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Optical interference techniques were used to measure the real index of refraction of nitric acid/ice films
representative of type I and type II polar stratospheric clouds (PSCs). Possible candidates for type I PSCs
include amorphous HNO3;/H,0 mixtures as well as crystalline nitric acid trihydrate (NAT), dihydrate (NAD),
and monohydrate (NAM). Amorphous and crystalline model PSC films were grown in vacuum by vapor
deposition on single-crystal Al,O; substrates at low temperatures. The real indices of refraction at A = 632
nm were measured for these films using the time-dependent optical interference during film deposition. The
stoichiometries of the HNO3;/H,0 films were determined using laser-induced thermal desorption (LITD)
techniques. For the amorphous films at 130 K, the refractive indices increased with increasing nitric acid
content. The values ranged from n = 1.31 % 0.01 for pure ice to n = 1.47 £ 0.01 for nearly pure nitric acid.
A Lorentz—Lorenz analysis was in good agreement with the measured refractive indices of the amorphous
HNO;3/H,O0 films as a function of HNO; mole fraction. Growth of HNO;/H,O films at 175 K resulted in
the formation of either crystalline NAM or NAD. The crystalline indices were substantially higher than their
amorphous analogs. The crystalline refractive indices at 175 K were n = 1.52 £ 0.01 for NAD and n = 1.54
+0.01 for NAM. Attemptsto measure the refractive index of crystalline NAT were unsuccessful because NAT

films would not nucleate under allowable temperature and pressure conditions.

I. Introduction

Heterogeneous reactions on polar stratospheric clouds (PSCs)
have been implicated recentlyin Arcticand Antarcticozoneloss.l:2
The most important heterogeneous process on PSCs is thought
to be reaction 1. This reaction converts reservoir chlorine

CIONO, + HCl — Cl, + HNO, (1)

(CIONOQ;, HC)) into a photochemically active form (Cl,). Upon
photolysis of Cly, chlorine radicals are released to participate in
catalytic ozone destruction cycles. Laboratory,’? field,!*-12and
modeling!3-18 studies have all provided strong evidence supporting
the importance of this reaction in polar ozone loss. Although the
occurrence of heterogeneous chemistry is well established, there
are still uncertainties regarding the chemical composition of the
PSCs. Knowledge of the PSC composition is important for
predicting both the cloud formation frequency and the rates of
subsequent heterogeneous reactions on PSCs.

There are two main types of PSCs.1920 Type II PSCs are solid
ice particles that form in the stratosphere at temperatures below
~187 K. This low-temperature requirement prevents type 11
PSCs from forming under most Arctic stratospheric conditions.
Type II solid ice clouds are mainly observed in the Antarctic
winter and spring and occasionally in the Arctic winter. In
contrast, the temperature threshold for type I PSC formation is
near 195 K.1% Consequently, these clouds occur much more
frequently in both polar stratospheres and provide more surface
area for the occurrence of heterogeneous chemistry. Type IPSCs
are thought to be composed of mixtures of nitric acid and
water.2-22 More specifically, the particles are currently believed
tobe either crystalline nitricacid trihydrate (NAT),2324 crystalline
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nitric acid dihydrate (NAD),25 or an amorphous HNO;/H;0O
mixture.2627 There are several ongoing field experiments using
light scattering techniques to determine the size and composition
of type I PSCs.28-31 However, an accurate knowledge of the
refractive indices of HNO;3;/H,0 mixtures versus HNO; mole
fraction is required to identify type I PSCs using these optical
techniques.

In this paper, we report measurements of the real index of
refraction at A = 632 nm for amorphous and crystalline HNO;/
H,O films using optical interference techniques. The compositions
of the HNO;/H,0 films were accurately determined using laser-
induced thermal desorption with mass spectrometric detection.
For the amorphous HNO;/H,O films, the refractive indices were
measured for a wide range of HNO; mole fractions from pure
water to nearly pure nitric acid. For the crystalline hydrates,
refractive indices were measured for nitric acid monohydrate
(NAM) and nitric acid dihydrate (NAD). The refractive index
for crystalline nitric acid trihydrate (NAT) could not be
determined because NAT did not form under the temperature
and pressure conditions allowed by our experiments.

