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ABSTRACT: A low-coherence Michelson interferometric
method for characterizing the refractive index and refractive
index dispersion over the visible and near-infrared spectral
ranges (350-1700 nm) is described. The method is particu-
larly suited to measurements in optical materials that have
flat, parallel surfaces. The accuracy and precision associated
with the method are address from a theoretical standpoint
and the technique is demonstrated through the collection of
dispersion curves for a number of standard optical glasses

and three common polymers (polystyrene, poly(methyl
methacrylate), and polycarbonate). The advantages and dis-
advantages of this method in comparison to conventional
“refractometry” (i.e., the Abbé refractometer) are also ad-
dressed. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 100: 65-72,
2006
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INTRODUCTION

The expanding use of the internet and the accompa-
nying demand for high-bandwidth transmission me-
dia has fueled interests in “all-optical” networking.
Polymers are emerging as key materials in the devel-
opment of optical networks, owing to their flexibility,
light weight, low cost of fabrication, and the potential
to create materials with a variety of physical and
optical properties.'™ Silica glass provides a suitable
material for optical elements and is a suitable fiber
optic material for transmitting data over backbone
wide area networks; single-mode silica fibers possess
high transmission windows centered at the near-infra-
red (NIR) communication wavelengths of 850, 1300,
and 1550 nm. However, the use of silica fibers in local
area networks (LANS) is unrealistic because of the
numerous couplings that exist between the backbone
wide area network and the desktop user. Less brittle,
larger-diameter, polymer-based multimode fibers
present an alternative to silica fibers that would be
easier to couple by a field technician in a LAN envi-
ronment. In general, “all-optical” networking will be

*Some literature values for refractive index, n, were ob-
tained from the JDS Uniphase OCLI Products website (www.
ocli.com) and from the 2004 Edmund Industrial Optics catalog.
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promoted by the development of polymer-based
waveguides, graded-index fibers, lenses, and various
other linear and nonlinear optical components.
Research and development of optical polymers is
currently hindered due to a lack of instrumentation for
fully characterizing the bandwidth capacity of candi-
date materials in the visible and particularly the NIR
spectral regions. There is wide interest in developing
new instruments that allow one to better characterize
the absolute refractive index (n), refractive index dis-
persion (dn/d\), and refractive index stability of new
polymeric materials in the NIR spectral region. Refrac-
tometric instruments such as the Abbé refractometer
have traditionally been used for measuring n and
dn/d\, where n is determined from the angle of refrac-
tion of light according to Snell’s law. Maintaining high
accuracy and precision over a wide spectral range in
such instruments can only be accomplished through
careful calibration. Furthermore, refractometric mea-
surements are normally restricted to liquid, gel, and
thin solid samples (bulk polymer samples can be dif-
ficult to analyze with suitable accuracy and precision).
Described here is a recently constructed low-coher-
ence Michelson interferometric apparatus that is capa-
ble of measuring refractive index over a broad spectral
range (350-1700 nm). This technique is particularly
suited to the study of bulk optical elements that con-
tain flat, parallel surfaces. The interferometric appara-
tus utilizes a tunable arc-lamp source that is directed
into a Michelson interferometer that contains two mir-
rors; one mirror has a fixed position and the other can
be translated with a precision motorized translation



66

stage. Two measurements must be performed to ob-
tain refractive index: (1) One first translates the move-
able mirror until a maximum interference fringe in-
tensity is established; fringes will only be observed if
the optical pathlengths of the two arms of the inter-
ferometer do not differ by more than the coherence
length of the light source (the Xenon arc-lamp/mono-
chromator source employed here has a coherence
length of ~150 um); (2) The sample is then introduced
into the fixed pathlength arm of the interferometer
and the pathlength of the other arm is increased with
the motorized translation stage to reestablish the max-
imum interference. The distance that the mirror moves
to reestablish the maximum interference is defined as
p (the “optical delay distance”). The refractive index
(relative to air) can then be calculated from the expres-
sion
nsample = WMair + P/l (1)

where [ is the thickness of the optical sample and n;,
is the refractive index of the air displaced by the
sample in the interferometer. Since n,;, is nearly equal
to 1, (1 + p/I) represents a practical measure of index
that is suitable for many optical design applications.
Alternatively, more precise absolute indexes can be
obtained if the exact value of n,, is known for the
wavelength of light under consideration.

