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Refractive index dispersion measurement in the short-
wave infrared range using synthetic phase microscopy

Melisa Nyakuchena,? Cory Juntunen,® Peter Shea,” and Yongjin Sung*?

Refractive index is an optical property explored in the light scattering measurement of micro- and
nano-particles as well as in label-free imaging of cells and tissues. Because the refractive index
value is a major input to the characterization and quantification of the analyzed specimens, various
methods have been developed targeting at different sample types. In this paper, we demonstrate
a technique for the refractive index measurement of homogeneous microspheres and liquids in the
short-wave infrared (SWIR) range. We use synthetic phase microscopy (SPM), which records a
scattering-corrected projection of the 3D refractive index distribution, in combination with a least-
squares fitting to a theoretical model of a sphere. Using the method, we determine the refractive
index dispersion of two polymer microspheres (polymethyl methacrylate and polystyrene), two glass
microspheres (silica and soda lime), and three microscopy mounting media (glycerol, FluorSave, and

Eukitt) in the SWIR range of 1100-1650 nm.

1 Introduction

Hyperspectral imaging in the short-wave infrared (SWIR) range is
being actively explored owing to its large penetration depth and
sensitivity to chemical fingerprints®2. Refractive index is a key
optical property in the light scattering measurement of powders,
microplastics, synthesized nanoparticles, etc.2. Refractive index
also serves as an image contrast in label-free imaging of cells and
tissues and determines the amount of scattering from tissues®.
For the refractive index of liquids, Abbe refractometry is the gold
standard method, which uses the total internal reflection of the
incident light at the interface of a prism and the interrogated
medium. Using Abbe refractometry in combination with band-
pass filters, the refractive index can be determined over a broad
wavelength range, for example, Kedenburg et al. (2012). Abbe
refractometry is very accurate, but it is cumbersome, although not
impossible, to measure the refractive index of solidifying media
such as microscopy mounting media, as the hardened media will
have to be scraped off the surface after each measurement. For a
homogeneous material with a planar interface, ellipsometry can
provide accurate refractive index values over a broad wavelength
range, for example, Tsuda et al. (2018)Z. For a microsphere, the
scattering analysis using the Mie solution has been used to deter-
mine the refractive index, for example, McGrory et al. (2020)[31
and Muller et al. (2018). The refractive index dispersion has
also been determined from an interferometry-based phase mea-
surement technique in combination with a wavelength-scanning
light sourcel91I, Here we use a phase imaging technique called
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synthetic phase microscopy (SPM)12. The optical field synthesis
has been demonstrated to improve the resolution and suppress
the noiseI31% SPM aims at a different goal correcting for the
diffraction effect and providing a true projection image irrespec-
tive of the sample’s thickness. Applying SPM to a microsphere and
applying a least-squares fit to the theoretical model for a sphere,
we measure the refractive index of four microspheres (two poly-
mer and two glass microspheres) and three microscopy mounting
media in the SWIR range.

Assuming the light propagates rectilinearly across a sample, the
phase distribution of light after the sample can be directly related
to the refractive index of the sample and that of the medium by
Eq. (115,

Dlx.3i2) = (27/2) [ (n(x.9,2) =) ®

where x and y are the transverse coordinates, z is the optical axis
direction, ny(x,y,z) is the 3D refractive index distribution within
the sample, and n,, is the refractive index of the medium in which
the sample is immersed.

Noteworthy, the assumption that the light propagates rectilin-
early across a sample is not valid when including the refraction
of light rays at the top and bottom surfaces of the microsphere
and their diffraction at the boundary. The coherent speckle and
an oblique incidence of the illumination beam can also challenge
the validity of Eq. (1). To address these problems, we use SPM,
which synthesizes the true projection image from a multitude of
the phase images acquired for varying illumination angles®2. De-
rived from the scalar wave equation, the algorithm used for SPM
handles the refraction and diffraction effects. Using many pro-
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jection images, SPM also smoothes out coherent speckle noise.
SPM synthesizes the projection image along the optical axis di-
rection; thus, the problem with the oblique illumination angle
can be solved.