II. Experimental Section

A. Vacuum Chamber and Al,O; Substrate. The experimental
apparatus used tomeasure the refractive indices is shown in Figure
1. Briefly, asingle-crystal A1;O3;(0001) substrate was positioned
at the bottom of a cryostat in an ultrahigh vacuum chamber.32.33
This chamber was pumped by tandem turbomolecular pumps to
a base pressure of 5 X 10-1° Torr. The chamber was equipped
with a quadrupole mass spectrometer (UTI 100C) for the laser-
induced thermal desorption (LITD) measurements and residual
gas analysis. Two independently controlled leak valves allowed
the H,O and HNO; vapors to be introduced into the chamber.

The Al,O; crystal, obtained from Insaco Inc., had dimensions
of 21 mm X 12 mm X 0.5 mm. This Al,O3(0001) substrate was
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Figure 1. Schematic of the experimental sctup. The two solid lines for
the Al,O3 crystal represent the positions for interference and LITD
measurements.

mounted to the cryostat and cleaned in vacuum using techniques
described earlier.32 A thin coating of tantalum sputtered on the
back side of the substrate allowed resistive heating. Inconjunction
with liquid nitrogen cooling, a wide range of temperatures could
easily be obtained from 90 to 500 K.

B. Film Preparation. The films were prepared by backfilling
both H,0 and HNO; onto the Al;03(0001) surface at 130 K.
H,O vapor was taken above a reservoir of deionized, distilled
water. HNOQ; was prepared by combining commercial 70 wt %
nitric acid and 96 wt % sulfuric acid in a 1:3 volume ratio. The
vapor over this mixture is >95% by mass HNO; and contains
only a small contribution from H,0.** The H,0 and HNO;
samples were both purified by several freeze—pump-thaw cycles
using liquid nitrogen.

The partial pressures of the HNO; and H,O gases were
monitored with the quadrupole mass spectrometer. Mass 46 was
used to measure HNO3 and mass 18 to measure H;O. Theactual
pressures of these species were typically ~10-7 Torr for HNO;
and ~10-6-10-5 Torr for H,O. Amorphous films were grown by
codepositing water and nitric acid onto the cooled Al,O; substrate
at 130 K. Similar pressures of HNO; were used for all of the
amorphous films. Varying H,O pressures were employed to obtain
the desired HNO;/H,O stoichiometry. Crystalline NAM and
NAD films were prepared with the Al,O; substrate at 175 K.
These films were assumed to be crystalline because previous
infrared spectroscopic studies have shown that crystalline films
will grow at 175 K rather than amorphous films.35% NAM and
NAD films could easily be prepared by direct deposition of the
HNO;/H,0 vapors onto Al;03(0001) at 175 K.

After the amorphous or crystalline film growth, the HNO;
and H,O gas inlets were closed to reduce the pressures of these
gases. Subsequently, the surface temperature was immediately
lowered to 90 K. This lower temperature prevented HNO;/H,0
film evaporation that is negligible at 130 K but is measurable
near 175 K. The LITD measurements were then performed with
the Al,O; substrate at 90 K to obtain the HNO;/H,0 film
stoichiometry.

Crystalline NAT would not readily nucleate on the Al;O;
substrate under the allowable temperature and pressure regimes
of our vacuum apparatus. At 175 K, the stability region for
NAT is very small, and only a small range of HNO; and H,O
pressures should form NAT.25 At a warmer temperature of 180
K, the stability region is more extensive. However, every attempt
to grow NAT directly on the Al;O; substrate at 175~180 K
resulted in the formation of either NAD or ice. This behavior
is in qualitative agreement with the observation by Worsnop et
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Figure2. Schematicrepresentation of the geometry for optical interference
measurements. The solid line shows the He—Ne laser path.

al.2% that NAT does not readily nucleate on glass but requires a
layer of ice for nucleation and growth.

Temperatures higher than 180 K could not be utilized to grow
NAT because small thermal gradients across the Al;O4 crystal
led to extremely nonuniform films. These films could vary in
composition by as much as a factor of 20 across the crystal. This
nonuniformity may reflect the rapid evaporation rates from ice
or HNO;/H,O surfaces at temperatures greater than 180 K.%’
Consequently, a thermal gradient of only a few degrees can have
a large effect on the film growth rates.

