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The condensation of # on ice multilayers on Ru(001) was studied using both molecular beam and optical
interference techniques as a function of surface temperature. From the beam reflection techniqe®, the H
sticking coefficient,S was determined to b®= 0.99+ 0.03 at temperatures between 85 and 150 K and was
independent of incident angle{@0°) and beam energy {140 kcal/mol). The condensation coefficieat,

was dependent on both the incidentOHlux and the desorption 4 flux at the various surface temperatures.

The magnitude of varied continuously from unity & < 130 K to zero at higher temperatures. The optical
interference experiments yielded condensation coefficients and sticking coefficients &= 0.97+ 0.10

at temperatures from 97 to 145 K where thgdHesorption flux was negligible with respect to the incident

flux. The optical interference measurements monitored the ice film thickness veiGusxdosure time and

were dependent on the refractive indaxand the densityp, of the vapor-deposited ice. Consequently, the
combined molecular beam and optical interference measurements provided a means to evaluate the refractive
index and density for vapor-deposited ice as a function of surface temperature. The values of the refractive
index varied fromn = 1.27 at 90 K ton = 1.31 at 130 K. The calculated densities varied fron+ 0.82

g/cn? at 90 K top = 0.93 g/cni at 130 K. Previous optical interference data were also reanalyzed to yield
refractive indices and ice densities for films grown at surface temperatures between 20 and 150 K. Both the
refractive index and density increased monotonically with increasing growth temperature. The lower refractive
index and density at lower temperatures indicate that microporous ice films are formed weatepbsits

on substrates af < 120 K.

|. Introduction theory, ®4,0. The maximum theoretical growth rate can be

The condensation coefficiert, of H,O on ice has been the expressed as

focus of numerous investigatiohs?® The experimental values =)
for the condensation coefficient have ranged from approximately D, = S
o = 0.0 “*to a = 1.0>7 Early investigations measured a 7 J2amkT,
variety of values for HO evaporation from both liquid and ice
surfaces and assumed that the condensation coefficient wasvhere P, and T, are the pressure and temperature of the
equivalent to the evaporation coefficient.>1> Direct mea- impinging HO vapor, respectively. In the present study,
surements of the condensation coefficlént 111620 have not molecular beam and optical interference techniques are both
provided more consistent results and reported values have rangedised to measure the ;8 condensation coefficient on ice
from oo = 0.026 to a. = 1.01.78 multilayers grown on Ru(001). The molecular beam measure-
Accurate measurement of the®l condensation coefficient  ment of a relies on the beam reflection technique developed
on ice multilayers is very important to models of heterogeneous by King and Wellg°to determine directly the #D condensation
atmospheric chemistry. Reservoir chlorine species, such ascoefficient on ice. The optical interference technique obtains
chlorine nitrate (CION@), are converted to active forms of a by monitoring the reflectance of laser light from the -ice
chlorine, such as @l on polar stratospheric clouds (PSCs) vacuum and the icesubstrate interfaces during the vapor
composed of ice (type 1) and/HNG; (type ) particles*—27 deposition of ice multilayers. The optical interference mea-
These active forms of chlorine can be photolyzed by sunlight surement is dependent on the refractive index and density of
and facilitate catalytic ozone destruction over the Antarctic. The the vapor-deposited ice.
H,O condensation coefficient on ice is an important variable  The molecular beam and optical interference techniques are
for PSC growth kinetics, and inaccuraciesoirwill effect the independent measures of,® condensation. Because the
predictions from atmospheric models concerning PSC formation molecular beam measurement afis direct and therefore
temperature, the size of PSC particles, and the lifetime of PSCsindependent of the refractive index and density, thisan be

@)

in the stratospheré:?° used together with the optical interference data to determine
The condensation coefficient is defined as the ratie; Ceyy the refractive index of vapor-deposited ice over the temperature
®y,0, between the experimentally observed growth rétgy, range from 97 to 130 K. Subsequently, the Lorefitprenz

and the maximum theoretical rate predicted by gas kinetic relationship can be employed to determine the corresponding
ice density. These predicted refractive index and density values
® Abstract published ilAdvance ACS Abstractdfarch 1, 1996. for vapor-deposited ice compare favorably with the few
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experimentally measured values in this range. The temperature- incident HeNe Reflected HeNe
dependent variation of the refractive index and density is Laser Beam Laser Beam
significant, and earlier measurements that assumed constant
refractive index and density are reevaluated in light of these
new measurements.