With the projection images acquired for varying angles, digital
holographic tomography (DHT), also called tomographic phase
microscopyL® or tomographic diffractive microscopyLZ, can de-
termine the 3D refractive index distribution within a heteroge-
neous, non-spherical specimen®, The technique has also been
demonstrated for hyperspectral 3D refractive index imaging in
the optical wavelength range?"2l. However, the accuracy of
3D refractive index imaging using DHT is seriously compromised
due to incomplete angular sampling—the problem known as the
missing-cone problem2, The regularization using additional
constraints is known to alleviate the problem?223; however, the
result depends on a rather subjective selection of the hyperpa-
rameters such as the number of iterations“*, Here we use the
projection images to synthesize a single phase image, in which
the effect of refraction and diffraction has been corrected. Ap-
plying the method to a microsphere and using a least-squares fit,
we can provide the refractive dispersion of the microsphere or
the immersion liquid at higher accuracy than the existing phase
measurement techniques can provide.

The phase distribution of light after a homogeneous sample im-
mersed in a medium can be derived from Eq. (1) as follows.

D(x,y;4) = (2m/A) (ns — nm) Ah, 2

where n; and n,, are the refractive index values of the sample and
the medium, respectively, and Ah is the thickness of the sample
at a transverse location (x,y). For a microsphere of radius R, cen-
tered at (xo,yo), the thickness can be expressed as follows.

A =2/R? — (x—x0)? — (v~ y0)2. ®)

Fitting the phase distribution in the true projection image to Eq.
(2), the theoretical equation for a sphere, we can determine n,,,
when ny is known, and vice versa. Other parameters such as the
radius R and the center coordinates (xg,yo) of the microsphere are
also determined in the fitting.

2  Methods

2.1 Synthetic phase microscopy (SPM)

We have built a SWIR digital holographic tomography (DHT) sys-
tem upon an off-axis Mach-Zehnder interferometer. Fig. [I[(a)
shows a schematic diagram of the setup. For the light source, we
use a supercontinuum laser (NKT Photonics, WL SC400-4) cou-
pled with a tunable filter (NKT Photonics, SWIR HP8), which pro-
vides a quasi-monochromatic light with the bandwidth (FWHM)
smaller than 5 nm in the range of 1000-2300 nm. After the tun-
able filter, a photonic crystal fiber delivers single-mode laser light
at a selected wavelength to the input of the DHT system. The laser
beam is collimated using the lens L1 (Mitutoyo, 5X Plan APO NIR
HR) and then split by the beam splitter BS1 into two: one pass-
ing through the sample, and thus called sample beam, and the
other, called reference beam, propagating in the free space. For
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the condenser (CL) and objective (OL) lenses, we use the same
50X, 0.65-NA lenses (Mitutoyo, 50X Plan APO NIR HR). The ref-
erence beam is combined with the sample beam after the beam
splitter BS2 and generates an interferogram at the camera plane.
BS2 is slightly rotated to tilt the reference beam with respect to
the sample beam and generate straight fringes?2. Note that the
optical path length changes with the wavelength, and the change
occurs asymmetrically in the sample and reference beam paths,
which can reduce the contrast of the interference fringes if the
optical path difference is greater than the coherence length of the
laser. To address this challenge, we adopted the variable optical
path length (VOPL) strategy, which adjusts the optical path length
of the reference beam as the wavelength is varied. For the VOPL,
the mirror M1 is placed on a motorized stage (Thorlabs, MTS50-
78) and moved to compensate for the chromatic aberration. For
each wavelength, we record 100 images for varying angles of in-
cidence onto the sample, up to 10° with respect to the optical
axis. The angle of incidence is changed using a 2D large-aperture
(10 mm) galvanometer scanner (Thorlabs, GVS012) installed at a
plane conjugate to the sample plane. For tomographic 3D refrac-
tive index imaging, the projection images are typically recorded
for a wider angular range. Although the 0.65-NA condenser lens
allows us to change the incidence angle up to 40° with respect
to the optical axis, the refractive index measured with SPM and
microspheres increases only by 2.5 x 10~* when we acquire 400
images using the full NA of the condenser lens. As the sample
beam is rotated at the sample plane, the direction and spacing
of interference fringes changes. For hyperspectral imaging, the
wavelength is scanned from 1100 nm to 1650 nm with 10 nm step
size. We record the raw interferograms using an InGaAs camera
(Raptor Photonics, OWL 1280) with 1280 x 1024 pixels of 10 um
pixel size. The pixel resolution is 0.24um, and the field-of-view
307 um x 246 um. Without optimization for speed, it took about
8 seconds to acquire 100 interferogram images, each of 1280 x
1024 pixels, for each wavelength, and less than eight minutes to
acquire the entire data set for 56 wavelengths. Although the su-
percontinuum laser produces the laser light covering a wide spec-
tral range, the wavelength range available for imaging using the
developed instrument is limited by the transmittance of the op-
tical elements (e.g., the photonic crystal fiber, the objective lens)
and the spectral response of the camera.