Nucleation of NAT on thin ice films was also unsuccessful.
For these experiments, the crystal mount was modified to produce
fairly uniform films at-higher temperatures up to 200 K. The
NAT stability region at these higher temperatures is larger and
NAT should grow readily.?’ To nucleate NAT on the thin ice
films, the H,O pressure was increased to the ice frost point, and
an ice film of ~300—400 A was deposited on the Al,O; substrate
as monitored by optical interference. The H,O pressure was
then lowered to just below the frost point and the ice film was
allowed todesorbslowly. The HNO; pressure was then increased
until a HNO;/H,O film began to grow on top of the ~300-A-
thick ice film.

Growth of these films was extremely slow and some films
required up to 3 h to grow ~1000 A. The LITD determination
of the film composition was complicated by the underlying ice
layer. However, LITD analysis revealed that most of the films
were 1:2 or 1:1 HNO;:H,0 before substracting the contribution
from the ice film. Another difficulty with the LITD analysis was
that sample cooling from 200 K to temperatures below 160 K
where desorption is negligible required several minutes. Con-
sequently, HNO; and H,0 desorption during cooling could have
affected the film content and prevented an accurate LITD
determination of the film composition. Attempts to increase the
H,0 concentration of the films resulted in mostly ice films. A few
films were consistent with higher hydrates with compositions
around 1:6-8 HNO;:H,O. Unfortunately, no films were con-
sistent with a crystalline NAT composition.

C. Optical Interference Measurements. The film thickness
was monitored by the optical interference of a reflected helium—
neon laser at A = 632 nm as shown schematically in Figure 2.37
The He-Ne laser was incident on the growing model PSC film
at near normal incidence. The resulting reflections from the
vacuum-film and film-Al,O; interfaces led to constructive and
destructive interference in the reflected laser beam. This
reflectance was monitored with a Hamamatsu R928 photomul-
tiplier tube.

The thickness of the film, x, was derived from the optical
interference using the equation

(2)

x= m\
(

2n(T)

In this equation, A = 632 nm, m is the number of periods of
oscillation, and n(7T) is the temperature-dependent real refractive
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Figure 3. Refractive index of the PSC film, n,, determined from eq 5
as a function of the He-Ne laser reflectance ratio, Rpin/ Rmax-

index of the film. Given typical refractive indices of n = 1.31-
1.47, thicknesses of x ~ 1210-1080 A correspond to half-cycles
of oscillation between maxima and minima.

Optical interference was also used to measure the real indices
of refraction of the amorphous and crystalline HNO;/H,O films.
From Fresnel’s equations,® the theoretical reflectance at normal
incidence can be shown to be a function of ny, n,, and n3;, which
are the refractive indices of vacuum (n,), the PSC film (n,), and
the Al,O; crystal (n;). When n; > n; > ny, the maximum
reflectance, Rmax, and minimum reflectance, Rpiy, occurring
during constructive and destructive interference are3?

R = [ﬁ.—_@]z (3)
max = |7 "+ s
292
iy —n,
Ron = [m] (4)
13 2

These two equations for Ryax and Ry, can be combined to
obtain

_ 2
= (%)

The ratio Rpin/Rmex can be experimentally determined by
measuring the reflectance versus film thickness. The refractive
index of vacuum is n; = 1.0 and the refractive index of Al,O; is
ny = 1.76.3%% Consequently, the index of refraction of the PSC
film, ny, can be determined using eq 5. A plot of the dependence
of n on the ratio Ryn/Rmax is shown in Figure 3. This figure
illustrates that two values of n, correspond to each Rpin/Rumax
ratio. However, only one of the two n; values will be physically
reasonable for Ryin/Rmax > 0.01.

This optical interference analysis can be extended to multi-
layered systems. Recursion relations for the reflectance from an
n-layer system have been presented earlier.#! The equations for
a two-layer system are described in detail.4?2 These equations
could have been used for the analysis of NAT growth if NAT
nucleation on the thin ice films had been successful.

D. LITD Film Composition Measurements. The HNO;/H,0
film composition was determined using laser-induced thermal
desorption (LITD) techniques.4345 For a typical LITD mea-
surement, a short laser pulse is focused ontoa surface. Absorption
of light by the substrate and the adlayerleads to the rapid localized
heating of the illuminated area. This heating promotes the
thermal desorption of the surface species. The desorbed species
then rapidly equilibratein the vacuum chamber and are monitored
with a mass spectrometer.

