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Abstract. Using a multidiagnostic approach the rate 1 Introduction
Rev [moleccnms71] or flux 1, [molec cnt2s1] of evap-

oration of O and its corresponding rate constant for con- Heterogeneous reactions occurring on the surface of polar

dens_,atlo_n, konals ], on a 1um thick ice film have been stratospheric clouds (PSC’s) are known to play an important
studied in the temperature range 190 to 240K as well ag,\0 i controlling the abundance ofsn the polar strato-
in the presence of small amounts of HCl and HBr that g nere 1y converting hydrogen halide reservoir species HX
left the vapor pressure of 2 on ice unchanged. The (y - g C)) into photolytically active halogens (Solomon et
resulting Arrhenius expressions for pure ice akg = al., 1986; Tolbert et al., 1987; Wennberg et al., 1997; WMO
1.6 - 10781 . eXp(%fl‘z) [moleccnT?s™1], keond = Report, 2002). In addition, recent studies indicate that Cirrus
17.10-2%1 . exp<+1~1§¥1~5> [s—l], in the presence of a cloud ice particles near the trop(_)pause mrfty a(;t as syb_strates
for heterogeneous reactions akin to PSC’s with a similarly
HCI mole fraction in the range.3- 107> — 6.4 - 1073 high efficiency (Borrmann et al., 1996; Solomon et al., 1997).
Joo = 6.4 . 105+ . exp(%%lz) [moleccnt?s™1],  Contrary to the polar stratosphere where the persistence of
PSC's is sufficient for complete heterogeneous processing of
keond = 2.8 - 1073 . exp(%) [s™], and a HBr halogen containing reservrc))ir moleculgs, the sitﬂation in ?he
mole fraction smaller than.8- 1073: J,, = 7.4. 10°>**1.  midlatitude upper troposphere is quite different. Natural or
exp(%) [moleccnT2s™Y], keong = 7.1 - 10751 . aviation-induced Cirrus clouds have a limited lifetime dur-
426415 rot _ o ing which heterogeneous processing may occur. Borrmann
exp(T) [s™"].  The small negative activation en- et a|. have assumed an average cloud lifetime of only 20 min
ergy for HO condensation on ice points to a precursor which nevertheless led to a significant predicted impact on
mechanism. The corresponding enthalpy of sublimation isatmospheric chemistry. Therefore, the evaporative lifetime
AHsybl = Eey — Econd = 119+ 2.7kcalmolt, AHsupi = of Cirrus ice particles and the impact of atmospheric trace
1124 2.8kcalmof?, andA Hsupi = 11.7 £ 2.8kcalmoll  gas adsorbates such as HX on this lifetime are important pa-
whose values are identical within experimental uncertaintyrameters controlling the extent of heterogeneous processes.

to the agcepted literature value of 12.3 kcalrﬁol Inter- . For several years, a considerable number of studies on the
ferome_trlc_ data at 633 nm_anc_i FTIR absorption spectra kinetics of evaporation of }D on ice has been performed.
transmission support the kinetic results. The data are CONgome of these studies have focused on the temperature de-

sistent with QS|gr(1j|f!cant I|fgt||me benhapcemenft for HCI('j and pendence of the rates of evaporation and condensation of
HBr-contaminated ice particles by a factor of 3-6 an 1O_H20 on pure ice using different techniques (Haynes et al.,

20, respectively, for submonolayer coverages of HX once thelggz. Brown et al.. 1996: Chaix et al.. 1998 Fraser et al.
fraction of the ice not contaminated by HX has evaporated. 2001). Others have mainly revealed the impact of trace gases
of atmospheric importance on the evaporation rates, such as
Correspondence tayl. J. Rossi (michel.rossi@epfl.ch) HNOj3 (Diehl et al., 1998; Warshawsky et al., 1999), HCI or
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HBr (Hudson et al., 2001). The main result of these studies
is the observation of the decrease of the rate of evaporation
of H,O (R.,) on doped ice compared to.jRon pure ice to
variable extents. In this work both the kinetics of conden-
sation (k) and evaporation (R) have been measured under
the same experimental conditions which has to our knowl-
edge not been done before. The emphasis of the present work
lies in the experimental separation of &nd R, in order to
obtain thermochemical closure with the®l vapor pressure
over ice which imposes a powerful constraint on the separa-
tion of the rate of condensation and evaporation.

Several studies address the direct investigation of the con-
densed phase of # in order to characterize the ice sub- 7
strate using FTIR spectroscopy. Thus, the investigation of 6
the IR absorption spectrum of pure ice has been undertaken
(Schriver-Mazzuoli et al., 2000) in order to spectroscopically Fig. 1. Schematic drawing of the experimeht:iquid nitrogen
characterize the ice structure, as well as the impact of 5fNO reservoir,2 Evacuated Dewar vesse3, Silicon window of 0.78
HCI and HBr deposition (Ritzhaupt et al., 1990; Delzeit et cn? area used as a substrate for®ideposition Calibrated leak
al., 1993; Koehler et al., 1993; Horn et al., 1997; Doaét equipped with a valve allowingtatic(valve closed) andtirred flow
al., 2001; Zondlo et al., 2000; Hudson et al., 2001). This led(valve open) experiment§ 6"diameter gate valve§ Flange for
to the discovery of different surface species owing either to!urPo Pump7 Quadrupole Mass spectrome®PTFE thermal in-
the formation of stoichiometric hydrates or amorphous mix- §u|at|0n isolating the whole cryostat but the Silicon window which

- . is the only low temperature part exposed to the gas pi8Reactor

tures. Because most of the aforementioned experiments havi

i, ) c%amber,lo Solid copper finger with cartridge heaters for heating
been performed under UHV conditions, they have been IIm'used to control the temperature of the Silicon Substrbtebso-

ited to temperatures well below 220K which is the charac-|yte pressure gauge (Baratron). Several type T thermocouples (not
teristic temperature of the tropopause and is of interest hereshown here) are located throughout the vacuum side of the cryo-
Therefore, we have extended the temperature range to 240 Ktat in order to measure the temperature in different areas (Silicon
in the present work in order to address atmospheric condiwindow, PTFE Insulation, Reactor and Calibrated Leak walls,...).
tions of the upper troposphere/lower stratosphere region. In addition, two 2 diameter NaCl windows allow the FTIR moni-
toring of the condensed phase, and two inlets allow the injection of
H>0 as well as HX into the reactor. The hollow arrows describe the
important kinetic processes taking place, such as adsorption, des-
orption and effusion of KO vapor.

