CHARLES H. LANGE and DONALD D. DUNCAN

TEMPERATURE COEFFICIENTS OF THE REFRACTIVE
INDEX FOR CANDIDATE OPTICAL WINDOWS

The temperature coefficients of the refractive index for various crystalline and polycrystalline materials—
Al, O3 (sapphire), Y,05 (yttria), La,O5-doped Y,05, MgAlL,O,4, and ALON (a proprietary ceramic composed of
aluminum, oxygen, and nitrogen)—were determined from measurements of optical thickness as a function of
temperature using a Michelson interferometer operating at 0.633 yum. For temperatures between 23 and 500°C,
the first-order coefficients ranged from 8.3 X 107%°C for pure yttria to 14.6 X 10°%°C for ALON.

Measurements of NaCl and Al,O; samples using this technique are in agreement with published data.

INTRODUCTION

Optical systems often require a protective window,
called a sensor dome, to guard against extreme heat and
temperature and pressure gradients. The refractive nature
of any sensor dome material requires that the window be
viewed as an integral part of the imaging system. Be-
cause the windows can degrade the image quality, espe-
cially under adverse conditions, characterization of the
refractive nature of sensor dome materials is required.
Knowledge of the temperature dependence of the refrac-
tive index is necessary for a complete evaluation of the
dome’s optical performance. To assess their potential for
use as IR sensor windows, the temperature coefficients
of the refractive index (dn/dT') of various crystalline and
polycrystalline materials—Al,O; (ordinary ray), Y,O3,
La,0;-doped Y,03;, MgAl,O,, and ALON—were deter-
mined at 0.633 pm.

The refractive index is typically determined by using
a glass prism composed of the desired material.! Al-
though measuring the minimum ray deviation for a spe-
cific wavelength is extremely accurate, it has the disad-
vantage of requiring specific sample geometries and does
not lend itself to measurement of samples that are highly
scattering. The technique for measuring optical thickness
described in this article only requires knowledge of sam-
ple thickness and is accurate for samples that are highly
scattering.

Thermal coefficients of the refractive index measured
at 0.633 um can be used to estimate the high-frequency
permittivity e.(7') in a temperature-dependent phenom-
enological pole fit model.” This model can then be used
to predict refractive index as a function of wavelength
and temperature.

MATHEMATICAL MODEL

The optical thickness (which differs from the physical
thickness) of the windows was measured as a function
of temperature using the experimental configuration
shown in Figure 1. Measurements were made using a
Hewlett-Packard 5501 A Michelson interferometer oper-
ating at 0.633 pum. This device measures the phase shift
between the reference and measurement beams and
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Figure 1. Schematic of experimental configuration.
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counts every A/2 increase in optical path (a change of
N4 in the optical path of the measurement arm). Samples
of various materials were placed in a temperature-con-
trolled hot cell that was then placed within the measure-
ment beam of the interferometer. The interferometer was
mounted on an Invar plate inside a vacuum chamber.
Invar was used because of its low coefficient of thermal
expansion. This plate eliminated warpage and expansion
problems, which can introduce error into the measure-
ments. The vacuum chamber eliminated fluctuations in
the optical path caused by barometric pressure fluctua-
tions and aided in temperature control of the interferom-
eter components and the sample.

Figure 2 shows the path lengths involved in the exper-
iment. For a single pass, the optical path length (OPL) of
the sample arm of the interferometer is given by

oPL= (L, +L,) +wn, (1)

where L, and L, are the portions of the path length in the
vacuum, w is the thickness of the sample, and # is its
refractive index. A quadratic model was assumed for the
thickness as a function of temperature, expressed as
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w=wy(l +a,T+aT?), (2)
and for the refractive index,
n=00+a|T+azT2, (3)

where «; and «, are the linear and quadratic coefficients
of expansion expressed as a function of temperature; a,
a;, and a, are the refractive index and its linear and
quadratic coefficients, respectively; and 7 is temperature.
The derivative of the opL with respect to temperature is
obtained from Equation 1 by

dopL  dL ow on
—=—tn—tw—, 4)
dr aT JaT oT

where L is the sum of L, and L,.
The partial derivatives with respect to the temperature
are from Equations 2 and 3 as follows:

ow
a—; = M'O(a] + 20:2T) 3 (5)
on
—=a;+2a,T .
o7 @ 2 (6)
From Figure 2, we note that
L (M
of  oT’