A Lumonics pulsed CO, transversely excited atmospheric
(TEA) laser at A = 10.6 um was used for these LITD
measurements. The TEA CO, laser was modified to produce a
TEM-00 laser beam using a 10-mm-diameter intracavity aperture
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Figure 4. Comparison of the LITD and TPD methods of analysis for a
pure ice film on Al;03(0001). Extra TPD peaks at higher temperatures
are not derived from the Al;O; surface.

in contact with the output mirror.#6 The resultant CO, laser
beam had a Gaussian spatial distribution, a pulse duration of
~100 ns (fwhm), and an energy of ~10 mJ/pulse.* The CO,
laser beam was focused onto the Al,0;(0001) surface using an
f=75cmfocallength ZnSelens. The focused spot on the Al,O;
surface was ~1 mm in diameter.

The 10.6-um radiation was absorbed by two phonon transitions
in Al,03.47 The optical penetration depth was 1/a =~ 65 um for
Al,05(0001) with the incident light polarized perpendicular to
the c-axis of the Al;0; crystal.4” The 10.6-um radiation was also
absorbed by molecular librations in ice with a penetration depth
of 1/a ~ 8 um.484 Films containing HNO; had an additional
absorption of the CO; laser light.334% The approximate penetra-
tion depth could be as small as 1/a ~ 2 pm for some of the
amorphous NAM films.

The temperature-programmed LITD (TP-LITD) measure-
ments4445.50 for a pure ice film on Al;03(0001) are shown in
Figure 4. As the ice film is heated at 2 K/s, the CO, laser is
directed sequentially onto neighboring spots on the AlLO;
substrate. The desorbed flux from each laser shot is proportional
to the ice coverage at that time. This desorbed flux is plotted as
a function of temperature during the heating ramp in Figure 4.
A decrease in the H,O surface coverage at 175-180 K is observed
during the TP-LITD measurements.

The technique of temperature-programmed desorption (TPD)
could also be used to determine film compositions.3¢ In TPD, a
surface is resistively heated to cause the thermal desorption of
the adsorbed species. The desorption flux is then recorded with
a mass spectrometer todetermine the composition of the desorbing
gases. A TPD curve at 2 K/s for the evaporation of a pure ice
film is also shown in Figure 4. In contrast to the single decrease
in the H,O coverage on the Al,O; surface measured using LITD,
the TPD measurement displays several H,O peaks.

A comparison of the LITD and TPD measurements illustrates
the advantages of the LITD film composition measurements.
The multiple H,O TPD peaks do not all correspond to H,O
desorption from the Al,O; surface. Whereas LITD employs a
rapid localized heating of only the adlayer and the Al,O; surface,
the resistive heating of the Al,O; substrate indirectly heats a
number of other surfaces including the cryostat and mounting
assembly. Consequently, the TPD analysis records the H,O
desorption from all of these surfaces. The TP-LITD measure-
ments reveal that only the low-temperature TPD peak at ~175
K corresponds to H,O desorption from the Al,O; surface. Asa
result of the ambiguities of the TPD analysis, only the LITD
technique was used to obtain HNO;/H,O film stoichiometries.

Prior to the LITD measurements of the HNO3;/H,O film
stoichiometry, the LITD mass spectrometer signals were cali-
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Figure 5. Calibrations of the LITD signal versus surface coverage for
(a) H20 and (b) HNO; films.

brated using pure films of H,O and HNO;. A film of pure
crystalline ice was initially prepared at 130 K, and the film
thickness was determined by optical interference as described in
section IIC. This thickness was then converted toa H,O coverage
(molecules/cm?) using the density of pure ice, p = 0.93 g/cm3.4
The ice film was then cooled to 90 K, and LITD measurements
at mass 18 were recorded with the quadrupole mass spectrometer.
Figure 5a shows the LITD signals as a function of H;O coverage
for pure crystalline ice on A1;03(0001) at 90 K. Thereis a linear
relationship between the H,O coverage and the H,O LITD signals
over the entire coverage range. A two-point calibration of H,O
LITD signal versus H,O coverage was performed at the beginning
of each day to check for possible drift in the quadrupole mass
spectrometer.