Il. Experimental Section

A. Molecular Beam Measurements. The experimental

apparatus for the molecular beam measurements at Pacific Vacuum
Northwest National Laboratory has been described previdusly.
In brief, a quadruply differentially-pumped molecular beam of Ice Multilayer

H,O was used to dose the Ru(001) sample. For most of the =X
experiments, the beam was quasi-effusive and had a velocity “Rﬁk(om)
profile characteristic of a 300 K Maxwellian distribution. A ;f;,
variable energy (250 kcal/mol) supersonic nozzle beam source —
was also employed in several experiments. In all cases theFigure 1. Geometry for the optical interference measurements of the
incident HO beam flux was between 3and 164 moIecuIes/l growth of vapor-deposited ice multilayers on Ru(001). The reflections

2 The flux is defined i fi | h from the ice-vacuum and ice Ru(001) interfaces versus multilayer
(e s). e flux Is defined in terms of ice monolayers Where hickness lead to constructive and destructive interference of the

1 ML = 1.056 x 10 molecules/cri This definition corre- reflected He-Ne laser beam.

sponds to the D coverage in the/3 x +/3 R3C ice-like

bilayer on Ru(00B! with a Ru(001) lattice constant af = pump—thaw cycles to remove dissolved gases. Water vapor

2.70 A2 was then exposed to the Ru(001) crystal by backfilling the
This highly collimated beam has a circular profile-06.35 chamber to various pressures betw®es 1 x 1076 Torr and

cm diameter. This beam can intercept thé.2 cm diameter P =5 x 107> Torr. The HO vapor pressures were measured

Ru(001) sample at incident angles as large a% ff@m the using a Bayard-Alpert ion gauge. lon gauge pressure readings

surface normal without overfilling the target. Dosing with this are known to drift with time, and their absolute sensitivities
H.0 flux source enables precise and reproducibi® Exposures  can be in error by as much @50%3> Consequently, the ion

to be attained without appreciable adsorption on surfaces othergauge was calibrated using an absolute MKS Baratron with static
than the Ru(001) crystal. The beam dosing technique alsowater vapor pressures betweenk110~> and 1x 102 Torr.
allows the condensation coefficient to be determined directly The calibration in this pressure regime was linear, and pressures

by the beam reflection technique of King and WéfsThe below _1>< 1075 Torr were determined by an extrapolation of
incident, scattered, and desorbed fluxes gDHire detected in  the calibrated data.
an angle-integrated manner by measuring th® Hpartial The optical interference technique has been described in detail

pressure in the scattering chamber with a quadrupole masspreviously:-**3" Briefly, a Uniphase He-Ne laser with a
spectrometer. The mass spectrometer is positioned to prevenwavelength ofl = 6328 A was incident on the Ru(001) substrate
a line-of-sight view of the target surface and ensure that the at an incident angle of"Zrom the surface normal. As a vapor-

detected signals are representative of the angle-integrated fluxegleposited ice multilayer grows, the beam is reflected at the ice
for all incident beam angles. vacuum and ice Ru(001) interfaces as shown in Figure 1. The

The Ru(001) single crystal resides in an UHV surface interference between these reflections depends on the distance
analytical chamber with a base presssre x 10-1° Torr. The the beam travels through the ice multilayer and the refractive
Ru(001) surface was cleaned and characterized by low-energyindex of the ice film. As the bD vapor is deposited or removed
electron diffraction (LEED) and Auger electron spectroscopy Via isothermal desorption, the intensity of the reflected He-Ne
(AES) using previously published proceduf@sThe crystal was Ia;er _varies sinusoidally as the ice thickness changes linearly
attached to a liquid-nitrogen-cooled Dewar and was heated With time. . )
resistively. The sample temperature could be varied between An EG&G FOD-100 photodiode detector was used to monitor
85 and 1500 K under computer control with a precision of better the modulations in the He-Ne intensity versus ice multilayer
than=0.1 K and an absolute accuracy 2 K. thickness. The intensity of the He-Ne laser beam was attenuated