A second-order polynomial was fit by least-squares error
to the experimental optical path length data. The deriv-
ative of this fit with respect to temperature is given by

dopL
——=b,+2b,T,
T | > (8)

where b, and b, are experimentally determined numbers.
From Equations 4 through 8 and equating like powers of
temperature, we obtain the following relationships be-
tween the desired coefficients and the experimentally
determined coefficients:

b
a =i+al(1—ao), (9a)
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Figure 2. Diagram of path length calculations.
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_b
az—gﬂxz(l—ao)—a]a], (9b)
where
ap =n(Ty) , wo =w(Ty) . (9¢)

The experiment was designed to determine the coef-
ficients b, and b,. The analysis relied upon various ref-
erences for the refractive index n(7,) and the coefficients
of thermal expansion «; and «,. Equations 9a, 9b, and 9c
are the results of these calculations.

RESULTS

Calculation of the refractive index of the thermal co-
efficients required knowledge of the sample’s tempera-
ture. Since the thermocouple was located near the edge
of the sample and OPL was measured at the center of the
sample, the experiment required that the temperature be
uniform throughout the sample. The experiment took
roughly two days; a two-hour stabilization interval for
each temperature step ensured a uniform sample temper-
ature. To provide continuous data, measurements were
taken every minute to determine whether the sample was
reaching a stable temperature. The temperature was raised
and lowered during the course of each experiment to
detect any variations in the sample temperature measure-
ments with data taken during each phase. Figure 3 shows
a plot of the temperature history for sapphire during the
measurement period. The “hysteresis” appears because
the sample temperature lagged behind the temperature
recorded by the thermocouple. Figure 4 is the tempera-
ture-dependent opL for NaCl; the data were taken after
the temperature had stabilized, that is, when the temper-
ature was uniform across the sample.

A quadratic curve was fit to the data corresponding to
the stable temperature points. The first-order term reveals
the temperature variation of the optical path from which
dn/dT can be derived. A quadratic fit was used to obtain
a more accurate coefficient for the first-order term. Typ-
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Figure 3. Typical temperature history of a sapphire sample over a
54-hour measurement period ata wavelength of 0.633 um. Sample
thickness was 0.25 in. The convex upward portion of the curve is
the path taken on the heating cycle; the concave upward portion
is the cooling cycle.
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Figure 4. Optical path length (OPL) data and quadratic fit for NaCl

measured at a wavelength of 0.633 pm. (OPL = 0.837 — 0.0761T
— 6.96 X 10 ¢T?2) The sample thickness was 0.204 in.
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Figure 5. Optical path length (OPL) data and quadratic fit for ALON

measured at a wavelength of 0.633 um. (OPL=—2.26 + 0.121T —
7.80 X 10°6T?2) The sample thickness was 0.25 in.

ical data sets and the resulting fits are shown in Figures 4
and 5.

The thermal coefficients of expansion («; and «,) for
the different materials are given in Table 1. Owing to the
similarities among the last five materials, their linear
coefficients all are within £9% of the mean value of 6.22
X 107%°C, as expected.

Data on the parameters of the fit to the measured opL
data are shown in Table 2, and the refractive indices and
temperature coefficients of the refractive index are given
in Table 3. Note that for the similar materials (the last five
materials listed in each of the tables), the temperature
coefficients of the refractive index vary more than do the
thermal expansion coefficients.

It was assumed that the error in the estimate of the first-
order coefficient a; could be expressed as the root-sum-
square of the various error sources. With reference to
Equation 9a, the error can be expressed as

Aa, = {(Abl/wo)2 + (blAWo/Woz)2

+[(1 — ap)Aoy;]* + (a;Aa0)*}'* . (10)
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Table 1. Dimensions and thermal coefficients of expansion for
various materials.

Linear Quadratic

coefficient, coefficient,

Thickness, o, (°C™") oNRCE)

Material w, (in.) CL10°) (X 10%)

NaCI? 0.204 44.0 —
NaClP — 39.7 -
LiNbO, (C-cut)® 0.070 4.1 —

AlLO, (C-cut)d 0.250 6.18£0.16 2.18+0.19

Y,0;4 (pure)? 0.250 6.38+0.36 1.53+£0.37

La,0;- 0.234 6.72+0.10 1.19£0.10

doped Y,0,¢
MgA1204d 0.197 6.21£0.50 3.03£0.61
ALONY 0.250 5.63£0.07  2.17 £ 007

Note: Dashes indicate that data are unavailable.
aData from Ref. 3.
bData from Ref. 4.
“Data from Ref. 5.
dData from Ref. 6.