A similar calibration of the HNO; LITD signals was accom-
plished using mass 46. The HNO; calibration was complicated
by the small amounts of H,O in the HNO; films. This residual
H,0 resulted from the contribution of H,O to the vapor pressure
over the nitric acid/sulfuric acid solution.?* The H,O fraction
was measured by the LITD analysis and subtracted from the
total film thickness using the H,O calibrations. This procedure
allowed the determination of the actual HNO; film thickness.
This corrected HNO; thickness was then coverted to a HNO;
coverage using the density of crystalline HNO;, p = 1.88 g /cm3.5!
Figure 5b shows that the HNO; LITD signal is linear with HNO,
coverage for all coverages. A two-point calibration of the HNO,
LITD signal versus HNOj; coverage was also conducted daily.

Based on the calibrations in Figure 5, LITD measurements
were used to obtain the composition of the model PSC films. The
amorphous and crystalline model PSC films were prepared as
described in section IIB. After the HNO;/H,O films were
deposited, the films were cooled to 90 K and the H,O and HNO;
coverages were determined using LITD measurements. With
quadrupole mass spectrometry detection, each CO, laser pulse
could measure the localized surface coverage of either H,O or
HNO,. Sixteen separate positions on the Al,O3 crystal could be
examined with the ~ 1-mm-diameter desorption area produced
by the CO, laser. Half of these positions were used to measure
the H,O coverage and the other half were used for the HNO;
coverage. Theresultsshowed that the LITD signals were uniform
to £15% across the Al,0,(0001) surface, and the average
measured HNO3; and H,O coverage was used to determine the
HNO;/H,O0 film stoichiometry.

ITL. Results and Discussion

A. Refractive Indices of Pure Ice and Nitric Acid. The index
of refraction of pure ice was first measured to verify this
experimental approach. A typical optical interference pattern
for pure H,O ice grown at 130 K is shown in Figure 6a. Ata
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Figure 6. Typical optical interference data for refractive index mea-
surements. The time-dependent He-Ne laser reflectance is shown for
(a) ice, (b) HNOj3, and (¢) amorphous NAT. Film growth was initiated
by opening leak valves (on) and terminated by closing the leak valves

(off).

time of ~ 1005, the H,O valve was opened to the vacuum chamber
and H,0 began to condense on the Al,O; substrate. The ice
growth was accompanied by changes in the reflectance of the
He-Ne laser. The valve was closed and ice growth stopped at
a time of ~550s. The flat line after 550 s indicates that the ice
film was stable at 130 K, as expected given the H,O desorption
kinetics from ice.’?

The value of Rpsx = 6.5 was determined from the average of
the reflectance data between 0 and 100 s. The value of Ry, =
0.01 was obtained from the average of ~ 10 points at the minimum
near 485 s. With these values for Ry, and Ry, €q 5 gives two
possible solutions for the index of refraction for pure ice: n =
1.31 orn=1.34, Thevalueofn=1.31 waschosen forits excellent
agreement with the accepted value of n = 1.31 at 266 K.52 The
measured index of refraction of ice was highly reproducible and
was checked on a daily basis in conjunction with the LITD
calibrations. All measured values for the refractive index of ice
were n = 1.31 % 0.01.

The problem of the two possible solutions for the refractive
index only affected the HNO;/H,O films with the lowest HNO,
mole fractions. For the measurements at higher HNO; mole
fractions, the second possible value of the refractive index was
significantly less than the refractive index of pure ice and was
easily eliminated. Due to the low value of Ry, for ice,
determination of its real refractive index is a stringent test on the
accuracy of the other higher refractive indices which correspond
to larger Ry, values.