B. Optical Interference Measurements. The optical vvjth neutral density filters to preyent saturation of thg photo-
interference experiments were performed in a second UHV d|ode._The opt|c_al interference signal from the photodl_oq§ was
chamber at the University of Colorado at Boulder that was then digitized with a DSP Technology Model 1218 digitizer.
pumped by a 200 L/s ion pump and titanium sublimation pumps Tol verify that the vapor-deposited ice films were growing
that maintained a background pressure of at ledstx 109 u_n|formly across the Ru(001) substrate, the He-Ne laser beam
Torr. The ice multilayers were deposited on a Ru(001) single- diameter was varied from 1 to 10 mm, and no change was
crystal substrate that was mounted on a liquid-nitrogen-cooled bserved in the optical interference signal.
cryostat on a differentially pumped rotary feedthrodgh.
Analysis of surface cleanliness was monitored using AES wit
a single-pass cylindrical mirror analyzer and LEED spectrom- A, Molecular Beam Measurements. The condensation
etry. The Ru(001) substrate was heated resistively and acoefficient of HO on ice was measured using the molecular
W-5%Re/W-26%Re thermocouple was used to monitor surface beam reflection techniqu®. A diagrammatic representation of
temperature. The Ru(001) substrate was cleaned using standarthe experiment is given in Figure 2. Impinging® molecules
cleaning procedure®,and AES confirmed that no carbon or can either reflect from the surface with fluke or they can
oxygen remained on the surface following the cleaning proce- adsorb on the surface with flulgs The sum ofles andJagsis
dure. equal to the incident beam flud,,. The detected fluxJges iS

Distilled and deionized water was placed in a cold finger and the sum of the angle-integrated fluxes of both the reflecting
additional purification was achieved by successive freeze and desorbing b0 molecules.

h Il Results and Analysis
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Jin = Jref + Jads
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Jdet = Jref + Jdes

Figure 2. Representation of the 8 fluxes in the molecular beam
experimentJ;, andJagsdenote the KO flux incident and adsorbing on
the ice surface, respectivelle andJgesdesignate the D flux reflected
and desorbing from the ice surface, respectively.
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Figure 3. Molecular beam measurements ofHcondensation on ice
multilayers on Ru(001) at 85 and 220 K using the King and Wells
reflection technique. The results are consistent with 1 at 85 K and

a = 0 at 220 K.

The measurement of the,8 condensation coefficient on ice
for two substrate temperatures is displayed in Figure 3. The
data at 220 K illustrate that the opening and closing of th® H
beam produced an immediate rise and fall inOHsignal
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Figure 4. Temperature-dependent detecte®HlIux, Juet= Jret + Jes
for incident HO beam fluxes 08, = 0.015, 0.03, and 0.06 ML/s. The
plateau regions at higher temperatures occur whgn= Jy. As
indicated by the dashed line, the thike curves can be described by
zero-order desorption kinetics with a preexponentiabof= (4.0
1.0) x 10* ML/s and a desorption activation barrier & = 48.254
0.80 kJ/mol.

determined by measurirlge{T) according to eq 2 as the sample
temperature was slowly ramped from high temperature (160 K)
to low temperature (85 K):

Jin = JaelT) o JagdT) = Jged T)
J - J

n n

oI, T) = )

A slow cooling ramp of —0.02 K/s was used to ensure
equilibrium throughout the entire measurement and to increase
the signal-averaging time. A number of experiments verified
that the measurements were independent of the cooling rate,
incident beam energy 140 kcal/mol), and incident angle
(0—70).

Figure 4 displays the temperature-dependent detected flux,
JuedT), for three different incident O beam fluxes. All three
curves show a plateau region at temperatures above 150 K but
with the height of the plateau dependent on the incidei@ H

intensity. The ideal waveform should be a square wave and isbeam flux. In this temperature regiale(T) is equal toJ,

shown as a dashed line. At 220 K, the measure® Mave

indicating no net adsorption of J@ on the surface. Upon

form has the same shape and intensity regardless of whetheffurther coolingJye{T) decreases to zero, indicating net adsorption

the sample Ru(001) target is in or out of the incident beam path.

of H,O on the surface with the condensation coefficiant,

The small deviations between the measured wave form and theincreasing from zero to unity.

idealized square wave are due to the finite pump-out time and
wall effects of the UHV chamber. These results at 220 K
indicate that the detected@l flux is equal to the incident beam
flux. Consequently, the condensation coefficienttis= 0 at
220 K for an incident flux of 0.06 ML/s.

