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A Simple Doublet Lens Design for mid-IR
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Abstract: Wide-field mid-IR hyperspectral imaging offers a promising approach for studying
heterogeneous chemical systems due to its ability to independently characterize the molecular
properties of different regions of a sample. However, applications of wide-field mid-IR
microscopy are limited to spatial resolutions no better than ~1 pm. While methods exist to
overcome the classical diffraction limit of ~A/2, chromatic aberration from transmissive
imaging reduces the achievable resolution. Here we describe the design and implementation of
a simple mid-IR achromatic lens combination that we believe will aid in the development of
resolution enhanced wide-field mid-IR hyperspectral optical and chemical absorption imaging.
We also examine the use of this doublet lens to image through polystyrene microspheres, an
emerging and simple means for enhancing spatial resolution.

1. Introduction

Infrared (IR) spectroscopy, and its ultrafast nonlinear variants, is a powerful technique
useful for studying a wide range of chemical systems, materials [1-3], and phase separating
systems [4,5] over a variety of timescales, [6] and has potential for biological diagnostics. [7,8]
It provides extensive molecular information with a minimal amount of sample, and can be
implemented in a nondestructive manner with the potential to be done in a label-free fashion.
By coupling chemically sensitive information with microscopic imaging, mid-IR hyperspectral
imaging collects molecular information with spatial resolution, providing an image with
chemical contrast. [9,10] This is especially important in spatially heterogenous samples, where
a sample can have a diverse chemical or molecular make up and it can be impossible to see
how this varies using other conventional imaging modalities. [11] However, a major drawback
of IR spectroscopy when studying micro-heterogeneous samples is its relatively low spatial
resolution. [12]

While mid-IR imaging has been developed and used by numerous labs over
decades, [13-25] due to the relatively long wavelengths of mid-IR light (~3-8 um or ~1250-
3300 cm™) used in ultrafast mid-IR imaging, the classical diffraction limit makes it impossible
to resolve smaller features such as organelles in a cell, [26] or microscopic liquid droplets. [27—
29] Additionally, when a broadband light source is used for spectroscopy, chromatic optical
aberrations may further limit the achievable spatial resolution. [30] Since chromatic aberration
leads to reduced spatial resolution, it needs to be corrected in order to achieve diffraction-
limited resolutions. Chromatic aberration is an optical aberration specific to systems utilizing a
polychromatic light source, such as an ultrashort pulse of light in nonlinear optics, that arises
from the wavelength dependence of the refractive index of transmissive optics. This results in
the focal length of the lens being wavelength dependent, making it impossible to bring all the
light from a source into focus simultaneously. [31]

Chromatic aberration needs to be addressed in even the most sophisticated
transmissive optical imaging systems, regardless of the wavelength range. However, it is
particularly problematic for coherent imaging in the mid-IR wavelength regime, where
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commercial solutions to this problem are not widely available. With so many potentially
transformative applications for mid-IR imaging, particularly in the biomedical field, there is
significant interest in the development of mid-IR optical systems that can image with sub-
diffraction limited resolution. [32,33] However, imaging techniques requiring a broadband
light source, which is necessary for many spectroscopic applications, will suffer from reduced
spatial resolution until the chromatic aberration is mitigated. While techniques to reduce
chromatic aberration have been developed for visible light and include a variety of lens designs
such as superchromats [34-36], hybrid lenses [37,38], metasurfaces [39,40], adaptive
optics [41,42], as well as post-processing algorithms [43—46], many of these methods are
expensive, time consuming, or under-developed for the mid-IR.

ATR-FTIR is a common technique touted for its ease of use and is technically capable
of sub-diffraction limited resolution, however, this is only true for the sample nearest the ATR
crystal. This technique is best for probing surface properties of samples, and can typically reach
no farther than 5 um into the sample, thus limiting the range of samples to be studied with
it. [47,48] Reflective objectives, such as the Schwarzchild objective, are another common
commercially available solution because they are intrinsically achromatic. However, these
objectives have been shown previously to limit resolution capabilities for coherent imaging
applications, especially near the resolution limit, due to the central obscuration of the entrance
pupil caused by their secondary mirror. [13,49,50] Similarly, parabolic mirrors are inherently
achromatic, and have been shown previously to also have the benefit of avoiding the central
obscuration that is innate to the reflective objectives when used off-axis. [S1] However, they
introduce more aberration to a system when using it off-axis. Because of this, they are not
favored in laser-scanning applications. [36] With an end-goal of sub-diffraction limited
ultrafast imaging in mind, which requires a coherent light source, we chose to focus on the
possible refractive lens options.