Each raw interferogram recorded with the DHT system in Fig.
is processed to produce the amplitude and phase images using a
standard fringe analysis technique?2. Assuming the light prop-
agates rectilinearly across the sample, the amplitude distribu-
tion can be simply calculated using the Beer-Lambert law, and
the phase distribution can be obtained with Eq. (1). Includ-
ing the refraction and diffraction effect, the recorded amplitude
and phase images are related to the object’s absorption coeffi-
cient and refractive index in a more complex manner. According
to the scalar wave theory2, for a plane wave incident onto an
object immersed in a medium, the scattered light field provides
a portion of the object’s spectrum in the spatial frequency space.
The locus of the points (U,V,W) retrieved from the scattered light
field is a hemi-spherical surface called the Ewald’s sphere, where
(U,V,W) represent the spatial frequency components correspond-
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Fig. 1 Synthetic phase microscopy. (a) Schematic diagram of the short-
wave infrared (SWIR) digital holographic tomography (DHT) system
used in this study. SCL: supercontinuum laser; TBPF: tunable band-
pass filter; PCF: photonic crystal fiber; L1 and L2: lenses; M1: mirror;
BS1, BS2 and BS3: beam splitter; DGM: dual-axis galvanometer mirror;
CL: condenser lens; OL: objective lens; TL: tube lens; VOPL: variable op-
tical path length. (b) An example of mapping the scattered light fields in
the U-V plane of the Fourier space (modified from the figure published by
Sung et al.12; Copyright (2013) National Academy of Sciences). (U,V,W)
represent the spatial frequency components corresponding to the spatial
coordinates (X,Y,Z), respectively. The scale bar represents 1um~!, and
the color bar represents the amplitude of the object’s spectrum shown in
the logarithmic scale of base 10.
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ing to the spatial coordinates (X,Y,Z), respectively. The scattered
light fields for varying illumination angles are similarly mapped
onto the Ewald’s spheres that are shifted to different directions.
Noteworthy, the projection of an object along the Z direction can
be related to taking the W = 0 slice of the object’s spatial fre-
quency map, where W is the spatial frequency component corre-
sponding to Z29. Thus, for SPM, we take only the W = 0 slice
of the Ewald’s sphere, which is a circular ring in the U-V plane,
as shown in Fig. [I(b). The scattered light fields for varying illu-
mination angles can be mapped onto the circular rings of differ-
ent radii that are shifted to different directions. After completing
the mapping, the 2D inverse Fourier transform produces the syn-
thesized phase image corresponding to the incidence angle along
the optical axis direction, Z. For a more detailed description of the
mapping process, the readers are referred to our previous work -2,