The index of refraction of ice was also measured at 90 K. At
this lower temperature, the measured index of refraction was »
=1.27. Thisrefractive index is significantly lower than the index
of n = 1.31 obtained at 130 K. This lowering in the refractive
index can be explained by the formation of a microporous ice.
Microporous ice has been shown to form at temperatures <90
K.53 This ice has a large surface area on the order of ~400 m2/g
with pore diameters <2 nm.# The pores have been shown to
collapse at temperatures above 120 K to form more dense, cubic
ice.5%54 The lower refractive index for ice at 90 K is attributed
to the lower bulk density of microporous ice; e.g., p = 0.81 g/cm?
at 82 K.55 OQur value for the refractive index of ice at 90 K, »
= 1.27, is in excellent agreement with the index of n = 1.275
reported for amorphous ice at A = 400 nm and 77 K.56
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TABLE 1: Refractive Indices for Ice and HNO3/H;0 Films

amorphous crystalline
NAM 1.47¢ 1.54%
NAD 1.454 1.51%
NAT 1.434
ice 1.27¢ 1.31¢

%< The refractive indices were measured at A = 632 nm and at
temperatures of (@) 130 K for the ice and amorphous HNO;/H,O films,
(b) 175 K for the crystalline HNO;/H,O films, and (¢) 90 K for
microporous (amorphous) ice.

In other experiments at 130 K, thicker ice films were grown
to observe multiple interference maxima and minima. These
maxima and minima did not change as a function of film thickness.
This behavior indicates that the ice films were optically flat. If
theice films were heterogeneous or granular, the inhomogeneous
film could not produce the nearly 100% reflectance modulation
observed in Figure 6a. Likewise, light scattering would pro-
gressively attenuate the reflectance, and reproducible maxima
and minima would not be observed. The agreement between the
measured refractive indices and literature values also argues that
the ice films are optically flat.

The refractive index of nearly pure HNO; was also measured
at 130 K. A typical interference pattern for a growing HNO,
film is displayed in Figure 6b. Ry, is observed at ~270 s for
the maximum destructive interference. R,y returnstoitsoriginal
value at ~460 s for maximum constructive interference during
film growth. From the ratio Ryn/Rumax, the refractive index of
this HNO; film was n = 1.47. Although no values are available
at 130 K, previous studies have reported a refractive index for
pure HNO; of n = 1.40 at 278 K.5! A recent estimate for the
refractive index at 158 K yielded a value of n = 1.48 based on
the temperature dependence of the HNO; density.% This estimate
assumed that there are no discontinuities in the refractive index
between the liquid and solid phases. Therefractiveindexof HNO,
was measured daily and was highly reproducible.

B. Refractive Indices of Nitric Acid/Ice Mixtures., The
refractive indices were also measured for the amorphous and
crystalline nitricacid/ice films. Figure 6cshows the interference
pattern for an amorphous HNO;/H,O film grown at 130 K. The
LITD measurements for this film revealed a stoichiometry of
1:2.9 HNO;:H,0. The refractive index obtained from the ratio
of Rpin/ Rmax Was n = 1,42, This index is intérmediate between
the indices of pure H,O and nearly pure HNO;. Figure 7 shows
the refractive indices for a series of amorphous and crystalline
HNO;/H,0 films versus the HNO; mole fraction. The data for
amorphous and crystalline NAM (1:1) and NAD (1:2) and
amorphous NAT (1:3) films are summarized in Table 1.

Figure 7 reveals that the refractive index for the amorphous
HNO;/H,0 films increases smoothly from n = 1.31 ton = 1.47
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as the film composition varies from pure ice to nearly pure HNO;.
The refractive index leveled off near n = 1.47 for HNO; mole
fractions greater than 0.5. The approximate reproducibility of
most of the amorphous refractive indices was An = £0.01, Films
with lower HNO; mole fractions had a larger uncertainty of
approximately An = £0.02. These larger errors at lower HNO;
mole fraction are attributed to larger uncertainties in the HNO;/
H,0 film composition caused by smaller HNO; LITD signals.

Figure 7 also displays a Lorentz—Lorenz additivity analysis
for the refractive indices of the amorphous mixtures. The
Lorentz-Lorenz analysis assumes that the polarizability of a
composite film is simply the sum of the polarizabilities of the
constituents.” This analysis has previously been shown to model
the measured refractive indices of liquid H,SO,/H,0 mixtures
at 288 K.3® The Lorentz-Lorenz additivity analysis determines
the refractive index of a mixture from the individual molar
refractivities, 4, of the components. The molar refractivity for
a single constituent is defined as38

_wr-1)

(6)

p(n +2)
In this expression, w is the molecular weight and p is the density.
The Lorentz—Lorenzanalysis assumes that the molar refractivities
of the components are additive.3%57 Consequently, the molar
refractivity of a two-component film is given by

w,(nt - 1)

po(r? +2) O

Agim = Xu,04n,0 + Xuno,AnvNo, =

where x is the mole fraction of H,O or HNO;. Likewise, w, is
the average molecular weight of the film and p, is the average
density of the film.