Besides the reflective options mentioned above, refractive solutions have been
demonstrated as well. Kazarian and coworkers utilized FTIR to exhibit the ability of semi-
hemispherical lenses placed on the sample to diminish chromatic aberrations. [25,52,53]
Hanninen and Potma produced a promising broadband commercially constructed achromatic
doublet lens that spans the visible range up to ~4.5 um. [36] While these are encouraging
options for mid-IR techniques, they can be cost- and time- prohibitive as they are custom optics,
and may require a custom optical mount. [54] Here we take a similar approach and present a
simple doublet lens optimized for the 4-6 um (~1665-2500 cm™') wavelength region for future
use in ultrafast mid-IR imaging, assembled in-lab with off-the-shelf components. This
wavelength range was chosen with future ultrafast hyperspectral imaging applications studies
in mind, which primarily consist of collecting information within the amide-I and nitrile region
of'the IR spectrum. While our design only partially corrects for the chromatic aberration present
in our system, it is achievable at a fraction of the cost and time required of a fully custom
solution.

Additionally, we show early work combining this doublet lens with another relatively
simple technique for resolution enhancement that has been demonstrated previously. Imaging
through high-index dielectric microspheres placed near to or in direct contact with the object
of interest in transmission microscopy has been shown to achieve sub-diffraction resolution
with visible light, [55-58], resolution enhancement when done with mid-IR light, [59] as well
as effectively increase the observed magnification of the image in both cases. It is commonly
believed that the reason for this resolution enhancement is related to the ability of the
microspheres to focus light into photonic nanojets that have intense and narrow, sub-diffraction
beam waists owing to near field effects [60,61]. Thus, coupling both the dielectric microsphere
with an achromatic doublet lens has the potential to result in even greater resolving power. In
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this manuscript, we have tested this approach by quantifying the resolution of the doublet lens,
as well as the combination of the doublet and microsphere, by measuring their modulation
transfer functions (MTFs) using a set of uniform resolution targets. Comparing amplitudes of
the MTFs for different imaging systems offers an approach for identifying any resulting
enhancement.

2. Methods

An air-spaced achromatic doublet consisting of a variable CaF, lens and an uncoated, 1”
diameter, 12.7 mm focal length ZnSe aspheric lens (Edmund Optics) was designed in
OpticStudio by ZEMAX. The optimal lens geometry was found with the built-in contrast
optimization function that works by maximizing the intensity of the MTF at a given spatial
frequency — the spatial frequency used for the optimization was 30 cycles per mm. The
combination was first optimized allowing the thickness of the lens, the air spacing between the
two lenses, the air spacing from the second lens to the image plane, and the radius of curvature
of both sides of the CaF, lens, to vary.

From here, the optimized CaF, lens was compared to off-the-shelf models from
various manufacturers, and a meniscus lens from Thorlabs, Inc. very nearly matched the
optimized parameters. The specifications for this meniscus lens were swapped out for the
optimized CaF, lens in OpticStudio and the doublet was reoptimized allowing the space
between lens and the space after the lens to the image plane to both vary. The CaF, meniscus
lens was placed in a slotted lens tube with the ZnSe aspheric lens at approximately the
optimized distance. Fine adjustments were then made with the retaining rings while optimizing
the apparent contrast in the live digital microscope images. A diagram of the microscope is
shown in Fig. 1(a).
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Fig. 1. (a) Diagram of the microscope setup. For coherent experiments, the light source in the
black outline is a double pulse sequence generated by our AOM-based pulse shaper using
broadband pulsed laser light from our femtosecond (fs) mid-IR laser system. For incoherent
experiments, the setup in the top black outline was used. The objective lens was also switched
between the asphere and the doublet lens, depending on the experiment. (b) Depiction of the
FTIR image processing scheme. Images without NAP spectra were processed in a similar
manner, but without the time Fourier transformation step.

