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Refractive Index of Liquid D,O for Visible Wavelengths
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ABSTRACT: The index of refraction for D,O at common wavelengths was measured for several temperatures at atmospheric
pressure. While heavy water's refractive index was precisely measured decades ago using the transition lines of elements, those
wavelengths are seldom used now that inexpensive lasers provide a range of available wavelengths. We review those measurements,
note some inconsistencies between research groups, and fit the best of the literature data to a simple equation that allows an easy
calculation for the refractive index of D,O with an accuracy of £ 0.0002 at any visible wavelength and between (278 and 359) K. To
verify the equation, we then compare the calculated refractive index to our measured values for three He—Ne laser wavelengths
(543.5, 594.1, and 632.8) nm over a temperature range from (288 to 338) K and find good agreement.

B INTRODUCTION

H,O and D,0O are often taken to be interchangeable as
solvents. However, the hydrogen bonding strengths in H,O
and D, 0 differ, resulting in distinct differences” in physical pro-
perties such as density, viscosity, and heat capacity. Because
deuterium atoms are heavier than hydrogen atoms, the ampli-
tudes of the atomic vibrations are smaller, and a deuterium bond
in D,O is stronger than a hydrogen bond in H,O. The refractive
index also differs significantly: at 293 K and at 589.3 nm, the
refractive index of water is 1.333 00, while heavy water is
1.328 30.? Historically, the refractive index was used to determine
the purity of a material but now is needed in light scattering,*
ultrasonic velocity,” and composition determinations.*” The
refractive index literature values*®’ for D,O are given as tables
using wavelengths emitted by excited gases (mercury, sodium,
etc.), and it is tedious to interpolate in both temperature and
wavelength to arrive at a value needed at laser emissions in the
visible. We determined an equation that is accurate yet greatly
simplifies the determination of the refractive index for liquid D,O
in the visible part of the spectrum at atmospheric pressure over a
broad range of temperatures.

Early measurements® were done on relatively impure D,O, a
common difficulty because its hydroscopic nature requires
special handling. While recent reports of the refractive index
n appear sporadically and sometimes with inaccurate values, the
two most comprehensive measurements were done by Mehu
et al.” and by Frontas'ev et al.,> both of whom used “99.7 % pure
D,0O”. Mehu measured over a wider range of wavelengths but at
far fewer temperatures than Fronas'ev who used fewer wave-
lengths. The two sets of measurements are consistent with each
other to &= 0.0002, though each stated a precision of &= 0.000 01.
Somewhat more recently, the small pressure dependence of
D,O's refractive index (dn/dP = 1.6-10°/atm at atmospheric
pressure) was measured at two wavelengths and one tempera-
ture.'® The variation of n as H,O is added to D,O was measured
to be dn/dx = 4.87- 103, where x is the mole fraction of D,0.>"*
Thus, a 0.01 mole fraction water impurity would raise the
refractive index of a D,O sample by about 5+ 10>, Others® have
used ultrasonic velocity data to calculate D,O's refractive index at
298 K and 589 nm to be 1.3700, much larger than the literature
value of 1.3279. More recently, “98 % pure D,O” at 297 K and
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632.8 nm had a measured'” 1 = 1.3281 that was also significantly
larger than an interpolated literature value of 1.3269 and our
measured value of 1.3267. While such discrepancies may not be
significant to the reported investigation, they do indicate a need for
an easy way to obtain n for D,O at different temperatures and
wavelengths. More accurate and precise values for n are essential
when using refractive index as a way of determining the composi-
tion of a D,O mixture.®’

To obtain a relation that allows such a calculation, we took
advantage of Cauchy's formula'® n = A + B/A* which applies in
wavelength regions sufficiently far from absorption bands. The
refractive index of D,O in the visible region has a contribution
from absorption in the infrared using the Kramers—Kroni
relation, but this has been determined at only one temperature."
We are using a more direct and useful approach that allows the
refractive index to be accurately determined at any visible
wavelength A over the full temperature range of liquid D,O.
The refractive index data from Mehu and Frontas'ev are well-
described by Cauchy's formula as is shown in Figure 1 where
their data of n vs A~ are plotted and give straight lines for each
temperature. There are deviations of their data from the line
barely visible on this plot (about £ 0.0001 for each investigator
and =+ 0.0002 between investigators). Because Mehu et al.” did
not measure n over the full temperature range of liquid D,O and
because at each temperature their n values deviated noticeably
and randomly at different wavelengths from Cauchy's formula,
we did not include their data in determining the parameter values
in an equation that determines # for liquid D,O. Rather, we used
a cubic function for the temperature dependence, Cauchy's
formula, and a cross term, to fit the function

n=A+ B/A* + C-T + D-T/A> + E-T* + E-T®
(1)
to the refractive index data for D,O reported by Frontas'ev et al.®

over their full range of temperatures, (278 to 367) K, and
wavelengths, (546.1, 589.3, and 656.3) nm. The parameter values
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Figure 1. Refractive index n of D,O at pressure p = 0.1 MPa as a
function of 1/A* where A is the wavelength in nanometers for four
representative temperatures: (293, 313, 323, and 358) K for the data and
lines from top to bottom, respectively. The data are @, this work; A, ref
3; +, ref 10; X, ref 11; and V, ref 9; the lines are calculated from eq 1.
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Figure 2. Deviation An = n(expt) — n(calc) of the experimental
refractive indices n of D,O at pressure p = 0.1 MPa as a function of
temperature T where the calculated values use eq 1, which is the fit to
the data A, ref 3; also plotted are deviations for data V, ref 9. The
deviations for the several wavelengths at each temperature (indicated by
the spread of symbols) show a systematic temperature deviation but
random wavelength deviation for ref 9. The color roughly shows the
wavelength.

were A = 1.0244, B = 3329.2, C = 2.6048-10 3, D = —1.630, E =
—7.248-10"° and F = 6.15- 10 ° where T is the temperature in
Kelvin and A has units of nm. Similar to water, D,O has a
maximum in its density just above the freezing point which leads
to a curvature for n as a function of temperature.