The refractive indices for HNO;/H;0 films as a function of
HNO; mole fraction were calculated using egs 6 and 7. Auz0
= 3,5 cm?/mol was calculated using eq 6 for H;O with p = 1.0
g/cm3, w =18 g/mol and n = 1.31. Ayno, = 11.5 cm?/mol was
calculated for HNO; with p = 1.54 g/cm?, w = 63 g/mol, and
n = 1.47. Liquid densities at 278 K for HNO;/H,O solutions
as a function of HNO; mole fraction’® were used because the
densities of the low-temperature HNO;/H;0 amorphous solids
are not known. The Lorentz-Lorenz analysis is shown as the
solid line in Figure 7.

The simple Lorentz-Lorenz additivity model describes the
refractive indices of the amorphous HNO;/H,O films extremely
well. The Lorentz—Lorenz analysis is in agreement even though
the chemical nature of the film is changing versus HNO; mole
fraction. For example, molecular HNO; is the main constituent
in amorphous 1:1 HNO3:H,0, whereas the NO;~ ion dominates
in films more dilute than 1:3 HNO;3;:H,0.35 The fact that the
simple Lorentz-Lorenz analysis fits the data well suggests that
the polarizability is dominated by the individual atoms in the
film,

For each of the crystalline films studied, the index of refraction
was considerably larger than for its amorphous analog. The
estimated reproducibility of these crystalline indices was An =
%+ 0.01. The higher refractive indices for the crystalline NAM
and NAD films may simply correspond to the larger densities of
the crystalline hydrates. The density of NAMis p = 1.82 g/cm?
at 78 K50 compared with a density of p = 1.47 g/cm? for a 1:1
HNO;3:H,O liquid solution at 278 K.8 The crystalline densities
are also larger than the amorphous densities predicted from the
temperature dependence of liquid solutions.>®

The Lorentz-Lorenz additivity analysis can also be used to
predict the refractive indices of the crystalline hydrate films.
This analysis assumes that the differences between the amorphous
and crystalline films can be ascribed to only changes in density.
The Lorentz-Lorenz analysis ignores any possible collective or
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measured refractive indices at 130 K using the Lorentz-Lorenz relations.
Open symbols are values extrapolated from density versus temperature
data: extrapolation 1 (ref 58); extrapolation 2 (ref 61, Veley and Manley);
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ordering effects in the crystal. With densities of p = 1.62 g/cm?
for NAT at 85 K,*® p = 1.82 g/cm® for NAM at 78 K,%0 and »
= 1.78 g/cm? for NAM at 225 K,50 the Lorentz-Lorenz model
predicts refractive indices of # = 1.52 for NAT and n = 1.59 at
78 K or n = 1.57 at 225 K for NAM.

The Lorentz-Lorenz refractive index for NAM isslightly larger
than the measured value. If the Lorentz-Lorenz model is
appropriate, this slight disagreement might suggest a change in
the molar refractivity in going from the amorphous films to
crystalline solids. Using eq 6 with» = 1.54 and p = 1.78 g/cm?
yields a molar refractivity of 7.1 cm?®/mol for NAM. In
comparison, the Lorentz—Lorenz relations in eq 7 yield 7.5 cm3/
mol. Although the Lorentz—Lorenz predictions may not be
extremely accurate for the crystalline lattices, the general
agreement between the experimental and calculated refractive
index for NAM suggests that the higher refractive indices for the
crystalline hydrates correlate with their larger densities.

C. Densities of Amorphous Nitric Acid/Ice Mixtures. Inthe
above Lorentz—Lorenz analysis of the refractive index, literature
values were used for the densities of the amorphous films.
However, the only available data for density versus HNO; mole
fraction were for liquid solutions at 278 K.5® Our experimental
refractive indices and the Lorentz—Lorenz relations can be used
to estimate the density of the amorphous HNO;/H,0 films at
130 K. For these estimates, density end points for ice at 143 K
and solid HNO; at 78 K were employed because they should
more closely approximate the solid densities at 130 K than would
the liquid densities at 278 K.