Instead of using the “two measurement” technique
described earlier, we are able to obtain p in a single
scan by positioning the sample in the interferometer in
such a way that it eclipses approximately half the
low-coherence light beam image. Consequently, two
interference wave packets are observed as the mirror
is translated; one corresponds to light traveling
through the sample and one corresponds to light trav-
eling next to the sample (through air). The optical
distance between the two interference wave packets
yields an experimental measure of p.

Interferometric methods of determining both abso-
lute and differential refractive index have been at-
tempted previously in our lab* and by others.®™!
Many of these approaches are based upon some form
of low-coherence interferometry (or white-light inter-
ferometry), where a low-coherence arc-lamp source is
used to illuminate the sample. The primary challenge
associated with low-coherence methods is the accurate
identification of the central oscillation in the experi-
mentally collected interference wave packet” 012714,
uncertainty in locating the center of the wave packets
yields corresponding uncertainties in the refractive
index. One approach to minimizing the error in locat-
ing the central oscillation is to use a dual wavelength
illumination source®'*; the two wavelengths interfere
within the region of the interference wave packet (at
their “beat frequency”), which makes the central os-
cillation more pronounced. Our approach in the cur-
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rent study is to take advantage of several recent tech-
nological advances that in turn improve the signal-to-
noise and resolution of the collected low-coherence
interferometry data. These advances include (1) the
use of an ultra precise motorized translation stage that
uses active feedback to smoothly control the accelera-
tion and velocity of the ramping mirror in the inter-
ferometer, (2) the incorporation of an interfering fre-
quency-stabilized helium-neon (HeNe) laser beam
that is used to track the motion of the ramping mirror
with better than 50-nm resolution, and (3) the use of
current data acquisition hardware and software that
permits the collection and analysis of interference data
with high temporal resolution over an extended pe-
riod of time (2-5 min).

The detailed design of the new Michelson interfero-
metric apparatus and the data analysis protocol are
described herein. The performance of the new instru-
ment is evaluated by measuring the refractive index
dispersion (dn/d\) for a number of common inorganic
and polymer window materials. The advantages and
disadvantages associated with this interferometric ap-
proach in comparison to conventional refractometer
are discussed.

EXPERIMENTAL
Tunable light source

Referring to Figure 1, radiation from a Xenon arc-lamp
(Oriel Photomax™ with 75 W, ozone-free lamp) is
disbursed with a 1/8-m monochromator (Oriel Cor-
nerstone™ 130) yielding tunable light from the ultra-
violet into the mid-infrared spectral range. The mono-
chromator is equipped with two gratings that can be
interchanged and tuned remotely through a computer
controller; a 1200 lines/mm grating that is blazed for
350 nm is used to obtain light within the range 300-
1000 nm and a 600 lines/mm grating that is blazed for
1000 nm is used to obtain light within the range 1000—
1900 nm.

Interferometer

The light from the monochromator is directed through
a custom-made Michelson interferometer, where one
mirror is fixed and the other mirror can be translated
with a precision motorized translation stage (Physik
Instrumente M-126.DG linear positioning stage, with
Mercury II C-862 single axis DC-motor controller).
Aluminum coated, A/10 flatness first-surface mirrors
are used throughout the apparatus and a nonpolariz-
ing BK7 cube beamsplitter is employed (Edmund In-
dustrial Optics, R47-009; A/8 flatness). Light from a
frequency stabilized HeNe laser (Spectra-Physics,
Model 117A) is also directed through the interferom-
eter along a parallel optical path. During a trial, the
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Figure 1 Schematic diagram of the low-coherence Michelson interferometer for measuring refractive index.