As expected, the calculated values compare well to the
measured values of Frontas'ev, but they are also consistent at
the 0.0002 level with Mehu's data as shown in the deviation plot
of Figure 2. The consistency and inconsistency between these
two sources is apparent in the figure. Of the two sets of data, 92 %
are within £ 0.0002 from (278 to 359) K. However, the varia-
tion in the temperature dependence of Mehu's data indicates a

167

Table 1. Refractive Index n of D,O Relative to Air for
Different Temperatures T and Wavelengths (in nm) at
Pressure p = 0.1 MPa

T/K n (632.8) n (594.1) n (543.5)
288.351 1.3272 1.3283 1.3300
293293 1.3270 1.3281 1.3298
298.122 1.3267 1.3278 1.3293
303.147 1.3260 1.3271 1.3285
308.093 1.3254 1.3266 1.3280
313.114 1.3249 1.3259 1.3275
318.129 1.3243 1.3254 1.3269
323.138 1.3237 1.3248 1.3263
328.119 1.3225 1.3236 1.3251
333.064 1.3219 1.3229 1.3244
337.982 1.3211 1.3221 1.3237

“ Standard uncertainty in n = 0.0002 from a quadrature combination of
the propagated uncertainties in the prism and deviated angles.

systematic error between investigators. The spread in the devia-
tion at each temperature of Mehu's data are due to a wavelength
dependence that is more random than systematic; for example,
red and violet overlap at 353 K but are far apart at 303 K, while
the other wavelengths deviate about equally for all temperatures.
This deviation plot indicates that eq 1 describes either set of
refractive index data with an accuracy of + 0.0002 from (278 to 359)
K over the visible part of the spectrum. We tested the validity of
eq 1 by measuring the refractive index of ultrapure D, O at three
laser wavelengths and a range of temperatures.

B EXPERIMENTAL SECTION

The D,O was purchased from Aldrich (mole fraction 0.9998)
in sealed glass vials. The cell holding the sample was heated
overnight in a vacuum oven along with the transfer syringe and
then cooled in a drybox. Fluid transfer took place in the drybox
(where the cell was also sealed) using a dry nitrogen atmosphere
to avoid water contamination.

The refractive index was measured using a minimum deviation
technique with a prism-shaped cell."® The volume of sample was
about 6 cm® with an air bubble of 0.5 cm® to maintain a pressure
of 1 atm. The cell was surrounded by two concentric tempera-
ture-controlled cylindrical shells with air between them. The cell
temperature was monitored with a thermistor to a precision
better than 0.0001 K and an accuracy of 0.02 K as determined by
a calibrated platinum resistance thermometer.

The refractive index was determined using three He—Ne laser
lines (A, = 543.5, 594.1, and 632.8) nm passing through the
sample and measuring the minimum deviated angle using a
Gaertner spectrometer with a precision of 1-10~* rad. The cell's
prism angle was measured to be 1.0440 rad. The resulting
refractive indices (relative to air) had a resolution of £ 0.0002.
Several hours were allowed for temperature equilibrium as
measurements were taken about every five degrees from
(288 to 338) K. The data are shown in Table 1.

B RESULTS AND DISCUSSION

We can compare our measured refractive indices with those
calculated using eq 1. The agreement is quite good as shown in
Figure 3. Our slightly smaller values of n are still within the
expected accuracy of eq 1 and could be due to the higher purity of
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Figure 3. Our refractive index n of D,O at pressure p = 0.1 MPa as a
function of temperature T from Table 1 compared to the calculated solid
lines from eq 1 for our wavelengths which are (from top to bottom)
(543.5,594.1, and 632.8) nm. Data are @, this work; and literature values
whose wavelengths are sufficiently close for comparison: A, 546.1 nm,
ref 3; +, 546.1 nm, ref 10; O, 632.8 nm, ref 12; and Vv, 546.1 nm, ref 9.
Color approximately indicates the wavelength.

our D,O and prevention of water contamination. While a
number of factors contribute to the measured refractive index
for D,0, the most significant is the purity of D,O, either as
purchased or after handling, which can cause a larger refractive
index (by 0.0001) if exposed to water (0.02 mole fraction);
this was certainly a problem with early measurements.® Wave-
length differences, as when comparing our data at 594.1 nm to
Frontas'ev 589.3 nm, can be significant if the difference in
wavelength is large enough (a S nm difference approximately
corresponds to 0.0001 in n). However, temperature control is
not too important since even for temperatures larger than 298 K,
a temperature difference of 0.6 K only corresponds to a change
in n of 0.0001. Nor are pressure variations, room humidity, or
oxygen isotope abundance significant at the resolution of our
data and equation.

Bl CONCLUSIONS

We determined a simple equation that accurately calculates
the refractive index n of liquid D,O to £ 0.0002 for visible
wavelengths at atmospheric pressure. We compared that equa-
tion to two sets of literature measurements™” as well as to data we
measured for the refractive index for pure D,O at atmospheric
pressure and over a range of temperatures and three common
laser wavelengths. These data are consistent with n values
calculated from our equation and demonstrate an accuracy for
the equation of & 0.0002 from (278 to 359) K. The equation
allows an easy yet accurate way to calculate the refractive index of
liquid D,O over the visible portion of the spectrum.
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