The data at 85 K show a very small detectegDHIux signal
that is <0.5% of the incident beam intensity upon opening the
beam shutter. In this case, nearly all of the impingingdH

As shown schematically in Figure 2, the experimentally
measuredye(T) can have two contributions. The first contribu-
tion is from the reflected signal;es, that is defined agqer = Jin
— Jads The other contribution is from the desorption fluges
Figure 4 reveals that the low-temperature, leading edge regions
of the various curves are aligned at different incident beam
fluxes. This alignment requires that tl3g¢ contribution be
nearly zero for all temperatures below the plateau region

molecules adsorb onto the surface, and the condensationobserved at higher temperatures. The requirementithat O

coefficient is nearly unity. The small detected flux is probably
an experimental artifact originating from a very weak uncolli-
mated effusive beam issuing from the differential pumping
chamber immediately upstream of the UHV scattering chamber.
On the sole basis of this data at 85 K, theCHcondensation
coefficient iso. = 0.995.

The results at 85 K displayed in Figure 3 show that the
condensation coefficient is independent of the amount & H

is necessary because the magnitud&epis directly proportional
to Jin. If Jret Were nonzero, the absolute magnitudd,gfwould
be different for the threel, curves and lead to a lack of
alignment in the leading edge region of Figure &« ~ 0
implies that the adsorption probability is near unity and
independent of both temperature and flux.

Becauselye(T) is independent of the incident,B flux in
the leading edge region, the observed temperature dependence

adsorbed. This behavior is revealed by the fact that the detectedmust be attributed only to the desorption flux. The leading edge
flux is constant in time despite the continuous adsorption of region of Figure 4 readily lends itself to an Arrhenius kinetic
water on the Ru(001) substrate. This result allowé®) to be analysis where the # desorption flux follows zero-order
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Figure 6. Reflection intensity of the He-Ne laser beam versus time
Surface Temperature (K) during HO condensation on ice multilayers on Ru(001) gjpoP= 5.5
Figure 5. Temperature-dependent condensation coefficient & H x 107® Torr and surface temperatures of 97, 120, and 160 K. The
on ice multilayers grown on Ru(001) determined by the molecular beam reflectance oscillates as a result of constructive and destructive optical
experiments using eq 2. interference during the ice multilayer growth.

kinetics,—d®/dt = vo exp[-E4/RT]. The dashed line displayed
in Figure 4 shows clearly that all thi, curves are described

of 97, 120, and 160 K. The interference signal intensity
modulates as a result of constructive and destructive interfer-
by a single set of Arrhenius parameters with= (4.0 + 1.0) encel3” This interference modulates the reflectance of the He-
x 105 ML/s and Ey = 48.254+ 0.80 kJ/mol. These kinetic Ne laser beam from the iesvacuum and the ice
parameters are in excellent agreement with previous measureRy(001) interfaces by~20%. The sinusoidal nature of the
ments of HO desorption from ice multilayers. interference signal indicates a constant growth rate of the ice
The temperature-dependent condensation coeffiaigd, T), multilayer on Ru(001) that is independent of ice multilayer
can be calculated from the experimental data using eq 2. Thethickness
results of these calculations are displayed graphically in Figure  Additional reflectance measurements were obtained for
5. For allJ,, fluxes, the condensation coefficientis~ 1 below temperatures from 97 to 180 K at temperature increments of
130 K. The condensation coefficient decreases monotonically approximately 5 K. The kD vapor pressure was 556 10°¢
and smoothly to zero at higher temperatures, and the temperaturerorr for the optical interference experiments performed between
at whicho ~ 0 increases with increasing incident beam flux. 97 and 160 K. The slower oscillation frequency of the
The observed temperature dependence of the condensatiomterference signal observed in Figure 6 fofQHcondensation
coefficient, a(Jin,T), can be readily understood by examining at 160 K is indicative of slower ice multilayer growth caused
eq 2. by simultaneous KD desorption occurring at this higher
Equation 2 indicates that(Jin,T) is simply related to the  temperature. To overcome increasesDHiesorption rates at
adsorption and desorption,€ fluxes. For the case whelgs higher temperatures, the;8 vapor pressure was increased for
= Jues the condensation coefficient is zero. Note that a the interference experiments above 160 K. Thg@Hapor
condensation coefficient of zero does not necessarily imply that pressure wa® = 1.1 x 1075 Torr at 165 K, 1.5x 1075 Torr

molecules from the incident beam are not temporarily trapping, at 170 K, 1.8x 1075 Torr at 175 K, and 4.6< 1075 Torr at

but only thatJags= Jges When no desorption takes pladges 180 K.