interference of the HeNe laser is recorded as a func-
tion of mirror displacement, simultaneous with the
interference of the arc-lamp source; the alternating
light and dark fringes from the HeNe source are used
to make a more precise measurement of mirror dis-
placement than what would otherwise be obtained
from the stepper-motor controller of the translation
stage. This means of determining mirror displacement
is also advantageous because it actively accounts for
any variations in optical distance in the interferometer
that might arise due to thermal expansion of optical
mounts. The interference intensity of the HeNe laser is
monitored with a battery powered photodiode/am-
plifier (OPT101, Burr-Brown Corp) and the interfer-
ence intensity of the arc-lamp source is detected with
a photodiode (either silicon Model PDA55 for 300-900
nm light or an InGaAs Model PDA255 for 900-1700
nm; Thorlabs, Inc.) which is amplified with a pream-
plifier (SR560, Stanford Research Systems). The HeNe
and arc-lamp interference voltages are recorded at a
250-Hz collection rate, using an analog-to-digital com-
puter interface (LabPro, Vernier Software and Tech-
nology).

The entire interferometric apparatus is housed in-
side of a thermostated acrylic box (25°C) and is
mounted on a vibration free optical table (VERE, Inc.).
To measure refractive index, the sample of interest is
mounted in one arm of the interferometer, the arc-
lamp monochromator is tuned to the wavelength of
interest and the interference intensities of the arc-lamp

and HeNe are recorded while one mirror is translated
once over the appropriate range. The Physik Instru-
mente M-126.DG linear positioning stage that is used
to control the mirror movement utilizes an active com-
puter-interfaced drive feature that allows the user to
control the acceleration and velocity of the stage with
8.5-nm design resolution (the stage controller actively
corrects for errors in displacement as it is ramped). A
mirror velocity of 17 um/s is typically used during
data collection. The total distance that the mirror is
displaced during a trial depends on the thickness of
the optical sample and its refractive index.

Materials

Low-coherence interferometric measurements of re-
fractive index were carried out on the following com-
mon inorganic and polymer window materials: fused
silica glass, BK7 glass, Borofloat™ glass, MgF,, poly-
carbonate, poly(methyl methacrylate), and polysty-
rene. Table I summarizes the different materials char-
acterized in this study and also lists the source, thick-
ness, and the literature value for the refractive index
(n,) at 589.3 nm.

Data analysis protocol

Figure 2 shows a typical computer acquisition of the
arc-lamp interference over time as the mirror is trans-
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TABLE 1
Summary of Materials Studied in This Investigation,
Indicating the Source, Thickness, and the Literature
Value of the Index of Refraction at 589.3 nm

Thickness ny
Material ()* (um)  (literature)® Source
Fused silica 5997 1.458 c
BK7 glass 7410 1.517 c
Borofloat™ glass 6458 1.472 c
MgF, 5086 1378 (ny) ¢, d
Polycarbonate 8568 1.585 e
Poly(methyl methacrylate) 5378 1.490 f
Polystyrene 2306 1.591 g

@ The thickness of each sample was measured with a pre-
cision caliper.

b p1, literature values for the inorganic glasses were ob-
tained from the 2004 Edmund Industrial Optics® catalog
(NO4RB) and literature values for the three polymer sam-
ples.

€ Purchased from Edmund Industrial Optics®.

4 The sample of MgF, used here is cut so that the optical
axis is along the c-axis of the crystal, thereby minimizing
birefringence.

¢ Lexan® Polycarbonate sheet, manufactured by GE Struc-
tured Products, Inc.

f Cell-cast acrylic sheet, manufactured by Spartech Poly-
cast, Inc.