2 Experimental apparatus

The present experiment is a stirred flow reactor equipped

with triple diagnostics. It allows FTIR spectroscopic char-

acterization of the ice substrate in transmission as well agiodically checked against the vapor pressure gtdver ice
observation of the changes of the condensed phase thickne§¥arti et al., 1993) using a type T thermocouple and a Bara-
based on HeNe interferometry at 632.8nm. In addition, atron absolute pressure gauge (220-AHS). We would like to
residual gas mass spectrometer enables the monitoring of tHéress that in contrast to most other cryostats presently in use
partial pressures above the HX/Ice condensate. The experthe Siwindow of 078 cn? cross section used as the substrate
mental apparatus consists of a stainless steel cylindrical reador the ice films is the only cold part of the chamber exposed
tor of volume V. = 1750 or 2450 ¢y equipped with various 0 the gas phase (see Fig. 1). This has been checked in nu-
inlets and electrical and optical feedthroughs including twoMmerous experiments by correlating the loss gBH/apor by

2" diameter NaCl windows to enable FTIR monitoring of the monitoring the pressure change in a Teflon (FEP)-coated cal-
HX/Ice condensate. The reactor is pumped at the bottom byPrated volume used as a reservoir for the injection gOH

a turbomolecular-pump (VARIAN Turbo-300VHT, 2501% molecules into the reactor with the number of molecules de-
N) through a 6 diameter gate valve that is closed during ex- Posited on the Si window by monitoring the optical density in
periment, thus isolating the upper (reactor) and lower chamhe IR spectral region and the integrated MS signal resulting
ber, the latter of which is monitored by a residual gas masdrom the evaporation of the ice film.

spectrometer (BALZERS Prisma QMS200). The liquid ni-  Three types of measurements have been performed in the
trogen cryostat, mounted on top of the reactor and externallypresent experiment. The first is based on the use of a resid-
heated using electrical cartridge heaters allows for accurateal gas MS which is connected to the upper chamber both
temperature control of the NaCl or Si optical window serv- by a 6" diameter gate valve and a calibrated leak whose rate
ing as the substrate for ice deposited from the vapor phase inonstant for effusion of 5O and HCI at ambient tempera-
the range 108 T/K <250 1K). The ice temperature is pe- ture are k.(H>0) = 0.055 s and k,.(HCI) = 0.043 s,
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/ Posine gas inlets \

HCI H,0

respectively. These values have been obtained from the ev
uation of the exponential decrease of the pressure in the reac-
tor measured using a 1 mbar full scale Baratron gauge (MKS
Baratron pressure transducer Type 220AHS) when it is set
from static to stirred flow condition by opening the calibrated
leak valve. This leak allows the use of the reactor either un-
der static conditions with the calibrated leak closed or as a
stirred flow reactor with the leak valve open (see Fig. 1). It
operates from the free molecular flow regime to the transition
region up to a mbar or so of total pressure. In this latter con-
figuration the range of water partial pressureg,@} in the PTFE insulation (e o)
upper chamber ranges from1bto 1 mbar and is measured
using the 1 mbar full scale Baratron gauge. For the remainder \
of this paper pressure units of Torr will be used throughout. A
The conversion of Torr to mbar may be performed using the
relation 1 mbar = 0.75 Torr. The gas composition during an
experiment is continuously monitored using the MS with the
calibrated leak valve open.

The second diagnostic is based on a Fourier Transform In-
frared Spectrometer (BIORAD FTS-575C) used in transmis-
sion across the Si window. It characterizes the composition

changes of the condensed phase, which corresponds 1:1 fd9- 2. Horizontal cut through dosing tubes and IR beam transmit-
changes of the gas phase composition as the optical WindO\}\?d across the Si window. Th.e PTFE-insulated copper finger of the
cryostat is arranged perpendicularly to the reference plane.

is the coldest point of the whole reactor owing to extensive
thermal insulation of the cryostat but the optical window. It
was achieved using a tightly fitted PTFE sleeve whose tem- ; ) ) _
perature never got lower than approximately 260K for all ex- Of NH,0 = 6.2 10Y7xN; with the density of ice assumed to
periments. Therefore, any change in the optical density of’® constant and equal to 0.93 g?:?r_(Be_rland etal, 1995)
the deposited film due to evaporation or condensation in thé" the range 180 to 220K. The ice film is grown under static
static cryostat system is accompanied by a changeie P conditions by_deposmon from water valpor using bidistilled
which can be monitored using either the partial pressuréVater at a typical rate of_f@molecgles by flowing O
(MS) or the absolute pressure gauge. All the FTIR scans preYaPOr across a gas dosing tube directed towards the optical
sented in this work have been recorded on a cryogenic merSubstrate. The mean ice thickness is approximatety be-
cury cadmium telluride detector using a resolution of Tém  fore HCI deposition starts.
and correspond to averaging of 4 consecutive scans. Figure 2 presents a horizontal cut of the dosing arrange-
The third diagnostic technique is based on He-Ne interfer-ment whose plane contains the two dosing tubes as well as
ometry used to monitor changes of the thickness of the icéhe IR beam transmitted across the Si window. The flat face
deposit with time. In such a configuration described else-0f the Si window mounted at the lower end of the cryostat is
where (Berland et al., 1994), the change of the thickaess Perpendicular to the reference (paper) plane.
is given by the relation The measurement of the dose of HCI or HBr dispensed on
the deposited ice film follows a two-pronged strategy which
d; = Ni&; 1) consists of (1) establishing the absolute flow rate of HX ad-
2 /”1'2 — sir?e mitted into the cryostat chamber using MS signals under
stirred flow conditions, and (2) integrating the amount of HCI
whered; is the total change in thickness of the ice film, N lost by adsorption from the gas phase to the ice film, both by
the number of observed fringes, = 6328nm the wave- monitoring the gas phase using the residual gas MS as well
length of the He-Ne laser,; the refractive index of vapor as the condensed phase using FTIR transmission. Step (1)
deposited ice set tgnl.3 and independent of T in the range involves monitoring the MS signal at/e = 36 for HCI and
180-220K (Berland et al., 1995), add= 12°, the angle m/e = 82 for HBr, with the gate valve closed and the cali-
between the normal to the ice surface and the incident Hebrated leak open thus enabling gas phase monitoring on-line
Ne beam. Using the appropriate parameters for the presentnder stirred flow condition. Previously, the MS signal in-
cryostat one obtaing; = 246x N; nm which indicates a tensities for HCI had been calibrated thus leading to a 1:1 re-
differenced; in ice thickness of 246 nm between the homol- lationship between the MS signals and the HCI concentration
ogous points of two adjacent interference fringes. This leadsn the chamber. Using the known values gf kfor HCI, the
to the number of water molecules deposited on the substratmeasurement of the partial pressure of the trace gas using the

Silicon window

Copper finger
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Table 1. Data on experimental hardware configuration and results of calibrations. The sample surface a6ari8 ént

Experiment | Reactor | Reactor| Collision | Rate of effusion| Calculated | HeNe Thickness Thickness [nm] MS Calibration
Temperature| Volume | frequency on| for calibrated escape angle for one for factor
configuration| ~ [K] [emd | ice[sY leak[sY] | orifice [mn?] | [degree]| HeNe fringe [nm]| FTIROD=1.08 |  [molec st A~}
HoO | HCI | H,0 | HCI H,0 HCl
300 1750 | 652 462 0.2 | 013 24 12 246 1000 580107 | 6.31.10°*
2 330 2450 | 4.89 | 3.46 | 0.055| 0.043 0.8 12 246 1000 570-107 | 6.25- 10

Baratron gauge in the cryostat chamber or the corresponding Y S B |
MS signal of HCI leads to the absolute flow rate in molet s
according to Eq. (2):

11 4 Cryostat Temperature = 300K

36 [A]

N oW s ao
h A

PV
FlowRate= ﬁkm =[HCI] Vkesc = CVkesc Pci (2)

whereC is the conversion factor between partial pressure of
HCl and HCI concentration in molec Tort cm—3 (3.2 1016
and 29 - 10'6 for configurations 1 and 2, respectively, dis-
played in Table 1), Rc| the pressure of HCl in Tor/ the
volume of the reactor and.k the rate of effusion of HCI
through the calibrated leak im$ (see Table 1 for detailed
information). The same technique has been used for allgases 750" ) 7352~ 1 * "~ " L 00 a0
throughout this work. Moreover, the inlet made out of glass Time [s]
tubing and used for trace gas injection into the upper chamber _
is equipped with a micrometer dosing valve (Swagelok dou-H19- 3. Raw mass spectrometer signal for HCgte = 36. Th?
ble pattern low-pressure metering valve with Vernier handleblaCk and grey traces Correspond o the referen?e signal W't.h the
. ._cryostat at 300K and 190K in the presence of ice, respectively.