2.2 Sample preparation and imaging procedure

Polymethyl methacrylate (PMMA) microspheres were purchased
from Cospheric LLC (PMPMS-1.2 53-63 um). Monodisperse, non-
porous, silica microspheres of 20um diameter were purchased
from Sigma (904376). Sodalime microspheres were purchased
from Cospheric LLC (S-SLGMS-2.5 52-55 um). Glycerol for molec-
ular biology (> 99.0%) was purchased from Sigma (G5516-
500ML). FluorSave (including < 0.1% sodium azide as preserva-
tive) was purchased from Sigma (345789-20ML). Eukitt mount-
ing medium was purchased from Electron Microscopy Sciences
(15320). Refractive index liquids of the refractive index 1.4587,
1.40, 1.49, and 1.57, all standardized at 589.3nm, were pur-
chased from Cargille Laboratories. The dispersion curve for each
refractive index liquid was obtained from the manufacturer.

Round coverslips of 35 mm diameter were carefully cleaned
with ethanol/water (70:30, v:v) to remove any dust particles off
the surface. Microspheres were spread on a coverslip, onto which
100 L of the medium to be used with the microsphere was added.
Another coverslip was gently put on the top, and the medium
pushed out to the side was blotted using Kimwipe tissues. The
prepared sample was put on the sample stage for about 3 hours,
which provided the beads with sufficient time to settle in a non-
solidifying liquid. For solidifying mounting media, 3 hours was
longer than the time recommended by the manufacturers: 1 hour
for FluorSave and 20 minutes for Eukitt. All measurements were
done at room temperature (23 °C).

For each coverslip, a background data set was acquired, which
comprises 5600 interferogram images (i.e., 100 images for 56
wavelengths) for a field of view without any samples. The back-
ground data set was used to subtract out the phase distribution
not directly related to the sample, for example, the phase alter-
ation due to the coverslip. The same background data set was
used for all the samples on the same coverslip.

2.3 Data analysis

To fit the measured SPM image at each wavelength with Eq.
(2), we perform a nonlinear least squares fit, which is iteratively
reweighted using the bisquare weighting function. For the start
point of the refractive index n,, or ny;, which is used in the fit-
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ting process, we use the value in the literature, which is often
available only at a single wavelength or only in the visible wave-
length range. The refractive index of +0.05 of the start point are
given as the upper and lower bounds of the fitting. For the start
point of the radius R, we use the projected area, which we ob-
tain by thresholding the phase image. Because the projected area
depends on the threshold value, the exact area of a microsphere,
and thus its radius needs to be determined in the fitting. The
radius values of +2um of the start point are given as the upper
and lower bounds. For the center coordinates (xg,yp), the cen-
troid coordinates of the thresholded binary image are used as the
start point, then determined at a subpixel resolution within the
+3 pixel range of the start point.

For each sample, the refractive index dispersion is measured at
10 nm step size and fit to the Cauchy-Schott equation (Sample
size: 56).

n(A)=A+BA>+C/A%* + ..., 4

where A, B, C, ... are fitting coefficients. For each sample type,
multiple measurements are performed and averaged to provide
the mean dispersion relation. The data outside 1.5 times the stan-
dard deviation from the mean are excluded, and the remaining
data are averaged to provide the mean refractive index disper-
sion.

3 Results and Discussions

3.1 SPM vs. conventional phase imaging

Figure 2[(a) shows an example phase image recorded for one in-
cidence angle of the illumination beam, which we refer to as con-
ventional phase imaging. The sample is a PMMA microsphere
immersed in the medium of refractive index 1.4587, and the mea-
surement is performed for the wavelength of 1.1 um. Although the
boundary of the bead is circular, the phase distribution inside is
not radially symmetric, which may be attributed to the coherent
speckle noise. We also observe that the location of the peak phase
value slightly shifts as the wavelength changes, which may be be-
cause the illumination beam that is slightly off axis changes the
direction due to the chromatic aberration. Figure b) shows the
phase distribution inside the bead region as a scatter plot in the
3D space, where the height corresponds to the phase value, to-
gether with the spherical surface that is fit to the measured phase
values. The outer region of the bead has a lower phase value,
which would be more affected by the noise; thus, we used only
the inner region for the fitting. Overall, the fitting is good with the
adjusted R-squared of 0.9924. However, the root mean squared
error (RMSE) is a little high as 0.1144 rad.