Table 2. Parameters of fit to optical path length data for various
materials.

Quadratic
Linear coefficient,
coefficient, b, (pm/°C?)
Material b,(um/°C) (X 10%)
NaCl -0.076136 -6.96
LiNbO, (C-cut) 0.022532 0.692
ALO, (C-cut) 0.10437 -10.9
Y,0; (pure) 0.090067 -15.1
La,0,-doped Y,0, 0.085504 -17.1
MgAlLQ, 0.086126 -9.75
ALON 0.12090 -7.80

In Equation 10, the first term on the right represents
error in the calculation of the linear term in the fit of the
OPL data. Virtually no error occurs in the regression fit
per se. The error that arises in the calculation of b, is
caused, for the most part, by the uncertainty in the actual
sample temperature. The error was assumed to be 2% of
the actual reading from the thermocouple. If the temper-
ature 7 is replaced with the augmented temperature 7 +
AT in the calculation of the fit to the OPL data, then it is
seen that Ab; = 2b,AT. Incidentally, this result explains
the lack of error estimates for a,; uncertainties in a given
parameter of the OPL data (caused mainly by uncertainties
in the temperature) are due to the values of the higher-
order terms in the fit. The opL data were fit only through
second order.

The second error term in Equation 10 is caused by
uncertainties in the sample thickness. This uncertainty
was taken to be 0.001 in. The third error term is caused
by uncertainty in the value of the linear coefficient of
expansion, and the fourth error term is caused by uncer-
tainty in the refractive index at room temperature.
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Temperature Coefficients of the Refractive Index for Candidate Optical Windows

Table 3. Temperature coefficients of the refractive index for vari-
ous materials.

Linear Quadratic
coefficient, coefficient,
Refractive  a,(°C™)) a(CG)
Material index, a, (X109 (x1079
NaCl 155310 —38.1 —
—35.8 —
LiNbO3 (C-cut) 2.2320° 7.62 —
Al O, (C-cut) 1.7659° 11.7£0.2 —0.0050
Y,0, (pure) 19253  83+03  —0.0038
La,O;-doped Y,0, 1.8965¢  84+0.0  —0.0040
MgALO, 168370 130£04  —0.0036
ALON 1.79004 146+0.1 —0.0030

Note: Dashes indicate that data are unavailable.

“Data from Ref. 5.

"Data from Ref. 7.

“Data from Ref. 8.

dBased on interpretation of Sellmeir parameters from manufacturer’s
data.

Of all the error terms in Equation 10, the dominant
term by far is that caused by uncertainty in the linear
coefficient of thermal expansion. The errors for this pa-
rameter, indicated in Table 1, are the estimates of mea-
surement precision reported by The Southern Research
Institute.® The error estimates for the linear thermal co-
efficients of refractive index are dominated in turn by
these estimates.

DISCUSSION AND CONCLUSIONS

The first-order temperature coefficients of the refrac-
tive index for candidate optical window materials—Al,O3
(ordinary ray), Y,0;, La,0;-doped Y,0;, MgAlL,O,, and
ALON-ranged from 8.3 X 107¢/°C for pure yttria to 14.6
X 107%/°C for ALON. The coefficients were determined
from measurements of the optical thickness as a function
of temperature over the range 23 to 500°C using a Mich-
elson interferometer operating at 0.633 pum in vacuum. To
verify our experimental technique, the first-order temper-
ature coefficients of NaCl and LiNbO; were also mea-
sured. Estimates of the coefficient for NaCl (—38.1 X
107/°C or —35.8 X 10~%/°C, depending on the assumed
thermal expansion coefficient) determined from the ex-
periment compared favorably with the value of —32 X
107%/°C quoted by Li' and the value of —34.2 X 107%/°C
given in the CRC Handbook of Laser Science and Tech-
nology? Results for sapphire (11.7 X 107%/°C) were con-
sistent with those reported in the CRC Handbook:> 11.7
X 107%°C at a wavelength of 0.4579 um. The results
for LINbO; (7.62 X 10~%/°C) differed somewhat from the
value of 10.4 X 107%°C reported by Boyd et al.’
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