A homebuilt wide-field mid-IR microscope was configured using the newly designed
doublet lens as the objective lens, and a similar ZnSe aspheric lens (Edmund Optics) with a
numerical aperture (NA) of 0.71 as the condenser lens. A CaF; lens with a 50 mm focal length
was used as the tube lens to allow for ~50x magnification of the images. Images were collected
on a 128x128-pixel mercury cadmium telluride (MCT) focal plane array detector (Catalina,
Teledyne) at the imaging plane.

A custom chrome patterned CaF» resolution target (II-IV Optical Systems) with
Ronchi grating patterns from 50 to 500 line pairs per millimeter (Ip/mm), in increments of 50,
was used for imaging with both incoherent and coherent light sources. The broadband coherent
light source, centered at 6 pm with a full-width at half-maximum band width of ~150 cm,
originated from an AOM-based ultrafast mid-IR laser system described previously. [S9] A OW
IR light emitter (Newport) placed in front of a 75 mm focal length gold spherical mirror and
collimated with a 150 mm focal length CaF, lens was used as an incoherent light source. To



139
140
141
142
143
144
145

146
147
148
149
150
151
152
153
154
155
156
157
158
159

160
161
162
163
164
165
166
167
168
169

170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187

image through microspheres, 100 um polystyrene (PS) microspheres (Spherotech) with a mid-
IR refractive index ~1.5 [62] suspended in spectroscopic grade methanol were placed dropwise
onto the set of gratings until each grating had at least one lone microsphere for imaging. Images
were collected at each grating frequency, with and without a PS microsphere, using both
coherent and incoherent light sources. Blank images were also collected through unobscured
regions of the CaF, target at the same focal settings as each collected grating image, for later
background subtraction.

After images were processed (i.e., background subtracted and dead pixels were replaced
with the averaged value of nearest neighbors), horizontal cuts of the intensity were taken from
the center of each image and vertically averaged over a number of rows, with the averaged cut
being Fourier transformed to generate a spatial frequency spectrum. With a Ip/mm axis the
amplitude of the peak nearest the expected spatial frequency was collected. This was typically
the second largest peak in the spatial frequency spectrum, shown in Fig. 1(b) and denoted as k,
since the center peak, corresponding to 0 Ip/mm, had the largest amplitude. The intensity of the
chosen peak was plotted against the actual spatial frequency of the grating to generate the
experimental MTFs. The MTFs for the gratings with PS microspheres were each normalized to
a 0 Ip/mm point. The 0 Ip/mm point was taken by collecting an image through a portion of solid
chrome on the grating slide, a cut was taken through this in the same manner as the other cuts,
and subtracted from the cut for 50 lp/mm. This new subtracted cut was divided by two to
account for half of every line pair being covered with chrome, and Fourier transformed to
collect the spatial frequency in the same way as the others.

Error bars were determined by choosing wing regions of the Fourier transform that did not
include the expected peak, or any intense peaks from higher harmonics of the given spatial
frequency. The root-mean-square (RMS) of the wing region was then calculated to give the
error in MTF amplitude for each data point. Error was also calculated to look at the noise in the
data collection process. For this, 100 shots were collected and averaged into a file. Ten of these
files were collected, and individually processed following the same procedure described above.
The intensity of the peaks was collected for each of these ten files, and the standard error of the
mean was calculated for this data set. As this error was much smaller than that calculated from
the wing region in our processing (on the order of ~1.5%), we decided this error was negligible
and thus presented the larger error from our processing.