of type SS-SS2-D-TVVH) and 'S, located betwee.n the Ca_l" At t+ = 7150s, the HCI dosing valve is opened to the same extent
brated volume used as a reservoir for HX and the inlet dosing, poth cases, and is closed at= 7352s. In this example the
tube, we have calibrated this valve by establishing the corretotal amount of HCI molecules disappearing from the gas phase is
spondence between the size of its aperture and the resulting + 0.5) - 10 molecules and corresponds to the hatched area.
MS signal, thus leading to an absolute calibration of the flow
rate of HX molecules injected versus the aperture size of the
micrometer dosing valve. Step (2) consists of integrating theconditions. The dose corresponds to the hatched area pertain-
absolute flow of HCI that was condensed onto the ice filming to the difference of the integrals of the MS signals. When
in order to determine the HCI dose. As the window of the the dosing experiment is performed under high temperature
cryostat exposed to the gas is known to be the only part thatonditions (b) the first step is identical and serves to estab-
is at low temperature during the experiment, the differencelish the total number of HCI molecules dispensed with the
of the integrals of the MS signal of HX with the optical sub- Si window at ambient temperature. This experiment is now
strate at ambient temperature (no ice) and in the presence @épeated with the Si window at ¥ 190K and the gate valve
an ice film, enables the evaluation of the absolute number oflosed, that is under static conditions, in order to prevent sig-
molecules deposited onto the ice. nificant HLO evaporation from the ice film at those higher

In practice a dosing experiment takes place according tdemperatures. Although we are “blind” during the deposition
two different protocols depending on whether the tempera-of HCI onto the ice film owing to the static nature of the dos-
ture of the ice substrate is (a)F 190K or (b) T> 190K. ing the experiments discussed above reveal an exceedingly
Under (a) the dosing experiment is performed under stirredsmall HCI partial pressure in the chamber during the dosing
flow conditions because the rate 0§® evaporation is slow so that we are confident about the HCI dosing even though
which limits its loss from the ice film during the experiment. we are unable to follow the HCI signal during the dosing.
At first the MS signal of HCl is recorded after turning on the In practice more than 98% of the dispensed HCI molecules
HCI at constant flow rate for a given amount of time with the are adsorbed onto ice over the examined temperature range,
Si window at ambient temperature. Subsequently the sama result that is also consistent with mass balance experiments
sequence is repeated with the Si window at low temperaturediscussed in more detail below.
Figure 3 displays a typical experiment performed in order In support of the dosing procedure Table 2 displays the
to obtain an absolute calibration of the HCI dose under thesenass balance for six selected dosing experiments, namely

MS Signal m/e

N oW Roo
T
—_
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Table 2. HCI mass balance for 6 typical experiments

Number of HCI molecules
Experiment| Temperature| HCl/Ice Number of HCI moleculeg desorbing from ice during
Number (K) Structure deposited on ice evaporation of the ice
(according to Fig. 3) film (based on MS changes)
1 180 HCI:6H,0 8.7104 8.410"4
2 180 Amorphous 2.110° 2.010°
3 180 Amorphous 43106 3.6 106
4 190 HCI:6H,0 1.110° 1.1106°
5 190 HCI:6H,0 1.010° 9.8 104
6 190 Amorphous 2.016° 1.7 16

that between HCI dispensed to the ice substrate (column 8 Results

of Table 2) and the HCI recovered after completgOHand

HCI evaporation (column 5 of Table 2) once the sample sup-Both the rate of evaporation,Rin molec s'* cm~2 and the

port has reached ambient temperature. The excellent mag#ptake coefficieny of H,O vapor uptake on ice have been
balance validates the chosen dosing procedure, in particuldheasured between 200 and 240 K for pure ice and in the pres-

it refutes the possibility that the chamber walls act as a sig-ence of known amounts of HCI or upper limited amounts of
nificant reservoir for HCI. HBr according to the net reaction:

kcond .
The smallest measurable MS signal levebgte = 36 H20(8) = Hz0(bulkice) 3)

within an acceptable S/N ratio of our apparatus is on the or- . ) )
der of 3x 10~ 13A with a rise time of nearly 10s. This leads With ¥=Kcond®, where konq is the condensation rate coef-

to an estimate of 21012 molecules corresponding to 30~3 ficient in s'1 andw is the collision frequency of D with

- . - 1
of a formal monolayer using a calibration factor for the Ms the ice film in s (see Table 1). Both the rate of evapora-
signal of 6.25x 10?3 molec s 1AL for the smallest measur- 110N Rev @nd the rate of condensationdid= keona[H20] are

. . _3 .
able amount of HCI deposited on the optical substrate. Th&*Pressed in units of molec'scm and address the gain
lowest achievable deposition rate wasl®*! molec s1and ~ and loss, respectively, of4® vapor with respect to the gas

the lowest detectable partial pressure of HCI monitored byPhase. Both processes may also be expressed in terms of
residual gas MS was of the order of 808 Torr. We have fluxes of gas phase molecules to and from the substrate sur-

estimated that owing to the very small gas phase density of2ce- The rate R and flux J, of evaporation are connected
HCl in the presence of an ice film of typicallyB 8 Torr the through the relationship,J=R../(A/ V), where (A/V) is

adsorption of gas phase HCI would take a time exceeding th&he surface-to-volume ratio of the used experimental arrange-

typical duration of the present experiments. We have thereMent (see Table 1). Both rates and fluxes express the same

fore ignored the deposition rate of HCl onto the ice samp|ephysicochemical process, the rate being normalized for unit

under HCI background conditions afforded by the maximumc . the flux for unit cnt of substrate surface. _
pumping speed of the vacuum chamber. The separation of the rate of evaporation and condensation

was enabled by using a method which consisted of the con-

An alternate method of dosing of HX onto the ice has beer]secutive use of the reactor in the static and the stirred flow

performed by the deposition of the trace gas under stati(ande,' By measuring. g, the equilibrium HO Vapor pres-
conditions by backfilling the reactor volume with a mea- Sure in t.he reactor (upper chamber) unde_r static condition,
sured amount of trace gas in addition to the method presenteﬁr.]d Rs, ItS corresp_ondmg steady state partial pressure.under
above which is the directed deposition of pure HCI onto iceStlrred flow condition, R, and kond were calculated using

across dosing tubes. No significant differences in the kineticthe following equations:

results have been observed when comparing the backfillinaD Ry Py,
with the directed deposition technique. For HBr the present’ ¢? — kcond x RT Pss = Kese )
experimental setup does not allow quantitative dosing exper- Keond

iments because the PTFE insulation apparently irreversiblyin all experiments presented in this work ice was always de-
adsorbs small quantities of HBr. However, the used deposiposited at 190K at a rate of ¥bmolec s and heated to
tion settings for HBr were identical to the ones used for HCl the desired temperature after deposition. Both &d R;
allowing the estimation of upper limits for the concentration have been corrected for the fact that the colliding gas, namely
of HBr. water vapor, was at ambient or slightly higher temperature