& Cell-cast polystyrene sheet, manufactured by Plaskolite,
Inc.

lated for a magnesium fluoride sample. Two, and
sometimes three, interference wave packets are ob-
served per trace as a result of having the sample
mounted in an eclipsed fashion: (1) a packet that cor-
responds to light passing through the sample twice
(i.e., light that passes through the sample, bounces off
the fixed mirror, and then passes through the sample
again), (2) a middle packet can be visible that corre-
sponds to light passing through the sample only once
during its round trip, and (3) a packet that corre-
sponds to light that never passes through the sample
during its round trip. All three wave packets are clear
in Figure 2. Only two packets are required to calculate
refractive index; the middle packet is often small in
comparison to the baseline noise and, as such, we
normally use the outside packets to determine 714,

Figure 3 shows the first wave packet from Figure 2
on an expanded scale, revealing a rapid alternating
intensity indicative of an optical interferogram. Fou-
rier transformation of such packets have been carried
out to verify the wavelength of our source, yielding
sharply spiked frequency spectra centered at the in-
tended wavelength of the monochromator.

Also shown in Figure 3 is the rapidly alternating
light-and-dark interference signal of the HeNe laser
source plotted above the arc-lamp interference. Since
the wavelength of the HeNe is 632.8 nm, each full
oscillation of the HeNe signal indicates a mirror trans-
lation of (%2)'632.8 nm; the factor of Y2 enters here
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because the light beam travels twice between the
beam-splitter and the mirror in a Michelson inter-
ferometer design. Since the HeNe laser has an extraor-
dinarily long coherence length (~20 cm), the alternat-
ing interference intensity of this source is not dimin-
ished over the mirror displacements used here. This is
in contrast to the arc-lamp source, which has a small
coherence length, meaning that interference is only
observed over a short range.

For each data set, p is measured as Y2 the mirror
displacement between the central fringes of the outer-
most wave packets. The ultimate precision in deter-
mining p is limited by two factors: (1) the error in
locating the central interference fringe in each packet
and (2) the error in measuring the mirror displacement
between these two limits. The error associated with
factor (1) is dependent on the widths of the wave
packets, which can be substantial even when the co-
herence length of the light source is on the order of a
100 wm. Coherence length is strongly dependent upon
the wavelength and spectral resolution of the arc-
lamp/monochromator tunable light source; the exact
dependence is addressed in detail in the Theoretical
Considerations section. The error associated with fac-
tor (2), measuring the mirror displacement, is mini-
mized by defining displacement relative to the num-
ber of fringes that pass in the HeNe laser interference
signal; this total length is therefore defined as a mul-
tiple of the HeNe wavelength, meaning the method
possesses an inherent length standard.

The following data analysis protocol was used to
determine a refractive index value from each data set:

1. The raw data is exported for manipulation into a
quantitative analysis software environment
(Mathcad 2001, Mathsoft Corp., is used here).

2. The data encompassing the arc-lamp interference
around each interference wave packet is sepa-

Arbitrary Intensity

o 20 410 60 80 100 120 140
Time (seconds}

Figure 2 Typical interference trace for a MgF, plate (light
source tuned to A = 790.0 nm and sample thickness = 5086
pm). The individual oscillations within each wave packet
occur at such a large frequency that they cannot be observed
on the temporal scale used here.
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Figure 3 Plot (a) shows a blow-up of the first arc-lamp interference wave packet in Figure 2. Plot (b) shows the
corresponding oscillations in the HeNe laser interference that are used to determine the distance that the mirror translates

during a scan.

rated from the original data set and each is pro-
cessed with an algorithm that extracts the data
points corresponding to the maximum voltage of
each oscillation These maxima, when plotted
against time, have a Gaussian distribution.

3. The wave packet envelopes from (2) are each
fitted to a Gaussian function to determine the
temporal location of the maximum (hereafter, the
maximum time associated with the first wave
packet is called t; and with the second wave
packet is called t,).

4. The HeNe interference signal data set that was
collected simultaneous with the above data is
then analyzed with a separate algorithm that
counts the number of maxima that appear be-
tween times f; and f,. This method yields the
number of HeNe fringes that pass between these
two times and will hereafter be called N.

5. Refractive index is finally calculated asn =1 + N
X 0.6328165/(2]), where [ is the thickness of the
sample (measured independently with a preci-
sion caliper) and the factor of 0.6328165 is the
manufacturer’s value for the wavelength in air of
the HeNe laser in units of micrometers.