The final set of data collected contained FTIR images taken of N-acetyl proline (NAP) on
the gratings to determine the spatial resolution of chemical absorption imaging. For this, 200
mM D,0-exchanged NAP solution was placed dropwise over the gratings. This was covered
with a 50 um greased Teflon spacer and a 0.35 mm CaF, window. Images were collected in a
purged environment at the focus of the gratings through the NAP solution and averaged for ~10
minutes. As the blank, a sample of D,O was prepared in the same way on a blank CaF, window
and a spectrum was collected at the same focus as the NAP sample was collected. Data
processing was done following the depiction in Fig. 1(b). During image collection, our
femtosecond IR pulses were shaped into double pulse pairs with varying phase and time delays,
T. A series of images, shown first, were collected and processed with a two-frame phase cycling
scheme described in [13] to produce time-domain interferograms for each pixel in the images.
The data was then vertically integrated, and time Fourier transformed to generate single beam
spectra for the stack of images, as shown by the next two arrows and stacks of images. The
blank sample described above was processed in the same way to generate blank spectra that
were used in calculating the absorbance spectra for the image stack. Finally, as illustrated by
the last arrow and stack of images in Fig. 1(b), the data underwent spatial Fourier
transformation to extract the spatial modulation at each grating frequency. Within these
averaged FTIR spectra, the 1700 cm™' peak characteristic of NAP [63], shown in Fig. 7(a), was
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baseline-corrected for each set of gratings using a linear fit, and the peak intensity was plotted
against the corresponding spatial frequency of the grating. The error bars were generated in a
similar fashion to the optical MTF described above.

3. Results
3.1 Designing the Lens

A doublet was chosen for its simplicity and relatively small size. For a doublet to
correct for chromatic aberration between two different wavelengths, there must be a dispersion
difference between these materials. Thus, the materials for a doublet are typically selected
based on their location in an Abbe diagram, [64] which plots the Abbe number V vs. the
refractive index n of a set of materials over a specified wavelength range. Since the Abbe
number is a measure of the dispersion of a material, this number should be significantly
different for the two materials. The Abbe number can be calculated with Eq. 1, where neenger 1S
refractive index of the material at the center wavelength of the chosen range, ngnor is at the
shortest wavelength of the range, and nion is at the longest wavelength in the range. [65] An
Abbe diagram consisting of common mid-IR optical materials was calculated with refractive
index data from Zemax OpticStudio [66] from 4-6 pm and is shown in Fig. 2.
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Fig. 2. Abbe Diagram from 4-6 um (~1665-2500 cm™') for mid-IR transmissive materials. Data
for refractive index and Abbe number from Zemax OpticStudio [66], and diagram adapted from
Salv, et. al. [67]

Numerous combinations of materials on opposite ends of the Abbe Diagram were used
to model the doublet lens (data not shown), but ultimately, we chose to use a ZnSe asphere as
the second lens and vary the geometric parameters of the first lens. In the end, CaF, was chosen
because it is a very common mid-IR material and had a wide separation from ZnSe in the Abbe
diagram.
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Optimizations were run to design a manufacturable lens that would fit within the space
constraints of our microscope, allowing every aspect of the CaF, lens to vary except for its
aperture size. Due to these manufacturing and space constraints, thickness constraints were
placed on the optic to keep it between 2-15 mm, and on any air spacings (between the two
lenses, and from the asphere to the imaging plane) to be between 2-50 mm, with all edge
thicknesses at a minimum of 2 mm. Contrast optimization produced a CaF, lens with a
favorable combination of MTF, spot size, and PSF with similar dimensions to a CaF, meniscus
lens that could be purchased off the shelf from Thorlabs. Table 1 compares the parameters of
the two lenses.

Table 1. A Comparison of the two CaF; lenses: the theoretical lens produced by contrast
optimization and the real meniscus lens from Thorlabs.

Optimal Lens Real Lens
Radius of Curvature — Front Side (mm) 42.007 42.0
Radius of Curvature — Back Side (mm) 21.151 20.2
Center Thickness (mm) 7.367 4.0
Edge Thickness (mm) 11.662 6.5

The parameters for the optimized CaF, lens were replaced with those from the
commercially available meniscus lens, and the optimization process was redone, this time only
allowing the distances between lenses and from the second lens to the imaging plane to vary.
The resulting metrics did not change dramatically from the optimized case and were deemed
suitable for our purposes.