www.atmos-chem-phys.org/acp/3/1131/ Atmos. Chem. Phys., 3, 1131-1145, 2003
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AB y of H20 in the presence of HX in comparison with pure
ice. The number of HCI molecules adsorbed on the ice was
10900 )\ ~ in the range 18 — 10 molecules corresponding approxi-
v e mately to 0.01 to 1 formal monolayer with an upper limit of
‘ the HCI deposition rate of #d molec s'. For HBr the num-
' ber of molecules adsorbed and the deposition rate are simi-
‘ lar to HCI as only limiting values can be given (see above).
‘, During the measurement of,Pof H,O no HX desorption
‘ D has been observed while;8 was evaporating from the ice,
and a change im/e = 36 and 82 for HCI| and HBr, re-
! spectively, was only observable during the evaporation of the
last few tens of nm film thickness as observed by simultane-
* ous monitoring of the change in thickness of the ice deposit
0.0 L L and the gas phase composition using HeNe interferometry
o °° 400 200 300 400 500 600 and MS, respectively. One must keep in mind that steady
state conditions for bD, Py, in the case of doped ice were
attained once a significant fraction of the ice sample evap-
Fig. 4. Interferometric signal of evaporatinga) pure ice (black ~ °rated in contrast to pure ice where steady state conditions
dashed)(b) HCl-doped ice film of 185 deposited HCI at 190K  are attained instantaneously. The remaining thickness corre-
(gray). Atr = 0, the static system is set to stirred flow condition Sponded to the last few hundred nanometers of ice between
by opening the leak valve (first black vertical line). The second pointsC andD of the HeNe interferogram displayed in Fig. 4
vertical line corresponds to the first noticeable difference betweercorresponding to 25—-50% of the thickness of the original ice
interferograms. film. Thus the mean HCI mole fraction in the remaining ice
film was in the range .2 - 10> to 6.4 - 10~° for a dose of
as it is controlled by the temperature of the chamber walls10' adsorbed HCI molecules, and betweef 3102 and
whereas the target consisting of the ice film deposited on thé.4 - 10-2 for a dose of 18 adsorbed HCI. The latter case
optical support was at low temperature. Under those condicorresponds to the situation between poiatandD of the
tions both the pressures,,Pand R;, as well agH»O] are  displayed HeNe interferogram in Fig. 4 and suggests that one
related to the measured values by both the temperature addsorbed HCI molecule may exert a significant kinetic effect
the cold target and the chamber walls at ambient temperaen roughly 500 HO molecules.
ture. The correction procedure valid for the molecular flow The kinetic results are shown in Figs. 5 and 6 which dis-
regime is explained in more detail in Annex A. play 1,, the evaporative flux ang, the uptake coefficient.
The protocol for the deposition of ice leading to sampleslt is important to point out that in the presence of a dose of
of typically 1um thickness was kept the same throughout theadsorbed HX in the range given above, the measured equi-
present study. The deposition temperature of 190 K was delibrium vapor pressure 2 of H>O(g) is that over pure ice
liberately chosen so as to lead to the formation of thermody-and therefore independent of the doses of HX over the range
namically stable polycrystalline ice of hexagongldrystal  explored. Figure 5 shows the decrease,¢fid the presence
structure thus minimizing the occurrence of mixtures with of HCI relative to that of pure ice by a factor of 3 to 6 at
cubic and amorphous phases that are metastable at 190 K. doses smaller than 3@ molec cnT? corresponding to one
mixture of ice phases may lead to a H-bonding environmentformal monolayer or less of HCI. The uptake coefficignt
that is different compared to the thermodynamically stabledisplayed in Fig. 6 undergoes the same change aswing
pure ice phase;l crystal structure as has been shown by to the constraint that the measureg,& is that of pure ice.
Schaff and Roberts (1996) using FTIR reflection-absorptionThis decrease in,J andy depends upon the nhumber of HCI
spectroscopy. In addition, we may exclude the presence ofmolecules deposited on the surface of the ice, but stays con-
a significant degree of porosity in the present ice films asstant for amounts larger than*fnolecules of HCl adsorbed
shown by Keyser et al. (1992). We have therefore chosen aon ice as displayed in Fig. 7. It shows the HCI dose depen-
ice deposition protocol that should always lead to a homogedence of J, together with a discontinuity around1®'3 of
neous film of thermodynamically stablg ¢rystal structure  deposited HCI molecules which corresponds to a mole frac-
irrespective of the temperature of the film used for furthertion for HCl in ice between B-10~4 and 38-10~4. It seems
investigations. that for doses of deposited HCI up tal®, J,, stabilizes
A known quantity (dose) of HX was subsequently de- around 510 molec cnt? s~1 which is the value displayed
posited on the pure ice film, and both the equilibrium va- in Fig. 5 at 210 K. However for larger doses of HCI both J
por pressure B of H,O as well as its steady state valug P andy continue to decrease. Figures 5 and 6 display all val-
were measured using the absolute pressure gauge or the M#s obtained in this work including the ones at very large HCI
signal for B;. This allowed the determination of,Rand doses (inverted triangles in Figs. 5 and 6).

o o o
c T 7
\ \ \
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o
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|
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Fig. 5. Arrhenius plot of the evaporative flux of4® (J.,) from Fig. 6. Temperature dependence of the uptake coeffigiesftH,O
pure and HX doped ice film&T{: condensed ice, Chaix et al., 1998; from pure and HX-doped ice film&1 condensed ice, Chaix et al.,
o: condensed ice, this works: HCI-doped ice, this works: HBr- 1998;¢: condensed ice, this worlky: HCl-doped ice, this work;
doped ice, this work). The typical uncertainty of individual points 3: HBr-doped ice, this work.V: value observed for a very large
are within the size of the symbolsV: value observed for a very dose of HCl leading to the formation of a liquid HCKB mixture
large dose of HCI leading to the formation of a liquid HCH®I on the ice surface.)

mixture on the ice surface,,d, corresponds to the theoretical max-

imum value for the evaporative flux of a pure ice filjn £ 1).

Observations of the condensed phase in the absence and
the presence of HCI have also been performed using HeNe
interferometry simultaneously with MS and FTIR measure-
ments. Figure 4 shows the decrease of the thickness of a
1 um thick slab of pure and HCI-doped ice at 190K with
time. First, the ice film is grown under static conditions,
mol~!, respectively, leading to the Arrhenius expres- and is subsequently doped with "fGmolecules qf HCI or

) at1 2103412 5 1 HBr. The decrease in the net rate of®evaporation of the
sion J, = 1.6 107 -exp(T) [molec cnT™®s™] 1 | m thick ice film in the presence of ddeposited HCI
and kong= (1.7-10-%£1). eXp(—H%l‘s) [s71] for the  molecules corresponding to less than 2 monolayers amounts
to a factor of 5 to 6 compared to pure ice once steady state
range 200 to 240K. . . . S .
is achieved between poin&andD and maintained to point

For HCI doped-ice the values are,,E= 9.7 = 12  E Thisis also the time period during which,REq. 4) has
kcal mol* and Eond = —15 + 1.6 kcal mof! lead-  pheen measured. The portion of the interferogram between
ingto J, = 6.4 1076+1. exp(%) [moleccm?s71] ¢ = 100 and 300s in Fig. 4 containing poirsandD de-

_ scribes a sinusoidal change of the photodiode signal which in
and keond = (2'8' 10_3ﬂ) ' eXp<%:1£1'6> [s7] for the turn corresponds to a linear change of thickness with time ac-
range 200 to 240K. cording to Eq. (1). This result is in good agreement with the

In the presence of HBr, the decrease Qfid more impor- ~ decrease of R observed in the presence of HCI discussed
tant than for HCI and .J is almost 20 times smaller than above, albeit not directly comparable. The observation of the
on pure ice for similar estimated doses of HBr. This led condensed phase impliesiat change, that is the difference
to an activation energy of #D evaporation and condensa- between evaporation and condensation rate whereas the gas
tion from HBr-doped ice of E = 9.1 + 1.2 kcal mot?! phase measurement results in separate kinetic rateari