=0, and the condensation coefficient is equal to the conven- The rate of HO condensation was obtained from the
tional definition of the sticking coefficients = JagdJin and is frequency of modulation of the optical interference signal versus
independent of incident beam flux. SubstitutiorS6f) = Jaas time. Constructive interference of the He-Ne laser beam
(T)/Jin into eq 2 yields reflected from both the icevacuum and ice Ru(001) interfaces
occurs when the path length traveled through the ice multilayer
is an integral number of wavelengths. The ice multilayer
thickness corresponding to adjacent maxima in the optical
interference signal can be calculated using

‘J e
(3 T) =S(T) — = jm

n

3)

At temperatures<130 K, the desorption flux is small with
respect to the incident fluxl§es << Jin), and both the sticking Y= A
and condensation coefficients are near unity and temperature 2n(T) cos¢
independent. Ady{T) increases, the condensation coefficient
o(Jin, T) decreases untilyes= Jin, at which pointo(Jin, T) = 0. wherex is the ice thickness in A, = 6328 A is the wavelength
Since Jyes depends only on temperature, the condensation of the He-Ne, lasen(T) is the temperature-dependent refractive
coefficient exhibits a flux dependence. At all temperatures index of the ice film, andp is the angle of incidence relative to
where the condensation coefficient is nonzero, the experimentalthe Ru(001) surface as shown in Figure 1.
data displayed in Figure 4 require ti&{T) ~ 1. A calculation The vapor-deposited ice multilayer structure that grows during
of a(Jin,T) using eq 3 withYT) = 1 andJges calculated from H,O condensation is dependent on surface temperature. Mi-
the Arrhenius parameters is shown in Figure 5 by the dashedcroporous ice with surface areas on the order of 46@ mnd
lines. The calculated and experimental curves are in excellentpore widths less than 2 nm has been observed at temperatures
agreement. <90 K38 This porous structure is consistent with the reported
B. Optical Interference Measurements. Figure 6 shows refractive indices oh(77 K) = 1.275° andn(90 K) = 1.27 for
representative optical interference signals versus time during microporous icé? In contrast, the ice film is crystalline at 160
H.,O condensation on ice multilayers at surface temperaturesK and has a refractive index a{160 K)= 1.31. The transition

(4)
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from microporous to crystalline ice has not been carefully 12—+ 7T T
characterized as a function of surface temperature. The refrac-
tive index of ice grown at 130 K has been measured to(th80

K) = 1.31 using optical interferené@. Although these ice films

at 130 K were probably not completely crystalline, they have a
refractive index that is nearly equal to the refractive index of
crystalline ice. This index is consistent with the collapse of
the microporous ice upon annealing that produces a dense ice

Puo=55x 10 Torr ]

Condensation Coefficient

film. 38 0.4} .

The analysis of the optical interference data assumed a linear C ]
interpolation between the measured values of the refractive index 0.2 ]
of ice at 90 and 130 K. Above 130 K, the value of the refractive C ]
index for ice was assumed to remain constamt(atl30 K) = T R B 7T R T R T
1.31. The angle of incidence of the He-Ne laser on the Surface Temperature (K)

Ru(001) substrate after passing through the ice film can be _. . - . .
determined using Snell's Law, si® = n(T)sin ¢, where® is Figure 7. Condensation co_eff|C|ent for 4@ on ice multllayers. on

2T ! » . Ru(001) measured a®u,0 = 5.5 x 10°% Torr using the optical
the angle of incidence of the He-Ne laser relative to the ice jnterference technique. The solid line represents the condensation
multilayer. Using® = 2.0° and the temperature-dependent coefficient predicted by eq 3 usir= 0.97,Js{T) determined by the
refractive indexn(T), the angle of incidence relative to the Ru- zero-order desorption kinetics, and aglHgas temperature of 300 K.
(001) surface ranged betwegn= 1.5° at 97 K andp = 1.6°
atT = 130 K. The ice multilayer thickness corresponding to 10 molecules/(crhs) corresponding to aJ® absolute pressure
adjacent maxima in the optical interference signal also varied of 5.5 x 1076 Torr at 300 K. The solid line represents the
from x = 2492 A at 83 K tox = 2416 A atT > 130 K because  condensation coefficient predicted by eq 3 usBg 0.97,

of the temperature-dependent refractive index. Jied T) determined by the zero-order desorption kinetics and an
The rate of HO condensation can be expressed as H>0 gas temperature of 300 K. The condensation coefficients
measured at 160 K< T < 180 K and higher KO vapor
d_X: (L) (5) pressures were consistent with eq 3 usBg= 1 and Jges
dt o(T) H0 determined by the zero-order desorption parameters.