Comparison of the final doublet design with the commercial lens versus the asphere
is shown in Fig. 3. These results are for contrast optimization at 30 cy/mm for 4-6 um in
OpticStudio. The spot size of the doublet was narrowed to an RMS radius of 12.404 um, which
is a huge improvement over that of the asphere at 49.323 yum. Finally, and most importantly for
experimental comparisons, the normalized MTFs show that the doublet has increased amplitude
at higher spatial frequencies when compared to that of the asphere. This correlates to improved
image resolution.
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Fig. 3. Comparison of asphere and doublet evaluation methods in OpticStudio. (a) Asphere
layout. (b) Doublet layout. (c) Spot size diagram for 4, 5 and 6 um light through the asphere.
(d) Spot size diagram for 4, 5 and 6 pum light through the doublet. The black ring in the
middle is the Airy disk size. The black rings in the middle of the spots mark the Airy radii for
the given clear aperture of the imaging system. (¢) Normalized MTFs for the asphere (red)
and doublet (blue). The doublet shows a much higher intensity at lower spatial frequencies,
which would result in clearer images.

3.2 Evaluation of the Lens

Both lenses — the CaF» meniscus lens (Table 1) and the ZnSe asphere — were housed
in a slotted lens tube and held in place with adjustable retaining rings. Adjustments were made
to the lens spacing, and the microscope was reconfigured with the new doublet prior to
collecting and processing images as described in the Methods section. Following this,
horizontal cuts of the intensity were taken through the center of the image to avoid consistent
imaging artifacts from the edges of the detector array, which can be exemplified by noise in the
top right corner of each image. These cuts were vertically averaged over the region shown by
the white box in each image. Selected images and their cuts are shown in Fig. 4.
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Fig. 4. Comparison of incoherent and coherent microscope images for the 100 line-pairs per
millimeter (Ip/mm) grating. The top row shows images of just the grating, while the bottom
row of images is through 100 pm PS microspheres. The blue trace below each image is the
averaged cut taken from the box within the dotted white line on each image. The white scalebar
in each image represents 12 um.

The averaged cuts were each Fourier transformed to pick out the amplitude of the peak
nearest the expected spatial frequencies. When analyzing images taken through microspheres,
averaged cuts to be Fourier transformed were only taken from the section of the image
containing the microsphere to look for possible resolution enhancement, rather than including
sections of plain grating for analysis. The intensity of the chosen peak was plotted against the
actual spatial frequency of the grating to generate the experimental MTFs. Calculation of the
error bars is described previously in Methods. Fig. 5 shows a comparison of the experimental
MTFs produced by the doublet versus by the asphere. MTFs resulting from the coherent light
case are shown in (a) and the MTFs from the incoherent light are shown in (b). All MTFs were
normalized to the 50 line-pairs per millimeter (Ip/mm) point.
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For the coherent light source, the doublet shows a clear increase in modulation
intensity over the asphere at low spatial frequencies, corresponding to resolution enhancement.
However, both the asphere and doublet cutoff at the same spatial frequency of 200 lp/mm,
which corresponds to the coherent cutoff for 6 um at ~166 Ip/mm. This means that when used
with a coherent mid-IR light source, the doublet produces images with more distinguishable
features than the asphere but is not able to show any features smaller than the asphere is capable.
The incoherent light source yields different results. The doublet initially shows some
improvement in modulation intensity when imaging at lower spatial frequencies but performs
worse than the asphere at spatial frequencies starting at 100 Ip/mm and higher. The asphere was
capable of imaging smaller features overall than the doublet, as well.

Next, images were taken through PS microspheres placed on the gratings. As
discussed earlier, the addition of a PS microsphere has been shown to increase resolution. Thus,
the MTFs presented in Fig. 6 were calculated for the images through a 100 pm PS microsphere
on each grating. However, these MTFs appear to not follow the expected behavior. The lack of
spatial resolution enhancement with the addition of the PS beads is discussed later.
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Fig. 6. MTFs taken with the doublet through 100 pm PS microspheres compared to images
collected of just the grating for (a) coherent light centered at 6 pm and (b) incoherent mid-IR
light. In both graphs, the blue curve is the grating only, and the red curve represents imaging
through the PS microspheres.