The energy of activation for the flux of evapora-
tion, 1,, and the rate constant for condensatioRgnk
of HoO from pure ice is calculated to be.,E =
10.3 &+ 1.2 kcal mof! and Eong = —1.6 + 1.5 kcal

and Eong = —2.6 + 1.6 kcal mol?, respectively, lead- KcondH20Olss. The net change observed interferometrically
ing to 3, = 7.4 10°5+1. exp(fg.lil.Z) [molec cnm2 571 is somewhat less than the change basedgraRne within a
v ' RT factor of two as condensation o£B onto the remaining ice

and kong= (7.1-1075*1) . exp(%) [s71 in the film counteracts the decrease of the thickness owing.fo R
range 200 to 240 K. Following these results, the decrease of One may note that the spacing between the interferomet-
the pre-exponential factor inJis responsible for the most ric fringes is gradually becoming larger which corresponds
part for the change of the rate of evaporation gfCHthus  to a decrease of the net rate of evaporation starting around
leaving the exponential factor unchanged within experimen+ = 50s as shown in Fig. 4, poirB, where 15 - 10'8

tal uncertainty. molecules of HO still remain in the ice film compared to
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Table 3. Experimental observations of the HeNe interferogram during the evaporation jofatHick pure ice film, as well as doped
with HCI, under stirred flow conditions and for different doping conditions. Cases (a), (b), (c) correspond to experimental configuration 1
(Table 1), cases (a’) and (b’) to configuration 2 (Table 1)

Ice Substrate Ice Thickness Dose of HCI Rate of Time for Last 4 periods Trapped HO FTIR Spectral
complete film |  between fringes [s] characterization
Temperature [K]| at deposition time [nm]|  molecules | deposition [molecs!] | evaporation(s]| 1 | 2 | 3 | 4 molecules atfringe 4

(a) 180 1000 Pure Ice Null 217 67| 60| 50 | 40 Null Pure Ice

(b) 180 1000 1.10% 1.108 320 74169 58 | 116 15-100 HCI:6H,0

(c)190 1000 1.100 6- 1012 450 73] 75]120] 160 25-10" | Amorphous HCIHO

(a)190 1000 Pure Ice Null 125 30{30] 30| 35 Null Pure Ice

(b') 190 1000 1.100 1-1088 708 35[35] 38 [ 600 15100 HCI:6H,0

L | | | | | | | | | _ L L L L L L L o012

2.2x10'] K Pure Ice B ‘E

_ 2.0 - © 209, - 0.10
£ 1.8- - 3 -
7; 1.6 o ié 1.5 008 g;
§ 17 L :
£ 124 L 28 o006 S
= S 1.0 3
=< 1.0 - © L ood )
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Number of HCI molecules adsorbed

Dose of HBr molecules adsorbed

Fig. 7. Dependence of.J on the number of HCI molecules ad- Fig. 8. Dependence of.J (o) andy (A) on the number of HBr
sorbed on 0.78 chof ice substrate at 210K. The stable level ap- molecules adsorbed on the ice surface at 210 K. The stable level for
pearing for a dose higher than10' molecules was chosen for the  a dose higher than 3.6 was used in Fig. 5. A dose of 1 corresponds
data displayed in Fig. 5. to a maximum of 5 1016 molecules adsorbed.

2.5 . 10'8 at the beginning of the evaporation correspond-imit value of xpci = 1.2- 10-2 at pointE in Fig. 4. This

ing to roughly 50% of the original ice film thickness. As Mmeans that one molecule of HCI exerts a significant kinetic
no desorption of HX from the film was observed using MS, influence on roughly 100 0 molecules. From poirf of

we therefore claim that the amount of HX adsorbed on thethe interferogram to the end of the evaporation of the film we
ice film is responsible for this change of,Jas discussed have observed HCl in the gas phase using MS detection.
above. At first only the KO molecules that are not influ- Table 3 displays some typical observations of the tempo-
enced by the presence of HX are evaporating at the charral evolution of the HeNe interferogram for different dop-
acteristic rate of pure ice which corresponds to the portioning conditions of the ice film under stirred flow conditions.
of the interferogram of Fig. 4 between poiisandB. The  Case (a), (b) and (c) refer to one experimental configura-
presence of adsorbed HCI molecules therefore does not hirtion, whereas cases (a’) and (b’) differ from the former by
der HLbO molecules from the deeper hence pure portion ofa change of the calibrated leak. The comparison between
the ice film to evaporate as if it were a pure ice sample. Be<(a) and (b), on the one hand, and (a’) and (b’) on the other
tween pointsB andE of the interferogram the decrease of hand illustrates the conclusions cited above concerning the
the rate of evaporation of #D is due to the effect of HX on change in the net rate of @ evaporation from ice in the
the water molecules making up the remainder of the ice subpresence of HCI. In the cases (b), (c) and (b’) correspond-
strate. The presence of HX is being felt more strongly with ing to HCI doping the evaporation rate for 50 to 75% of the
time by the remaining bO molecules as the mole fraction film thickness is that of pure ice and therefore not affected
of HX in ice becomes more important owing to the fact that by the presence of 110 HCI molecules. Cases (c) and
only H,O but no HCl is desorbing. This results in an upper (b’) make for an interesting comparison. The stable hydrate
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Fig. 9. Cartoon of the fate of a HCl-doped ice film upon evapora- Fig. 10. FTIR absorption spectrum of pure (grey, left scale) and

tion of HoO (see text for explanation). Hatched areas represent thé1Cl-doped ice (black, right scale). Both traces are rescaled for leg-
mixture of HCI/H,O ibility. The ice film is doped with 18° molecules of HCI at a flow

rate of 133molec s'1.

HCI:6H,0 (case (b")), whose formation will be discussed be- and (b), (b)' displayed in Table 3, namely between the amor-
low, significantly slows down the net ra'te of evaporation, Sayphous HCI/HO mixture and the crystalline hexahydrate, re-
by a factor of less than 20 corresponding to 600 vs. 35S pef,q tively. The spatial extent of the phase containing HCI
fringe which is the time needed to evaporate an ice film thlck-iS summarily earmarked by bold numbers in Table 3. Inter-
ness of 24§nm corresponding to one mterferenpe fringe 0Estingly, the spatial extent of the amorphous phase is larger
the HeNe interferogram. However, the crystalline hydrateby roughly a factor of two compared to the crystalline HC
(case (b)) extends just over one fringe at the used HCl dos¢ o, 2y drate, the latter of which seems to be a more compact
whereas the presence of the amorphous hydrate (case (Gyer compared to the former. Nevertheless, the evaporation
af_'fects 5_0% of the s_ample thickness as it is a_lpparently dIS-Of pure underlying HO seems to go on unabatedly at the
tributed In amore diffuse manner across thg ice sample. Ir]svaporation rate characteristic of pure ice regardless of the
contrast its presence affects the®ievaporation rate to a | iire of the “capping” phases. This result is in stark con-
lesser extent corresponding to a decrease of a factor betvye%st to the conclusions presented by Biermann et al. (1998)
2and 3. We wouldlike to stress, however, that the resolution, 4 highjights the effect that small doses of HCl in the range
of the HeNe interferogram is too crude in order to draw quan-of one to two formal monolayers may have on the kinetics
titative conclusions in the present case. We just underline th%f condensation and evaporation of® However, this con-
qualitatively similar conclusions between the interferometrictaminated layer of ice does not seem to constitute a barrier
and the quantitative kinetic results obtained from gas phasqaor the evaporation of the underlying pure ice.

observations and discussed above. For HBr doping, the de-
crease in the net rate of evaporation as observed from thgn
corresponding interferogram is on the order of 30 to 40 for
HBr levels similar to HCI which is within a factor of two of
the results on R discussed above (Fig. 5). One needs to

be reminded, however, that in contrast to the measurement o eposited at temperatures higher than 180 K (Kumai, 1968).