where d/dt is the experimentally observed,® condensation
rate in cm/s ang(T) is the temperature-dependent ice density.
Although the density of crystalline ice is known, very few A. H>O Condensation Coefficient on Vapor-Deposited
experiments have studied the temperature-dependent density ofce. An important distinction should be made between the
vapor-deposited ice as a function of surface temperdfdffe.  sticking coefficientS and the condensation coefficient, The

In particular, there are almost no density measurements for sticking coefficient is defined aS = J,qdJin and is a measure
amorphous or microporous ices formed at low surface temper- of the adsorption probability. The condensation coefficient is

IV. Discussion

atures. defined by eq 2 and is a measure of the net adsorption flux
The Lorentz-Lorenz equation can be used to determine (Jags— Jaed. The relationship betweeBanda is given by eq
o(T) from n(T):41:42 3. Equation 3 indicates th& will always be greater than or
equal toa. The results show that the sticking coefficient for
|1 n(T)Z— 1 H>O on vapor-deposited ice iS =~ 1 and is temperature-
R= ﬁ m (6) independent.

In contrast to the sticking coefficient, the condensation
The specific refractionR, can be determined from eq 6 using coefficient varies from unity to zero depending on the surface
known values of the density and refractive index at a single temperature and # flux. When the desorption flux is much
temperature. At 160 K, the refractive index of crystalline ice smaller than the incident flu and a. are nearly equal. At

is n(160 K) = 1.3B7 and is equivalent to the refractive index temperatures where the desorption flux approaches the incident
of crystalline ice®44 Consequently, the density of vapor- flux, the condensation coefficient will approach zero. A

deposited ice at 160 K is assumed todf£60 K)= 0.93 g/cm. condensation coefficient of zero does not mean that the sticking
The resulting value of the specific refractiorRs= 0.2072 cr?/ coefficient is zero, but only that there is no net change in the
g. This specific refraction is in excellent agreement with film thickness.

previously measured valu¥sand verifies the assumption that The HO condensation coefficient on ice can be calculated

(160 K) = 0.93 g/cmi. Using this value of the specific over a wide range of incident J@ fluxes, Jy, using eq 3.
refraction,p(T) was determined from eq 6 using the interpolated Equation 3 can be expressed in terms @OHpartial pressure
values of the temperature-dependent refractive indé€R), by substitution of eq 1 fod,. Figure 8 displays the ¥

The condensation coefficient can then be determined from condensation coefficient as a function of temperature fgd H
eg 5 usingo(T) and the measureddit values from the optical partial pressures betwe@p,o = 1 x 107%and 10 Torr. These
interference measurements. ThgdHtondensation coefficients  calculations were performed assuming a temperature-indepen-
versus surface temperature from 100 to 160 K are shown indentS = 1 and zero-order desorption kinetic parameters for
Figure 7. The average value of the condensation coefficient H,O desorption from ice ofp = (4.0 & 1.0) x 10*> ML/s and
from 97 to 145 K isa = 0.97 + 0.10. Because the J@ Eq = 48.25+ 0.80 kJ/mol. Figure 8 shows that the threshold
desorption flux is negligible fol < 130 K, the condensation  where the condensation coefficient varies from unity to zero is
coefficient equals the sticking coefficient and= S= 0.97+ shifted to higher temperatures at highexdHpressures (fluxes).
0.10. Above 130 K, the condensation coefficient is dependent The vapor pressure of ice can also be calculated from ta H
on the magnitude of the incident,@ flux. The measured  desorption kinetics assumin§ = 1. The calculated vapor
values shown in Figure 7 are for an incideniHflux of 2.6 x pressure is found to be in excellent agreement with measured
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Figure 9. Refractive index (solid circles) and density (open circles)

of vapor-deposited ice versus surface temperature determined by the
Figure 8. Condensation coefficient for 4@ on ice multilayers versus ~ combined molecular beam and optical interference measurements. The
temperature calculated using eq 3 foiQHvapor pressures between 1 solid and dashed lines represent the temperature-dependent refractive
x 107 and 10 Torr. This calculation assumes equivalent gas and index and density, respectively, that were utilized in the optical
surface temperature§ = 1 and Jue{T) described by the zero-order interference analysis. The triangles are previous literature values of these
desorption kineticsyo = (4.0 £ 1.0) x 10 ML/s, andEq = 48.25+ quantities.

0.80 kd/mol.