Theoretical considerations

A number of experimental parameters affect the width
of the experimentally recorded interference wave
packets. Under certain circumstances, these widths
can be substantial which in turn limits the precision
associated with the measurement of refractive index
by this method. A theoretical expression for the inter-
ference wave packet is derived later, which shows
explicitly how the wave packet width depends on the
wavelength and spectral width of the illumination
light source.

As stated above, the Xe arc-lamp/monochromater
light source delivers tunable light from 300 to 1900
nm. The monochromator is also equipped with adjust-
able, micrometer-driven entrance and exit slits. The
ultimate output of this arc-lamp/monochromator
combination is well described by a Gaussian spectral
envelop centered at A, with a 1/e half-width equal
to AA. AX can be increased or decreased by opening or
closing the entrance and exit slits of the monochroma-
tor (the minimum slit width setting corresponds to a
AX of 0.2 nm, although the amount of light escaping
the monochromator at this slit setting is too small for
visual alignment of the optical elements in the inter-
ferometer. The typical slit settings used during our
measurements correspond to a AA value of 5 nm.

An analytical expression for the interference wave
packet is more easily obtained by expressing the
Gaussian spectral envelop in units of wave numbers
(9) according to

I(v) = A exp{ - (v — Umax) }, (2)

where A is the amplitude at the spectral maximum,
Umax = 1/Apax, and Av = AX/(An,)°. Each wave
number component of the incident light source ((v))
will give rise to interference intensity oscillations as a
function of mirror displacement (p) according to the
expression [1 + cos(2mup)]. The overall interference
wave packet is obtained by integrating this cosine
function over the incident spectral envelop; specifi-
cally, the interference intensity as a function of mirror
displacement (p) is given by

I(p) = j mI(Z)[l + cos(2mop)]do. (3)

0
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An analytical solution to this integral can be obtained
by centering the integration around the maximum of
the Gaussian spectral envelop by defining x = v
— Umax and extending the integration from — to +o.
Equation (3) then becomes

o X 2
e o)

Using the trigonometric relationship

{1 + cos[2m(x + Emax)p]}dx.

(4)

cos[2m(x + Emax)p] = cos(2mxp) COS(270, p)

— sin(2mxp) sin(2mo,,,, p), (5)
the integral can then be solved piecemeal, yielding
I(p) = A\JTAV{1 + cOS(2m0pna plexpl — (wAvp)?T}.  (6)

Inspection of eq. (6) reveals that the overall envelop of
the interference wave packet is described by the
Gaussian term exp[ — (wAup)?],, which possesses a
1/e width of 1/(mwAD).. Converting back to wavelength
units, the 1/e width of a wave packet is given by

)\2

max

Ap = TAN @)

Therefore, the width of an experimentally measured
interference wave packet is dependent on the square
of the incident wavelength maximum and is inversely
proportional to the width of the spectral envelop. As
such, the inherent precision in locating an interference
wave packet maximum will degrade as the wave-
length of the light source is tuned to longer wave-
lengths and as the entrance and exit slits of the mono-
chromator are closed down (spectral resolution will
have to be sacrificed to improve the precision of an
interferometric determination of refractive index).
This fact is illustrated in Figure 4, which shows several
plots of eq. (6), illustrating how the width of the
Gaussian wave packet increases with increasing A, .
and decreasing AA.

Equation (7) can also be used to estimate the preci-
sion in our measurement of refractive index (and how
this precision varies with A, and AA). Assuming that
the center of the two Gaussian wave packets in a scan
can be identified to within =10% of the 1/e widths
described by eq. (7), the propagated error in our mea-
surement of p is given by

2
\/E )\max

% =10 7 AN (8)
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The corresponding precision in the measured refrac-
tive index is given by én = 8p/I. If, for example, one is
investigating a 4-mm thickness optical element at the
wavelengths A, = 400, 1000, and 1600 nm, the en-
trance and exit slits of the monochromator would have
to be adjusted to yield AX values of 9, 56, and 144 nm,
respectively, to obtain a refractive index precision of
+0.0002 units.

