infrared
(“MIR”) range spectrum between approximately two to
twenty microns (2-20 um). The laser source 572 can be a
pulsed laser and/or a continuous wave (CW) laser. Further,
the laser source 572 can include one or more individual lasers
that span a portion or all of the desired mid-infrared spectal
range. Further, each laser can be an external cavity laser that
includes a gain medium, a cavity optical assembly, an output
optical assembly, and a wavelength dependent (“WD”) feed-
back assembly (e.g. a movable grating). In one, non-exclusive
embodiment, the gain medium directly emits the respective
beam 574 without any frequency conversion. As non-exclu-
sive examples, the gain medium can be a Quantum Cascade
(QC) gain medium, an Interband Cascade (IC) gain medium,
or a mid-infrared diode. Alternatively, another type of gain
medium can be utilized. In other embodiments, the laser
source 572 is an incoherent infrared radiation source such as
a glow bar or a quasi-coherent source such as that produced
by a filtered synchrotron.

[0130] The light sensing device 724 can be infrared camera
that includes an image sensor that senses infrared light and
converts the infrared light into an array of electronic signals
that represents an image of the sample. In certain embodi-
ments, the image sensor includes a two dimensional array of
photosensitive elements (pixels) (e.g. a focal plane array
(FPA)) that are sensitive to the wavelength of the illumination
beam 574. The spacing between the pixel elements is referred
to as the pitch of the array. For example, if the illumination
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beam 574 is in the MIR range, the image sensor is a MIR
imager. More specifically, if the illumination beam 574 is in
the infrared spectral region from two to twenty pm, the image
sensor is sensitive to the infrared spectral region from two to
twenty um. Non-exclusive examples of suitable infrared
image sensors include (i) vanadium oxide (VO,) microbo-
lometer arrays such as the FPA in the FLIR Tau 640 infrared
camera that are typically responsive in the seven to fourteen
um spectral range; (i) mercury cadmium telluride (HgCdTe
or MCT) arrays such as those in the FLIR Orion SC7000
Series cameras that are responsive in the 7.7 to 11.5 um
spectral range; (iii) indium antimonide (InSb) arrays such as
those in the FLIR Orion SC7000 Series cameras that are
responsive in the 1.5 to 5.5 pm spectral range; (iv) indium
gallium arsenide (InGaAs); (v) uncooled hybrid arrays
involving VOx and other materials from DRS that are respon-
sive in the two to twenty pum spectral range; or (vi) any other
type of image sensor that is designed to be sensitive to infra-
red light in the two to twenty um range and has electronics
allowing reading out of each element’s signal level to gener-
ate a two-dimensional array of image information. Addition-
ally, the imaging microscope 12 can further include and/or be
coupled to a processing device (not shown) that includes one
or more processors and/or storage devices. For example, the
processing device can receive information from the pixels of
the IR camera and generate the image of the sample. Further,
the processing device can control the operation of the laser
source 14.

[0131] The lens elements described here are made of spe-
cial materials suitable for use with the mid-infrared spectral
range. A common material which may be used for mid-IR
lenses is zinc selenide, or ZnSe. ZnSe is also suitable for use
with configurations presented herein. ZnSe may be used to
form an aspherical lens in a special “diamond turning” pro-
cess. While excellent results have been obtained this way,
diamond turning can be expensive and sometimes results in
imperfect devices. ZnSe material is also expensive and has
some additional drawbacks. In certain cases materials other
than ZnSe may be preferred. Materials sometimes and herein
known as “chalcogenides” may also be used to form lenses
suitable for use with mid-IR wavelengths. Chalcogenides are
particularly useful because these materials may sometimes be
molded. For lenses having complex surface shapes, for
example some aspheric lenses, molding is a good option for
inexpensive manufacture. One preferred type of material use-
ful for forming these lenses is sometimes referred to by its
brand name “AMTIR-1".

[0132] While a number of exemplary aspects and embodi-
ments of the invention have been discussed above, those of
skill in the art will recognize certain modifications, permuta-
tions, additions and sub-combinations thereof. It is therefore
intended that the following appended claims and claims here-
after introduced are interpreted to include all such modifica-
tions, permutations, additions and sub-combinations as are
within their true spirit and scope.

1. A mid-infrared objective lens assembly that gathers mid-
infrared light from an object positioned at an object plane and
focuses the mid-infrared light onto an image plane, the objec-
tive lens assembly comprising:

a plurality of spaced apart, refractive lens elements that
operate in the mid-infrared spectral range, the plurality
oflens elements including an aplanatic first lens element
that is closest to the object, the first lens element having
a forward surface that faces the object and a rearward
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surface that faces away from the object, wherein the
forward surface has a radius of curvature that is negative,
wherein the first lens element has a working distance of
less than one hundred millimeters.

2. The objective lens assembly of claim 1 wherein the
plurality of lens elements are spaced apart along an optical
axis; wherein the forward surface of the first lens element has
a forward center of the curvature; and

wherein the first lens element is positioned so that the

forward center of curvature is positioned on the optical
axis, and is approximately at the object plane.

3. The objective lens assembly of claim 1 wherein the
plurality of lens elements are spaced apart along an optical
axis; wherein the forward surface of the first lens element is
spaced apart from the object plane a front separation distance
along the optical axis, and wherein the front separation dis-
tance is approximately equal to the magnitude of the radius of
curvature of the forward surface of the first lens element.

4. The objective lens assembly of claim 3 wherein the front
separation distance is within approximately one percent of
the radius of curvature of the forward surface of the first lens
element.