Figure [3(a) shows an example phase image of the same bead
recorded with SPM. The phase distribution inside the bead region
has much higher symmetry, and the coherent speckle has been re-
moved. Figure [B(b) shows a scatter plot of the phase distribution
inside the bead region, which is smooth. The spherical surface
fit to the data overlaps well with the distribution of dots in the
3D space. The goodness of fitting has improved with the adjusted
R-squared of 0.9986 and the RMSE of 0.0480 rad.

Figures a) and b) show the refractive index dispersion ob-
tained with conventional phase imaging and SPM. The result ob-

4 Journal Name, [year], [vol.], 1

(@)

[ee]

»

N

N

o

Measurement
Fit

Phase (rad)

Y (um)

X (um)

Fig. 2 Example phase image recorded for one illumination angle and
a fitting of the phase distribution to Eq. (2). (a) Phase image at the
wavelength of 1.1 um for a PMMA microsphere immersed in the medium
of refractive index 1.4587. (b) Phase distribution inside the bead region
of (a) and a fitting using the equation for a sphere. Scale bar: 20um.

Page 4 of 10



Page 50of 10

| E DO

Y (um)

Physical Chemistry Chemical Physics

(a) 1.481

1.4805

[e¢]

1.48

[e2)

N

N

o

Measurement
—Fit

X (pum)

Refractive Index

—~
O
N

Refractive Index

1.4795

1.479

1.4785

1.478

1.4775
1100

1.4805

1200

1300 1400 1500 1600
Wavelength (nm)

1.48 ¢

1.4795

1479 1

1.4785

1.478 -

1.4775

1100

Fig. 3 Example phase image recorded with SPM and a fitting of the phase
distribution to Eq. (2). (a) Synthetic phase image at the wavelength of

1.1um for a PMMA microsphere immersed in the medium of refractive
index 1.4587. (b) Phase distribution inside the bead region of (a) and a
fitting using the equation for a sphere. Scale bar: 20 um.
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Fig. 4 Refractive index dispersion of PMMA microspheres in the 1100-
1650 nm wavelength range determined with conventional phase mi-
croscopy (a) and SPM (b).
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tained with five samples is averaged at each wavelength, which
is shown as a solid line. The error bar represents the standard
deviation of the measured values. The graph in Fig [(a) shows
an oscillation with the wavelength, which may be attributed to a
slight change in the reference beam path during the wavelength
scan. In a different measurement, we have confirmed that the
oscillation does not relate to the physical properties of the bead.
The graph in Fig[4(b) shows that the refractive index dispersion
measured with SPM shows a monotonic decrease as the wave-
length increases. SPM also provides a smaller standard deviation
than conventional phase imaging. Although the refractive index
changes only by 0.002 as the wavelength changes from 1100 nm
to 1650 nm, SPM is very sensitive to detect such a small differ-
ence.

3.2 Refractive index dispersion of polymer and glass micro-
spheres in the SWIR range

Using SPM, we have measured the refractive index dispersion

of two polymer microspheres (PMMA and polystyrene) and two

glass microspheres (silica and soda lime) in the SWIR range. The

data fit to the Cauchy-Schott equation is summarized in Table 1.
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———-Zhang et al. (2020), Mitsubishi

Fig. 5 Refractive index dispersion of PMMA microspheres in the 1100-
1650 nm wavelength range determined with SPM and its comparison
with the existing literature data.