Temperature (K)

absoluten. determined by the molecular beam experiments can
values up to the melting point (273 K) and indicates that the be used to solve fon(T) and p(T) in the equations describing
sticking coefficient is near unity and temperature-independent the optical interference.

over the range 86273 K2 The change in ice multilayer thickness versus time is
Both the molecular beam and optical interference techniques described by eq 5 whem®y,0 = 2.6 x 10> molecules/(crhs)
measured a yD condensation coefficient of ~ 1 on ice afT for the optical interference measurementsd/dtdcan also be

< 130 K as shown in Figures 5 and 7. Above 130 K, the value expressed as the ice thickneAs, grown during one complete

of the condensation coefficient was reduced because of competinterference cycle in the time periodt. Substituting forAx

ing H,O desorption. Several previous investigations gOH in eq 5 using eq 4 allows eq 5 to be rewritten as

condensation on both liquid and ice surfaces have measured

high condensation coeffients af > 0.5156.20.21 However, A =[-%“\p. At @

numerous other studies have measuxed 0.5 and values as 2n(T) cosg) \p(T)] "L

low asa = 0.01! As clearly shown by eq 3 and Figure 8,

these discrepancies can possibly be understood by realizing thafrhe only two variables in this expression that are not directly

the condensation coefficient is both a function of surface measured are(T) andp(T). The condensation coefficiert,

temperature and incident,® flux. ~ 1, is obtained from the molecular beam experiments and eq
A high H,0 sticking coefficient on ice multilayers would be 3 using the appropriate incident® flux. The anglep is close

expected from a soft cube model of energy accommodation for to the surface normal, and cgs~ 1. _

a molecule impinging on a surfaéé. A vapor phase kD _ The densny,_o(ﬂ, can be expresse_d_mterms_of the refractive

molecule approaching the ice surface with a thermal energy of index, n(T), using eq 6 for the specific refractioR, Conse-

~300 K would be greatly accelerated toward the ice surface quently, eq 7 can be reduced to an equation with a single

by the ~12 kcal/mol attractive potential welt” Maximum unknown,n(T):

energy transfer is expected for a molecule that collides with a

surface composed of molecules with an equivalent rfass. A _ n(T)’ + 2 b At 8

The efficient energy transfer between the impingingOH 2n(T) cos¢ - n(nz_ 1] HP° (®)

molecule and the surface is then sufficient to prevent escape

from the attractive potential well. For o ~ 1 and 4/(2n(T) cos ¢) and At from the optical
The bond between the incident® molecule and the ice  interference experiments, eq 8 can be solved{@) because

surface will initially contain the excess kinetic energy-of2 all the other terms are constant.

kcal/mol resulting from the new hydrogen bonds. Simulations  The calculated temperature-dependent refractive indi¢E)s,

have shown that this excess energy is converted to highly excitedat A = 6328 A for the vapor-deposited ice multilayers grown

adsorbate surface vibrational mod€d. These excited vibra-  between 97 and 130 K are shown in Figure 9. The error bars

tional modes are strongly coupled to a continuum of bulk states represent approximately-4% error in ®n,0 based on the

in the underlying ice multilayer that are composed of similar absolute uncertainties of the MKS Baratron that was used to

modes!®S° This energy relaxation should be very rapid and calibrate the ionization gauge. The solid circles are the

lead to facile energy transfer. Efficient energy transfer to the calculated values from the optical interference data, and the solid

liquid H20 surface has also been observed in measurements ofriangles represent the previous literature datahe refractive

the interfacial heat transfer resistance @@Hsapor condensing  indices used in the determination of the condensation coefficient

on liquid HO surfaced>>! from the optical interference experiments are shown as the solid
B. Real Refractive Index and Density of Ice. The line.

molecular beam and optical interference techniques provide two  The values of the temperature-dependent dens(ty, of the

independent measurements of the condensation coefficient. Thevapor-deposited ice multilayers can subsequently be determined

condensation coefficient measured by the optical interferencefrom the corresponding refractive indices using the Lorentz

method is dependent upai{T) and p(T). Consequently, the  Lorenz equation given by eq 6. These densities are shown as
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T T T T T T — 1.1 ment between the reanalysis of these earlier measurements
130} e displayed in Figure 10 and the results of the current study shown
128k v o in Figure 9. o o
% 106k .o o Figure 10 reveals that the refractive index and density of ice
° o o o oo 3 decrease continuously at progressively lower surface tempera-
o 124} .’ oo gfg 1 'é. tures. The lower densities indicate that the ice films have
-% 122k .ot oo 08 @ extremely high porosities. A density pf= 0.6 g/cn? at 20 K
[ o "o° 407 1T & is consistent with a porosity of 35% compared with crystalline
;:5 1208, o - Eu ice at 160 K. In agreement with the recent refractive index
118k ,o0" 107 measuremenfs,these results demonstrate that ice formed when
g “oo H2O deposits on substrates Bt< 120 K is microporous and
1160 L . T will inevitably have surface areas that are much greater than a
20 40 60 80 100 120 140 single-crystal surface.