An,o = 3.73 cm3/mol was calculated using eq 6 for ice I, with
p =093 g/ecm? w = 18 g/mol, and n = 1.31. Ayno, = 9.35
cm3/mol was calculated for solid HNO; with p = 1.88 g/cm?,
w=63 g/mol, and n=1.47. Molar refractivities for the HNO;/
H:O films were calculated from eq 7 using the mole fractions of
H,O and HNO; determined by the LITD measurements.
Subsequently, the film densities were calculated versus HNO;
mole fraction from eq 7 using the measured refractive indices.

The densities of the amorphous films versus HNO; mole
fraction are shown in Figure 8. These calculated values are
compared with extrapolations based on literature values. The
literature values were extrapolated to 130 K using a linear fit of
data obtained at temperatures greater than 273 K.586! For HNO;
mole fractions greater than 0.1, the density versus temperature
plots were linear. However, at HNO; mole fractions less than
0.1, the density versus temperature relationships were not strictly
linear, and thus the extrapolations should be upper limits to the
true values. The extrapolated densities and the densities from
the Lorentz-Lorenz analysis are in good agreement.

D. Atmospheric Implications. At least two groups have tried
to determine the composition of polar stratospheric clouds by
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measuring the real refractive index of cloud particles. Rosen et
al. first optically measured the particle size distribution and then
measured the particle backscatter on two Arctic balloon flights
separated by 6 h.2? The refractive indices were determined by
calculating the expected backscatter using the measured size
distribution and assuming the particles were spherical. The
principal source of error in this determination was that the particle
sizes were not measured above 1.8 um, although the mean particle
size was probably greater than 2.0 um.?

Due to the inherent uncertainty in the measurements, the real
index at A = 940 nm was stated to be between n = 1.4 and n =
1.5.2 The refractive index should not vary by more than An =
0.02 between our measurements at A = 632 nm and Rosen’s
measurementat A = 940nm. These measurements are consistent
with our measured refractive indices but are not precise enough
to make a compositional identification.

Deshler et al. made balloon-borne optical measurements of
the PSCsizedistribution.?® From these measurements, Mie theory
was used to calculate lidar backscatter cross sections for
comparison with nearly simultaneous ground-based lidar mea-
surements. Most of the lidar data were found to require a real
refractive index of about #n = 1.5. Qur measured refractive indices
suggest that these data are consistent with PSCs composed of
crystalline compounds. However, Deshler et al. observed one
case in which the lidar data required a real index of about n =
1.37. According to our data, this lower refractive index requires
a HNO;/H,0 compound that is amorphous with slightly more
H,0 than amorphous NAT.

Refractive indices obtained by optical scattering measurements
provide a noninvasive and in situ means to confirm the composition
of PSCs. Because the refractive index is a macroscopic property,
the measured refractive indices cannot definitively establish the
individual constituentsin PSCs. Other molecules, such assulfuric
acid, may also be present,52 and these additional constituents
would prevent a unique mapping between the refractive index
and the order and composition of the PSCs. However, if the PSC
is known to be composed of only HNO; and H,O by other methods,
the refractive indices shown in Figure 7 can be used to establish
the PSC structure and HNO; mole fraction.

IV. Conclusions

The refractive indices of amorphous and crystalline HNO;/
H,0 films on Al,0;(0001) were measured using optical interfer-
ence techniques. The maximum and minimum reflectance during
film deposition allowed the refractive indices at A = 632 nm to
be determined using Fresnel’s equations. The composition of the
deposited HNO3/H,O films was established using laser-induced
thermal desorption (LITD) techniques. For the amorphous
HNO;/H,O films at 130 K, the refractive indices versus HNO;
mole fraction increased from n = 1.31 % 0.01 for pure ice to n
= 1.47 £ 0.01 for nearly pure nitric acid. The refractive indices
versus HNO; mole fraction were modeled extremely well by a
Lorentz-Lorenz analysis. The crystalline hydrates at 175 K
displayed refractive indices that were significantly larger than
the amorphous films. The crystalline refractive indices were n
= 1.52 £ 0.01 for NAD and » = 1.54 & 0.01 for NAM. The
higher indices for the crystalline hydrates may simply reflect
their larger densities.
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