R., presented above the observation of the change inice ﬁmi:or a dose of less than Fomolecules of HCI deposited at a

thickness addresses the r_1et rate (_)f evaporation and is ther?éte of less than 78 molec s°* (Table 4, case a), no change
fore smaller than R at a given partial pressure obB.

in optical density was observed across the entire IR absorp-
The FTIR absorption spectroscopic study has led to fourjgn spectrum from 700 to 4000 crh which remained that
sets of results that have been obtained at 190K op@ 1 of pure ice. However, the presence of HCl on ice was ascer-
thick ice film and which are summarized in Table 4. tained by the decrease qf,bf H,0 as described above. For
Figure 9 presents a cartoon describing these processesdose of HCI of more than #Hmolecules that is evaluated
where 1 corresponds to the composition of the substratefrom the integral under the measured MS signal of HCI as
within the time period betweef andB of the interferogram, ~ displayed in Fig. 3 and a deposition rate of more that 10
2 to the period betweeB andC and3 to the period between molec s (Table 4, case d) the formation of an amorphous
C andE. However, it does not differentiate between cases (c)HCI:H>O mixture was observed whose absorption spectrum

First, the spectrum of pure ice in Fig. 10 reveals the pres-
ce of polycrystallingglice in the OH-stretch region as dis-
cussed previously. The spectrum shows an absorption peak at
3230 cnt! with shoulders at 3150 and 3350 ch(Bergren

t al., 1978) which is expected from previous work on films
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Table 4. FTIR spectral observations of afin thick ice film doped
with HCI using different dosing protocols at 190 K .
a) b) 0) d) 050
Dose Low 51018 51018 _ -0.10
to to > 1014 s
— 0.60 1720
(molecule) | <1013 101 101 8
S 1640
= 0.40— —0.05
3
Flow rate Low 1013 Low Large < 520l
to
(molecs?) <108 5.1013 <108 > 1014 0.001 ~0:00
4000 35IOO SOIOO 25|OO ZOIOO 1 5|00 1 OIOO
3230cm ! | 3250 cntT | 3250 cntt Wavenumber [cm-1]
No Split+ shift | broadening| broadening
Spectral absorption Fig. 11. FTIR absorption spectrum of pure (grey, left scale) and
attributable | Sharp 1644| 1100and | 1100 and HCI-doped ice (black, right scale). Both traces are rescaled for leg-
observation to HCI and 1700cnt! | 1700 cnrl ibility. The ice film is doped with 18° molecules of HCI at a flow
1618 cnt! | absorption | absorption rate higher than fmolec 7.
FTIR
absorption | Crystalline | Amorphous| Amorphous
Identification spectrum HCl Hc.l:Hzo HC.I:HZO range investigated as no hint of molecularly adsorbed HCI
is hexahydrate]  mixture mixture . . . . .
that of (Fig. 10) (Fig. 11) (Fig. 11) could be found in the region of the H-CI stretching vibration
pure ice in the covered temperature range.

The most interesting result of these deposition experi-
ments is the ability to control the growth of the crystalline
HCI hexahydrate HC6H,O at 190K presented as case (b)
is in agreement with results found in the literature (Doiin displayed in Table 4. Figure 10 presents a FTIR absorp-
etal., 2001). tion spectrum corresponding to case (b), where the ice film
The obtained spectra for amorphous HGIHmixtures ~ was doped with 18 HCI molecules at a flow rate of 19
are displayed in Fig. 11 and are in good agreement with thenolec s1. The presence of crystalline H6H,O is charac-
literature (Ritzhaupt et al., 1990). They are characterizederized by the shift and split of the 3230 chpeak repre-
by the appearance of new peaks between 1100 and 1200 agntative of the pure ice OH-stretch, and by the appearance
well as at 1700 cm! and by the broadening of the sharp of sharp peaks at 1644 crhand 1618 cm? discussed above
OH-stretch band leading to a broad absorption around 325@QRitzhaupt et al., 1990). The spectrum of Fig. 10 corresponds
cm L. Ritzhaupt et al. (1990) have identified a stretching to the deposition conditions of case (b) displayed in Table 4
vibration of sO* at 1079 cnt! whereas HO bending and  and reveals the formation of a crystalline ionic hydrate of
H30™ bond deformation modes contribute to the absorptionHCI with ice in agreement with the literature (Koch et al.,
at 1696 cm! in their FTIR absorption spectra. Koch et 1997; Uras-Aytemiz et al., 2001) and with theoretical stud-
al. (1997) attribute a 1250 cm band to the HO™ stretch-  ies (Kroes et al., 1992; Gertner et al., 1996; Svanberg et al.,
ing mode and a 1780 cnt vibration to the HO and KO 2000). We point out that this spectrum has been measured
deformation mode. We therefore follow these assignmentst a time in the film evaporation history that corresponds to
in this work and identify the broad absorption band cen-the time interval given by poin8 andD of the interferogram
tered at approximately 1100 cthin Figs. 10 and 11 with  displayed in Fig. 4 where all of the free water molecules con-
the presence of $0". The sharp absorptions at 1618 and stituting the underlying pure ice film have evaporated. This
1644 cnt! in the case of the HCI hexahydrate (Fig. 10) as explains the importance of the FTIR absorptions attributed
well as the broader peaks centered at 1640 and 1726 cm to the presence of the hydrates compared to the pure ice OH-
in the case of the amorphous HCh® mixture (Fig. 11),  stretch around 3230 cm as all other HO molecules not in-
whose IR bands are broadened throughout the IR absorptionolved in crystalline hydrate formation have evaporated leav-
spectrum in line with the amorphous nature of the absorbering behind the “bare essentials” of the stable crystalline hy-
point to the activity of the bending and deformation modesdrate. The fact that the (almost) unperturbed ice OH-stretch
in HoO and HO™, respectively. Although no proof in it-  at 3244 and 3264 crt (compared to 3230 crit in pure ice)
self, we claim that the significant intensity of these absorp-is still observable at this stage of the evaporation attests to
tions points towards the existence of ionic HCI hydrates ofthe presence of weakly-bound water molecules not involved
the form HROTCI~ being present on ice in the temperature in the formation of the hydrates although both their rate of
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evaporation and condensation are influenced by the presence
of HCI as indicated by their slight shift in the IR absorption
spectrum.

The results are consistent with the fact that HCI hydrates
have a HO vapor pressure that is lower than that of pure 5%
ice although it has not been measured in this work. It is% L0.10
also important to notice that the IR absorption peaks corre-¢
sponding to the presence of HCI hydrates were also observs, . | 1745 .
able down to a dose of 5103 molecules of HCI towards £ \ Lo0.05
the end of an evaporation experiment. This HCI dose cor- /
responds to approximately 10% of a formal monolayer of e
HCl on ice. At the beginning of the evaporation experiment 0.00- -0.00
the crystalline hydrate structure was not apparent perhaps be- 00 3000 2900 2000 1800 1000
cause of the abundance of “pure” ice whose absorption spec- Wavenumber fcm]
trum is centered at 3230 crh (Fig. 10). After most of the
ice film evaporated at the rate characteristic of pure ice th
remaining sample was monitored using the disappearance
the spectral fingerprints of the hydrates as given in Fig. 10.
At this time the average mole fraction of HCl in ice was be-