Finally, FTIR microscope images were collected in order to assess the spatial
resolution in FTIR absorption imaging. For this set of data, images were collected of the
gratings through NAP solution superimposed on the gratings. Since the gratings were more
difficult to see through the NAP than on the clean resolution targets, a smaller selection of
grating spacings was collected. A normalized spectrum of the NAP peak used to generate the
MTF is shown in Fig. 7(a). The resulting MTF can be seen in Fig. 7 (red), with the optical MTF
collected from the gratings earlier (blue) for comparison.
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Fig. 7. (a) Normalized FTIR spectra of NAP resulting from the absorbance processing described
above. The absorbance peak was collected and baselined for each of the selected grating
spacings with the intensity used as the modulation intensities in the absorbance MTFs in (b).
(b) Normalized MTFs collected with the doublet lens to compare the spatial resolution through
optical intensity (blue) and absorbance measurements (red). The optical MTF (blue) is the same
as the blue MTF plotted in Fig. 6(a) collected through the plain grating. The absorbance MTF
(red) was collected with the absorbance spectrum of NAP on each of the grating spacings.

4. Discussion

As shown in Fig. 5, the resolution is improved when imaging with the doublet with
coherent light when compared to previous results from the asphere. This is due, in part, to a
reduction in coherent ringing artifacts that has previously been reported in coherent mid-IR
imaging. [59,68,69] Additionally, when normalizing the grating MTF with coherent light to 0
Ip/mm, Fig. 6, the experimental doublet produced an MTF that follows a similar shape as the
simulated doublet MTF produced in OpticStudio shown in Fig. 3. Imaging done with
incoherent light, however, did not produce the same results. Instead, the doublet only appears
to slightly increase the resolution at 50 and 100 Ip/mm, before being outperformed by the
asphere. One reason for the incoherent light not performing as well as the coherent light in
terms of the MTF might be the fact that the doublet was optimized for 4-6 um (~1665-2500 cm
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1 light in OpticStudio. The incoherent light source spans from approximately 1-25 um (~ 400-
10,000 cm™), which is much broader light than the doublet is optimized for, making lower
resolution likely. However, in the future, this can be mitigated with a bandpass filter that only
allows through a similar wavelength range as that of the coherent light source.

The addition of the 100 um PS microspheres shows almost no resolution enhancement
as compared to images of the bare grating. This is unexpected given our previous work, in
which the microspheres enabled us to resolve gratings at much higher spatial frequencies than
calculated frequency cutoffs would predict. [S9] One possibility for this could be due to an
effect caused by the addition of the CaF, lens. We hypothesize that because PS has a mid-IR
refractive index similar to CaF, [53] the ZnSe asphere and PS previously acted to offset each
other, similar to a crude doublet lens. The addition of the CaF, may have disrupted this offset,
causing the benefits of the microspheres to all but disappear. This effect seems to be worse in
the incoherent case, in support of the idea that the incoherent light source is too broad for the
doublet as currently designed and arranged. In the MTF generated with FTIR absorption
imaging of NAP, we see somewhat similar spatial resolution capabilities as with the intensity
MTF, though it does drop off more gradually and ends around the same grating spacing.

While the doublet lens designed here is meant to correct for chromatic aberration in
IR imaging systems using broadband sources, an alternative approach would be to utilize a
tunable source such as a quantum cascade laser, as is used in discrete frequency IR imaging
systems. In such cases, chromatic aberrations could be mitigated by simply adjusting the focal
plane at every frequency, without the need of the achromat.

5. Conclusion

Here we show the results of a simple doublet lens that was assembled using all off-the-
shelf optics that improves the resolution of our mid-IR microscope by reducing the chromatic
aberration present in the system. While our design does not address as wide a wavelength range
nor diminish the chromatic aberration as much as some alternative solutions, it is intended to
work as a cost- and time- effective solution for ultrafast mid-IR hyperspectral imaging in the
4-6 um (~1665-2500 cm™!) range, for both optical (intensity) and chemical absorption imaging.
We also hope to further explore the use of the doublet lens with microspheres, and test different
materials to compare how they interact with the combination of materials present in the doublet
lens.
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