Figure [5| shows the refractive index dispersion of PMMA mi-
crospheres measured with the refractive index liquid of 1.4587
(at 589.3nm). The refractive index dispersion of PMMA micro-
spheres obtained with SPM is about the average of all the lit-
erature data that were included in Fig. The data can be fit
to the Cauchy-Schott equation n(A) = 1.4778 — 5.7547 x 107412 +
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0.0023/A2 with the RMSE of 2.6 x 10~ (Sample size, 6). Sul-
tanova et al. (2009)2Z used a deviation angle method to measure
the refractive index dispersion of PMMA plates in the wavelength
range of 0.437-1.05um, which is extrapolated here to the SWIR
range. Using a transmission-spectrum-based method, Beadie et
al. (2015)28 measured the refractive dispersion of PMMA films in
the 0.4-1.6 um wavelength range. Using ellipsometry, Tsuda et al.
(2018) measured the refractive index dispersion of PMMA films
in the 0.6-1um wavelength range, which is extrapolated here to
the SWIR range. Zhang et al. (2020)22 also used ellipsome-
try to measure the refractive index dispersion of PMMA films in
the 0.4-2 um wavelength range. Noteworthy, the PMMA samples
from two different manufacturers (Tomson and Mitsubishi) pro-
duce different results of about 0.006. We may also attribute the
difference among the reported results to different cross-linking
conditions.
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Refractive Index
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Wavelength (nm)
I spm

= it to Cauchy-Schott equation
====:Nikolov and Ivanov (2000) extrapolated
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e Sultanova et al. (2009) extrapolated
———-Zhang et al. (2020)

Fig. 6 Refractive index dispersion of polystyrene microspheres in the
1100-1650 nm wavelength range determined with SPM and its compar-
ison with the existing literature data.

Figure [f] shows the refractive index dispersion of polystyrene
microspheres measured with the refractive index liquid of 1.57
(at 589.3nm). The data can be fit to the Cauchy-Schott equation
n(A) = 1.5630 +4.1159 x 10742 4 0.0093/A2 with the RMSE of
1.5 x 107> (Sample size, 8). The refractive index dispersion of
polystyrene microspheres obtained with SPM is about the aver-
age of all the literature data shown in Fig.[6] Nikolov and Ivanov
(2000)2% measured the refractive index dispersion of injection-
molded polystyrene plates using a goniometric refractometer in
the 0.4-1.06 um wavelength range. The data is extrapolated and
shown in Fig. [ Ma et al. (2003)3! determined the refrac-
tive index dispersion of polystyrene microspheres in the 0.37-

Page 6 of 10



Page 7 of 10

1.61 um wavelength range using diffuse reflectance and transmit-
tance measurements in combination with Monte Carlo modelling
and the Mie theory. By measuring the optical extinction effi-
ciency, Seet et al. (2007)"2 determined the refractive index dis-
persion of polystyrene microspheres in the 0.3-1.1 um wavelength
range, which is extrapolated here to the SWIR range. Sultanova
et al.2Z used a deviation angle method to measure the refractive
index dispersion of polystyrene plates in the wavelength range
of 0.437-1.05 um, which is extrapolated here to the SWIR range.
Zhang et al. (2020)2? also used ellipsometry to measure the
refractive index dispersion of polystyrene films in the 0.4-2um
wavelength range.
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Fig. 7 Refractive index dispersion of silica microspheres in the 1100-1650
nm wavelength range determined with SPM and its comparison with the
existing literature data.

Figure [7| shows the refractive index dispersion of silica micro-
spheres measured with the refractive index liquid of 1.40 (at
589.3nm). The result obtained with SPM can be fit to the Cauchy-
Schott equation n(4) = 1.4180 —5.4325 x 107412 40.0090/A2 with
the RMSE of 5.8 x 107> (Sample size, 7). The refractive index val-
ues obtained with SPM are significantly lower than typical values
for fused silica, for example, by Malitson (1985)=3. The differ-
ence is attributed to the air nanopores that exist inside the mi-
crospheres manufactured with a Stober method at a low temper-
ature®®, The large standard deviation observed with the silica
microspheres is also attributed to the variation in the density of
air nanopores among the microspheres. Using refractive index
matching, Akhmadeev et al. (2020) measured the refractive in-
dex dispersion of the silica microspheres (diameter, 616 + 6 nm)
produced with the Stober method. The refractive index values
measured in the wavelength range of 400-1100 nm are extrapo-
lated to the SWIR range and shown together in Fig.[7| The result
obtained by Akhmadeev et al. (2020) is still higher than that ob-
tained with SPM, which may be attributed to the different sample
processing condition, measurement method, or both.