4 4 . .
tween 16 - 107" and 32 - 10 as indicated by the volume ,anometers of ice whereas in the case of the formation of

of remaining ice monitored by the interferogram for the time 4, amorphous HCI:pD this impact is less which may be an
period betweerC andD of Fig. 4. We are unable at this jngication of the importance of diffusion of HCl in the forma-

point to determine the defining moments of the crystalliza-(jon of the crystalline hydrates. Table 3 qualitatively shows
tion of the HCI hexahydrate. If it crystallized already at the e difference of the impact of the presence of 6O

end of the doping process the sensitivity of the FTIR absorp-(Case (b")) vs. amorphous HCI#® mixture (case (c)) as far

tion spectrometer in transmission may not have been suffing the temporal spacing between the interference fringes that

cient to monitor the characteristic features of the crystallineg,q related to the net evaporation rate efHare concerned.
HCl hexahydrate at 3549, 3471 and 3409 ¢mOn the other 11 4154 shows the difference in spatial extent (volume) of the

hand, crystallization as probed by the appearance of the SharﬂCI/HZO layer discussed above.
hydrate structure in the OH-stretching region may have oc- k. ice films doped with HBr, we have not been able to

curred when most of the pure ice had evaporated and the HGlpserye any spectral changes in the pure ice spectrum except
concurrently concentrated at the interface thus enabling crysg,, 4 broadening of the absorption due to the OH-stretch re-
tallization. This process would closely resemble the crystal-giOn and a shift of the 1641 cm peak as displayed in Fig. 12
lization of nitric acid hydrates (NAT = 3¢0-HNOs, NAD  (gehler et al., 1993). This is assigned to the bending mode
= 2H,O-HNOgs) under laboratory conditions as observed by H»0 which is shifted to 1745 cm upon HBr adsorption
Tolbert and coworkers (Zondlo et al., 2000). and is attributed to the #0* bending mode. This obser-

A surprising case is (C) in Table 4 which indicates the ab-y4tion suggests complete ionization of HBr and is in agree-
sence of crystalline H®H,O and reveals that the formation ., ont with the literature (Barone et al.,1999: Hudson et al.,

of the crystalline hexahydrate depends on the rate of HCI de2001)_ However, similar to the case of HCI, where no spec-

position rather than on the HCI dose. For very low depo-y5 change was observed (case a, Table 4) the presence of

. l
sition rates of less than 1_%) molec s one concludes that g \yas ascertained by the measurement of the decrease of
the diffusion of HCI in ice is presumably faster than crystal- Jw Of H20, as presented in Fig. 5.

lization preventing the formation of the HCI hexahydrate. At

the other extreme of a large deposition rate (case (d) in Ta-

ble 4) formation of an amorphous HCKB mixture is pre- 4 Discussion and atmospheric implications

ferred over formation of crystalline hexahydrate. Whatever

the reason, it seems that at 190K both the crystalline and'his experiment has enabled the separation of the rate or flux
amorphous HCI hydrates may be observed depending on thef evaporation B, or J, and the rate constant for conden-
rate of deposition of HCI on ice. This case is of importancesation kong 0f HoO from pure and doped water ice under
because the change in the net rate of evaporation seems the same experimental conditions. The separate rates and
depend on the presence or absence of crystalline hydrates aspecially their temperature dependence have shed light on
displayed in Table 3, cases (c) and (b’). More importantly,a complex adsorption/desorption mechanism as evidenced
the formation of these crystalline hydrates observed by FTIRby the negative temperature dependence @f,kas has
absorption spectroscopy has a large impact on the rate dbeen pointed out by Etkiger et al. (2003). The resulting
H»O evaporation for a sample comprising the last 100 to 200value for the enthalpy of sublimation of,® from pure wa-

Br-doped ice (black, right scale). Both traces are rescaled for leg-

{(ig. 12. FTIR absorption spectrum of pure (grey, left scale) and
?bility. The ice film is doped with an unknown amount of HBr.
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ter ice deduced from Arrhenius expressions given above isorption/desorption mechanism as has been discussed in the
AHsupl =Eop—Econd = 119 &+ 2.7 kcal mol® which is in literature (Chaix et al., 1998; &tkiger et al., 2003). The de-
good agreement with values found in the literature (Haynescrease of both R and kongin the presence of HX therefore

et al, 1992; Fraser et al, 2001, Koehler, 2001). In contrast tanay imply a modification of the ice surface at atmospheri-
most other results found in the literature, we assert th@ H cally relevant conditions. Indeed, cases (b) and (c) of Table
condensation on ice has a small negative activation energy lead to an average mole fraction of HCI in art thick ice

in the range studied (190-240K). The study of Rlone is  film of xxc = 2 to 4- 107° for 5- 103 to 1. 10'4 adsorbed
therefore a necessary, but not sufficient condition to assesdlCl molecules. These concentrations represent lower limits
AHg,p; or the binding energy of D on ice at temperatures and may be higher by at most a factor of four if one allows
in excess of 190K, as has been repeatedly done in the pabr the evaporation of 50 and 75% of the pure ice in the sam-
(Haynes et al, 1992). For HCI-doped ia¢gyp = 11.2+-2.8 ple that is not affected by the presence of HCI as displayed
and for HBr-doped icé\Hsyp = 11.7 + 2.8 kcal mot1, the in Table 3 for the amorphous and crystalline HCI hydrate,
latter of which is in good agreement with Hudson et al., 2001.respectively.

AHgypr is independent of the presence of HX in the given In most cases the modification of the ice is observable
concentration range and equal &Hsyp(pure ice) within by FTIR spectroscopy as displayed in Figs. 10 and 11
experimental uncertainty in agreement with theCHvapor  and clearly shows the importance of the deposition condi-
pressure being that of ice even for the HX-doped ice samplesions, even for atmospheric conditions according to the re-
in the given concentration range. However, a small coun-sults displayed in Table 4. Type Il polar stratospheric (ice)
terintuitive decrease of & may be noted in the sequence clouds have been found on occasion in stratospheric air much
pure ice-HCl/ice>HBr/ice which is offset by a preexponen- warmer than the ice frost pointck (Deshler et al., 1994). A

tial factor whose trend counteracts that @f EThe constant  particularly pertinent observation has been made by Deshler
value of AHgypis consistent with the fact that the vapor pres- et al. from a balloon-borne sounding of arctic stratospheric
sure of BO is independent of the amount of adsorbed HX in air when large ice particles with radii in the range 1%

the range of 18 to 10'> molecules deposited on a 0.782m have been observed surviving for hours at temperatures sev-
ice film. These conditions lead to low concentrations of [HX] eral degrees (3-10) abovgd. These observations and others
in our experiments with an upper limit fofyc) = 1.2- 1072 (Goodman et al., 1997) have led to the hypothesis that a NAT
which is valid in the case of an ice sample a few tens ofcoating around the ice particle prevented rapid evaporation
nanometers thick corresponding to pokatof the interfer-  of ice that would occur on the time scale of a few minutes
ogram and displayed in Fig. 4. in the absence of the NAT coating. In light of the present

The unexpected stability of the vapor pressure efOH results it may be asked whether the existence of a crystalline
above the ice film in the presence of HCI follows the ob- NAT coating may be required for the decrease of the evap-
servation made in previous experiments concerning the proeration rate of HO or if simply the presence of adsorbed
longation of the lifetime of ice particles due to a NAT-coating HNOs3, perhaps as amorphous HjB,0O mixture (Zondlo
(Biermann et al., 1998) in which no change of thegCHva- et al., 2000) may already be a sufficient requirement. This
por pressure was observed. However, Biermann et al. rehypothesis begs the question as to the mole fraction or abso-
port the observation of the net rate of evaporation of purelute concentration of HN@required to lead to an effective
ice and NAT/ice films and conclude that both rates are iden-decrease of the net evaporation rate.
tical within experimental error which differs from our con-  The results displayed in Fig. 5 that are expressed in the Ar-
clusions on R, and kongon pure, HCI- and HBr-doped ice. rhenius expressions given above for the net rate,@ Evap-
Their work also leads to $0 mass accommodation coeffi- oration from pure ice and ice contaminated by adsorbed HX
cients that are in the range 0.025 to 0.05 which is at leasamount to a decrease of Rand kongby a factor of 5to 6 and
an order of magnitude smaller than recent measurements obb for HCl and HBr adsorption in the indicated concentration
ice, including our work (Chaix et al. 1998;ikikiger et al., and temperature range, respectively. These results have been
2003). Most likely transport limitations of #D owing to the  obtained under conditions of molecular flow in the interest
used high total pressure corresponding to a mbar or so led tof separating the individual rates of equilibrium (3) and cor-
these results at variance with all other experiments to date. respond to a relative humidityz of a fraction of a percent.