Surface Temperature (K)

Figure 10. Reevaluation of previous optical interference measurements V. Conclusions

(ref 1) to determine the refractive index (solid circles) and density (open
squares) of vapor-deposited ice versus surface temperature. ThisR
reinterpretation assume= o = 1 and a refractive index of = 1.27
and a density op = 0.82 g/cni at 90 K.

The condensation of #0 on ice multilayers deposited on
u(001) has been examined using molecular beam and optical
interference techniques. The sticking coefficient faOHon
vapor-deposited ice is unity and independent of incident beam
efll_ux, beam energy (240 kcal/mol), and surface temperature.
. e he condensation coefficient was found to be dependent on the
+4% error in dy,0 based on the uncertainties of the MKS . . .
Baratron. The open triangles are the previous literature’8ata. |bnec |Sse:(; E)esgll Cﬂéﬁeiﬂgzéucrgaﬁg etnesfgtl? c()err]actg(r;f.i CE?&J g}\'g:q ?hgan
The dashe_d line re_p_resents the den_sitie_s used to calculate th‘?ncident flux and surface temperature. This equation can easily
condensation coefficient from the optical interference measure- o converted to bO partial pressure (see Figure 8) and may be
ments. useful in modeling the polar stratospheric clouds (PSCs) that
The calculated values of the refractive index and density for are implicated in the Antarctic ozone hole.
vapor-deposited ice using the combined molecular beam and The values fora(T) determined by the optical interference
optical interference measurements are in good agreement withtechnique depend on the temperature-dependence of the refrac-
the few previous measurements. The calculated refractive tive index,n(T), and densityp(T), of vapor-deposited ice. The
indices and densities are slightly higher than the values basedcondensation coefficient determined by the molecular beam
on interpolation from earlier literature values. These higher experiments and represented by eq 3 was used to solwTpr
values can be explained if the,® flux measured by the  andp(T) using the optical interference measurements. This
calibrated ionization gauge was systematically high~8p6. dete_rmina_tion utilized the Lorenle_or_enz equation fo_r the
The values for the temperature-dependent refractive index andrélationship between the refractive index and density. The
density shown in Figure 9 are also in good correspondence with l€Mperature-dependent refractive index and density for vapor-
recent measurements of the refractive index of vapor-depositeddepos'tecl Ice were qletermlned |n.the temperature regime from
ice atA = 6328 A using the optical interference technique and 97 o0 130 K where ice becomes |ncreasmgly_ porous at lower
Fresnels' equatior® The temperature-dependence of the temperatures. These calculated values were in good agreement

S o : . with the few existing literature measurements.
refractive index of ice in the infrared has also been obtained : : Lo . -
e Previous investigations of the,B condensation coefficient
recently from aerosol extinction spectfa.

on ice multilayers at 20 K< T < 185 K using optical
C. Reinterpretation of Previous Results. A condensation nterference techniques were also reevaluated assumin that

coefficient ofa. ~ 1 is in conflict with previous measurements = 1. These earlier measurements also yielded temperature-
over the same temperature range using the optical interferencedependent refractive indices and densities in good agreement
techniqué. This disagreement can be understood by examining with the current study. The refractive index varied from-
the assumptions made in the earlier optical interference analysis.1.19 at 20 K ton = 1.31 at 140 K. The density varied from
Values of the refractive index and density for ice were assumed = 0.6 g/cnf at 20 K top = 0.9 g/cnf at 140 K. These values
to be constant at = 1.31 andp = 0.93 g/cni over the entire indicate that vapor-deposited ice becomes increasingly porous
temperature range.These previous assumptions are not justi- for HO adsorption at lower substrate temperatures and a high
fied given the results in this paper and recent refractive index porosity of~35% is obtained at 20 K.
measurement®. One artifact of these assumptions was a slight
temperature dependence of the condensation coefficient that was Acknowledgment. The optical interference portion of this
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