Figure [8 shows the refractive index dispersion of soda lime mi-
crospheres measured with the refractive index liquid of 1.49 (at
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Fig. 8 Refractive index dispersion of soda lime microspheres in the 1100-
1650 nm wavelength range determined with SPM and its comparison with
the existing literature data.

589.3nm). The refractive index dispersion of the soda lime mi-
crospheres obtained with SPM can be fit to the Cauchy-Schott
equation n(A) = 1.5062 — 0.0018A% 4 0.0057/A% with the RMSE
of 1.8 x 1073 (Sample size, 5). The values obtained for soda
lime microspheres are slightly lower than those reported in Ru-
bin (1985)22 which may be attributed to different compositions.

3.3 Refractive index dispersion of microscopy mounting me-
dia in the SWIR range

The refractive index is an important parameter of microscopy
mounting media because index mismatching can result in sub-
optimal imaging performance®2Z, For phase imaging or refrac-
tive index imaging, the refractive index of a mounting medium is
an input to the data processing and needs to be known a priori.
With large penetration depth, SWIR imaging becomes popular
for biomedical imaging=8*Y, The refractive index dispersion of
many mounting media is not yet available in the SWIR range, to
the best of our knowledge. Here we have measured the refractive
index dispersion of three microscopy mounting media (glycerol,
FluorSave, and Eukitt) in the 1100-1650 nm wavelength range,
using the microspheres of known refractive index dispersion. For
glycerol, we use PMMA microspheres. For FluorSave, we use sil-
ica microspheres, because the mounting medium may dissolve
polymers, and the refractive index of silica is expected to be close
to that of FluorSave. For the same reason, we use soda lime mi-
crospheres to measure the refractive index of Eukitt. The data fit
to the Cauchy-Schott equation is summarized in Table II.

Figure [9] shows the refractive index dispersion of glycerol mea-
sured with PMMA microspheres. The refractive index of glyc-
erol measured with SPM monotonically decreases from 1.4630 at
1100 nm to 1.4575 at 1650 nm. The data can be fit to the Cauchy-
Schott equation n(A) = 1.4659 — 0.0033A% 4+ 0.0012/A% with the
RMSE of 4.2 x 107> (Sample size, 5). Using Abbe refractometry,
Rheims et al. measured the refractive index dispersion of glycerol

Journal Name, [year], [vol.],

1] |7



Physical Chemistry Chemical Physics

1.463

14621 ]
© 1461} . .
s N T
o N T
= 146+ J
©
o
= I |
2 1.459

1 spPm
1488 | Fitto Cauchy-Schott equation |
————— Rheims et al. (1997) extrapolated
1.457 = : ' : : :
1100 1200 1300 1400 1500 1600

Wavelength (nm)

Fig. 9 Refractive index dispersion of glycerol in the 1100-1650 nm wave-
length range determined with SPM and its comparison with the existing
literature data.

in the 0.5893-1.05 um wavelength rangeY. Interestingly, the re-
fractive index dispersion of glycerol measured with SPM is slightly
concave down in the measured wavelength range, while the curve
extrapolated from Rheims et al. is concave up.
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Fig. 10 Refractive index dispersion of FluorSave in the 1100-1650 nm
wavelength range determined with SPM.

Figure shows the refractive index dispersion of FluorSave
measured with silica microspheres. FluorSave is highly recom-
mended in immunofluorescent microscopy having strong antifade
properties4?. The refractive index of FluorSave measured with
SPM monotonically decreases from 1.3478 at 1100 nm to 1.3393
at 1650 nm. The data can be fit to the Cauchy-Schott equation
n(A) = 1.3703 —0.0096A2 —0.0131 /2.2 with the RMSE of 1.7 x 10~*
(Sample size, 9).