The accuracy associated with measurements of re-
fractive index by interferometry is primarily limited
by the uncertainty in the sample thickness, I, which
can usually only be measured to within 5 um with a
precision micrometer. The actual magnitude of this
systematic error is given by

on = (ﬁ) 1, )

indicating that the accuracy is improved as the thick-
ness of the optic is increased. For an optical element
with hypothetical index equal to 1.4, the systematic
error in measured index due to a =5 um uncertainty
in thickness is =0.07, =0.007, and *=0.0014 for thick-
nesses of 100, 1000, and 5000 um, respectively.

RESULTS

Figure 5 shows the variation in experimental refrac-
tive index for the polycarbonate sample over the
wavelength range 400-1600 nm. Beyond 1600 nm, the
precision in locating the interference wave packet
maxima is degraded to a sufficient extent that further
measurements become impossible. This limit in our
spectral tuning range was realized for all the materials
studied here.

The discrepancy between the literature values of
refractive index (n; measured at 589.3 nm) for these
materials and the interferometrically measured values
carried out here are well described in terms of the
uncertainty in the sample thickness according to eq.
(9). “Normal” dispersion is often described for a ma-
terial in terms of the empirical Cauchy formula®®

1 1
n=cy,+ C1y2 + Caya- (10)

We have offset our measured refractive index val-
ues so that the value at 589.3 nm agrees with the
literature n,* values,'® and have subsequently fit the
dispersion curves to eq. (10); Table II list the coeffi-
cients that were obtained for this fitting for each ma-
terial.

CONCLUSIONS

A new method for measuring refractive index and
refractive index dispersion has been demonstrated.
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Figure 4 Theoretical plots of eq. (6), illustrating how the width of the interference wave packet increases with increasing
wavelength and decreasing breadth of the spectral envelop. The actual oscillations within each wave packet, occurring at

wavelength 1/7,,.,, cannot be observed on the scale of this plot.

The method is particularly suitable for characterizing
the refractive index properties of bulk optical elements
in the NIR spectral range; the spectral region that is in
most optical communication devices. The accuracy
and precision associated with this technique is com-
parable to (and can potentially exceed) standard re-
fractometric methods when investigating samples of
sufficient thickness and when illuminating the sample
with a broad enough spectral envelop. The advantages
associated with the method include the fact that the
interferometric apparatus is tunable and does not re-
quire calibration prior to use; the optical pathlength
associated with light traveling through the sample is
measured relative to the wavelength of a frequency
stabilized HeNe laser (the method possesses an inher-

1.71
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Figure 5 Variation in refractive index over the wavelength
range 400-1600 nm for a bulk polycarbonate sample (thick-
ness = 8.568 mm). The solid line is an empirical fit to the
data based on eq. (10).
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TABLE 11
Experimental Coefficients of Dispersion according to Eq
(10) (evaluated over the range 400-1600 nm)

Sample co c, 107% G, (1079%)

Fused silica 1.425 1.174 —1.417
BK?7 glass 1.487 0.9418 3.974
Borofloat™ glass 1.447 0.7681 3.461
MgF, 1.368 0.3666 1.486
Polycarbonate 1.518 1.544 26.75

Poly(methyl methacrylate) 1.449 1.597 —5.529
Polystyrene 1.499 3.020 6.178

ent length standard). The incorporation of the HeNe
standard also actively corrects for any errors in optical
pathlength that might arise from vibrations and/or
thermal expansion of optical elements in the appara-
tus. Disadvantages include the sensitivity of the appa-
ratus to room vibrations (a vibration free optical table
must be utilized) and the collection and analysis of the
data is more laborious to accomplish with interferom-
etry in comparison to common refractometric meth-
ods.

This project was funded by the National Science Foundation
(DMR-0215407). Any opinions, findings, and conclusions or
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recommendations expressed in this material are those of the
author(s) and do not necessarily reflect the views of the
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