5. The objective lens assembly of claim 1 wherein the first
lens element is made of a material having an index of refrac-
tion that is greater than two for the mid-infrared spectral
range.

6. The objective lens assembly of claim 1 wherein the first
lens element is made of germanium.

7. The objective lens assembly of claim 1 wherein the
plurality of lens elements further includes at least a second
lens element and a third lens element; wherein at least two of
the lens elements are made of different materials, and wherein
each of the lens elements is made of material that is selected
from a group that includes germanium, zinc sulfide, zinc
selenide, and silicon.

8. The objective lens assembly of claim 1 wherein the
plurality of lens elements further includes at least a second
lens element and a third lens element; wherein at least three of
the lens elements are made of different materials, and wherein
each of the lens elements is made of material that is selected
from a group that includes germanium, zinc sulfide, zinc
selenide, and silicon.

9. The objective lens assembly of claim 1 wherein the
plurality of lens elements further includes a second lens ele-
ment and a third lens element; wherein at least two of the lens
elements are made of different materials, and the first lens
element is made of a first material having an infrared Abbe
number that is greater than an infrared Abbe number for a
second material of the second lens element.

10. The objective lens assembly of claim 1 wherein the
plurality of lens elements are spaced apart along an optical
axis, and wherein adjacent lens elements are spaced apart a
separation distance along the optical axis, and the separation
distance is either greater than 0.5 millimeters or less than five
micrometers including the value of zero gap.

11. The objective lens assembly of claim 1 wherein the
plurality of lens elements are arranged to include a front lens
group and a rear lens group, the front lens group including the
first lens element and being closer than the rear lens group to
the object, the front lens group be corrected for infinite image
conjugate.

12. The objective lens assembly of claim 11 wherein the
rear lens group includes a first rear lens element and a second
rear lens element that are spaced apart, the rear lens elements
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being designed to achieve anomalous dispersion such that the
effective focal length of the rear lens group decreases with
increasing wavelength.

13. The objective lens assembly of claim 12 wherein, the
first rear lens element has a positive optical power, and the
second rear lens element has a negative optical power; the first
rear lens element is made of a first material and the second
rear lens element is made of a second material; and the first
material has a lower dispersion or higher infrared Abbe num-
ber than the second material in the mid-infrared spectral
range.

14. The objective lens assembly of claim 1 wherein the
rearward surface of the first lens element has a radius of
curvature R that approximately satisfies the aplanatic condi-
tion as defined by the expression:

R=-(n/(n+")*L

where 7 is the index of refraction of the first lens element, 1’
is the index of refraction of the medium surrounding the lens
element, and L is the physical distance from the vertex of the
rearward surface and the on-axis object point which is the
sum of the distance from the on-axis object point and the
vertex of the forward surface of the first element and the
center thickness of the first lens element.

15. An assembly including the objective lens assembly of
claim 1, wherein the center thickness, Lc, of each lens ele-
ments of the objective lens assembly adheres to the formula:
Lc>1/(4*n) measured in centimeters, where 1 is the average
index of refraction over the mid-infrared operating band of
the lens assembly.

16. The assembly of claim 15 further comprising a mid-
infrared laser that directs a laser beam that is within the
mid-infrared spectral range at the object.

17. A mid-infrared, refractive objective lens assembly that
gathers light in the mid-infrared spectral range from an object
positioned at an object plane and focuses the light onto an
image plane, the objective lens assembly having a RMS
wavefront error of less than approximately 0.5 waves over a
wavenumber range of approximately 5.5 micrometers in the
mid-infrared spectral range and over a field of view between
100 micrometers up to 2 millimeters, the objective lens
assembly having a working distance of less than one hundred
millimeters.

18. An infrared objective lens assembly that gathers infra-
red light from an object positioned at an object plane and
focuses the infrared light onto an image plane, the objective
lens assembly comprising:

a plurality of spaced apart, refractive lens elements that
operate in the mid-infrared spectral range, the plurality
of lens elements designed and arranged so that a ratio of
a magnification factor of the lens assembly to a numeri-
cal aperture of the lens assembly is less than thirty, the
plurality of lens elements including a first lens element
that is closest to the object, the first lens element has a
working distance of less than one hundred millimeters.

19. The objective lens assembly of claim 18 wherein the
ratio is less than twenty-five.

20. (canceled)

21. A mid-infrared, objective lens assembly that gathers
light from an object and focuses the light onto an image plane,
the objective lens assembly comprising:

a plurality of spaced apart, refractive lens elements that

operate in the mid-infrared spectral range, the plurality
of lens elements including an aplanatic front lens ele-
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ment that is closest to the object, the front lens element
having an optical axis, a forward surface that faces the
object and a rearward surface that faces away from the
object; the forward surface being spaced apart from the
object a front separation distance along the optical axis,
wherein the front lens element has a working distance of
less than one hundred millimeters;

a mover assembly that moves at least one of the object and
the front lens element to adjust the front separation dis-
tance; and

a control system that controls the mover assembly to selec-
tively adjust the front separation distance to reduce RMS
wavefront error.

22. The objective lens assembly of claim 21 wherein the
mover assembly moves the object relative to the front lens
element.

23. The objective lens assembly of claim 21 wherein the
mover assembly moves the front lens group relative to the
object.

24. An assembly including the objective lens assembly of
claim 21, and a mid-infrared laser that directs a laser beam
that is within the mid-infrared spectral range at the object;
wherein the control system controls the mover assembly to
selectively adjust the front separation distance based on the a
wavelength of the laser beam in order to minimize RMS
wavefront error.
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