Figure |11| shows the refractive index dispersion of Eukitt mea-
sured with soda lime microspheres. Eukitt is a very fast drying
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Fig. 11 Refractive index dispersion of Eukitt in the 1100-1650 nm wave-
length range determined with SPM.

general-purpose resin-based mounting medium#2. The refractive
index of Eukitt monotonically decreases from 1.4793 at 1100 nm
to 1.4764 at 1650 nm. The data can be fit to the Cauchy-Schott
equation n(A) = 1.4736 4 1.4887 x 107*A2 +0.0068 /A2 with the
RMSE of 3.6 x 1073 (Sample size, 7). As shown in Fig. the
refractive index dispersion of Eukitt measured with soda lime mi-
crospheres has a large standard deviation (0.0010 on average).
Most soda lime microspheres used for the measurement had small
fragments or satellites attached to them, which may have affected
the measurement. Noteworthy, we were able to determine the
refractive index dispersion of soda microspheres (Fig. [8) with a
small standard deviation of 2.5 x 10~4, when excluding one out-
lier. According to the manufacturer, the soda lime microspheres
were produced using a "proprietary heat based process”. The rea-
son for the large standard deviation observed in Fig. [11| remains
unclear.

For microspheres, a scattering measurement and a fitting to the
Mie solution is the dominant approach®®?. Although the Mie so-
lution is the exact solution to the Maxwell’s equations, and thus is
accurate, the scattering analysis is affected by the signal-to-noise
ratio of the scattering measurement, which may vary with the size
and refractive index of the microsphere as well as the measure-
ment geometry. Here we used SPM to measure the scattering-
corrected phase distribution, which was then fit to a theoretical
model assuming the rectilinear propagation of light across the
microsphere. The phase measurement is more sensitive than the
measurement of the scattered intensity. Using SPM, the effect of
scattering at the sample’s boundary can be corrected, and the co-
herent speckle noise and the oblique incidence of illumination,
which can affect the accuracy of conventional phase imaging, can
be minimized. We note that SPM, as with conventional phase
imaging, requires phase unwrapping, which may affect the accu-
racy of the phase measurement and eventually fail if the refrac-
tive index of the microsphere is very different from that of the
surrounding medium. A rigorous comparison of SPM with the
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Mie scattering analysis is left for our future work.

Table 1 Summary of the refractive index dispersion (1100-1650 nm) of
the microspheres determined in this study. A is the wavelength in um.

Material Dispersion equation RMSE

PMMA n(d) = 1.4778 —5.7547 x 107442 +0.0023/A> 2.6 x 107>
PS n(A) =1.5630+4.1159 x 107412 +0.0093/1%  1.5x 1073
Silica n(1) = 1.4180 —5.4325 x 107442 +0.0090/A> 5.8 x 107>
Sodalime n(A)=1.5062—0.0018A% +0.0057 /A2 1.8 x 1073

Table 2 Summary of the refractive index dispersion (1100-1650 nm)
of the microscopy mounting media determined in this study. A is the
wavelength in um.

Material Dispersion equation RMSE

Glycerol  n(A) = 1.4659 —0.0033A% +0.0012/A> 42x107°
FluorSave  n(A) = 1.3703 —0.0096A2% —0.0131/A> 1.7x107*
Eukitt n(A) =1.4736+1.4887 x 107*A2+0.0068/1> 3.6 x 1073

4 Summary

In this work, we demonstrated SPM to measure the refractive in-
dex of homogeneous microspheres and liquids. Using SPM, we
determined the refractive index dispersion of two polymer micro-
spheres (PMMA and polystyrene), two glass microspheres (silica
and soda lime), and three microscopy mounting media (glycerol,
FluorSave, and Eukitt) in the SWIR range of 1100-1650 nm. Fur-
ther explorations can be made in the future to obtain the refrac-
tive index of different materials in other wavelength ranges.
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