In our work, the decrease of the pre-exponential factor ofHowever, owing to the fact that the measured equilibrium va-
the rate of evaporation of water from ice by 2 and 3 orderspor pressure of LD does not change upon adsorption of HX
of magnitude for HCI and HBr, respectively, is consistent the relative decrease in.Rand kongis independent of rela-
with previous results found in the literature (Hudson et al., tive humidityrh because the net rate of evaporatidRy =
2001) and represents the most significant effect of HX onkcondH20] (rk-1) is a linear function ofh and affects the
the H,O evaporation from ice and thus on the lifetime of net rate of evaporation of pure ice and ice contaminated with
atmospheric ice particles. The observation of the negativeHX to the same extent. Therefore, the ratiof the net rate
temperature dependence qbkg implies the presence of a of HoO evaporation from pure ice compared to HX doped ice
surface-bound precursor for adsorption, hence a complex adgiven in Eq. (5) and the relative decregéef the net rate of
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H20 evaporation upon doping of ice with HX displayed in tical to the equilibrium vapor pressure In such a system
Eq. (6) are independent of the relative humidity the one temperature of the condensed phase as well as the

_ L HX _ pHX chamber walls control &. The corresponding #0 concen-
r = keond/ keond = Rey/Rev ©) tration, [H20], is equalqto the molecular density given by
f = kBX — keond) / kcond= (REX — R.y)/Rey (6)  equations (7) and (8) when either the ratejRor the flux

Jev) Of condensation and evaporation of®l in the pres-

nce of ice, respectively, are expressed in terms of true chem-
ical equilibrium between the #0 gas and condensed phase,
amely

where the symbols with the superscripts correspond to th
kinetic constants pertaining to HX doped ice samples.

The significant effect of HX deposition on.Rfrom ice n
may also be seen in HeNe interferograms shown in Fig. 4
and summarized in Table 3, and has been observed in tw?g|
other studies of the condensed phase, one for HBr (Hudson
etal., 2001), the other for HCI (Krieger et al., 2002). Our val-

kecond
20(9) —  Hz000).

ues for HBr are consistent with those in the literature (Hud- Ry, = yw[H,0] with o = (c(T))é (7)
son et al., 2001) and may lead to a surprising increase of the 4v

lifetime for an ice particle. For HCI, Krieger et al. report a (c(T)) ) As

decrease of the net rate of evaporation @OHrom ice of ~ Jev=y—,—[H20] with  Rey = Tevs, (8)

only 30%, whereas we observe a decrease of a factor of 2

to 15 depending on the structure of the HCl/ice surface ac- [N Egs. (7) and (8), w, (c(T)), As andV are the uptake
cording to Table 3. The increase of the lifetime of a1~ coefficient, the gas-surface collision frequency, the mean
thick ice film in the presence of HX may be extrap0|ated to molecular VelOCity, the geometrical area of the substrate and
the case of Cirrus clouds. As Cirrus cloud particles are largethe volume of the reaction system, respectively.

they may be approximated by bulk substrates so that the re- B) In practice, however, o and [HO] are measured in
sults obtained in this study may be transferable to the case o experimental system where the condensed phase is at low
PSC's type Il such that HX-doped ice particles should havetemperature and whose walls are at ambient temperature. In
an increased lifetime in the presence of HX depending on théhis case the condensed phase at low temperatyfeafid
amount of HCI adsorbed. They should thus be more availthe chamber walls at ambient temperature;)(both con-
able for heterogeneous reactions and so be more effectivé0l P10 and [HO], both of which do not correspond to

in ozone depletion processes as discussed in Solomon et athe equilibrium vapor pressuredand the equilibrium HO
1997. The importance of the decrease of the net rate of evag=oncentration, [HO], respectively. The former situation A)
oration of atmospheric ice particles will depend on the dosecorresponds to true equilibrium between the cold target and
of adsorbed HX which in turn depends on the length of ex-the cold chamber walls without ambiguity, except that this
posure to air masses containing HX. The HCI concentrationdS @ hypothetical situation rarely encountered in performed
amounts to approximately 10% of that for HyY@s a lower experiments. Conversely, the often encountered situation B)
limit based on the inorganic halogen budget compared to af#mplies that collisions of gas at ambient temperatuxg(fot
absolute HN@ concentration of roughly 10 ppb. The atmo- 9as) occur with a target (ice) at in which case R,o and
spheric HBr concentration is significantly smaller, probably [H20] are given by two temperatures;Bnd T.. The mea-

on the order of a few ppt. The present work clearly showssured partial pressure of2®, Pneas and the measured con-
that already a monolayer or two of adsorbed HCI may sig-centration of HO, [H20]meas may be calculated by postu-
nificantly slow down the HO evaporation rate of ice over a lating that the equilibrium conditions given in Egs. (9) and
large volume corresponding to a layer thickness of 250 nm of10) hold thus implying no net growth or loss of the quantity
more. It suggests that stoichiometric formation of crystalline Of the condensed phase at.T

hydrates such as NAT or NAM requiring large amounts of (e(TL)) (c(Th))

HNOz may not be necessary in the case of HX molecules adJev = v 7 [H20] =y [H20]meas 9)
sorbed on ice. For HBr the smaller atmospheric abundance

may be offset by the larger effect on the® evaporation _ {c(ML)) Peq _ (c(TH)) Pmeas 10
rate as far as lifetimes of HBr-contaminated ice particles are’® ="~ 4 r1, ' 4 RIn (10)

concerned. ) )
This means that the constraint of no net change of the

quantity of the condensed phase adjusts the measured values
Annex A: The partial pressure of H,O over ice measured  of Py,0 and [HO] according to Egs. (11) and (12) corre-
in a chamber at ambient temperature and under molecu-  sponding to an apparent equilibrium measured under realistic
lar flow conditions experimental conditions of steady state.

A) The partial pressure of #D over ice, R0, at typically L\ Y2
i isi r{HZO]meaSZ [H20] | — (11)
200K measured in a vessel of the same temperature T is ide Ty
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TH 12 effect of these gases on the evaporation rate of the crystals, Atm.
Prmeas= Peq e (12)

. Res., 47/48, 235-244, 1998.
Domirg, F. and Xueref, I.: Evaluation of depth profiling using laser

Equations (11) and (12) show that both &@nd Ty control resonant desorption as a method to measure diffusion coefficients

the measured experimental quantitiese&2and [HOlmeas in ice, Anal. Chem., 73, 4348-4353, 2001.

Equations (7) and (8) imply that for| T< Ty, [H20]meas Fluckiger, B. and Rossi, M. J.: Common precursor mechanism for
< [H20] the equilibrium concentration of #D at T., and the heterogeneous reaction 0$®@, HCI, HBr and HOBr with
Pmeas> Peg, the true equilibrium vapor pressure at.TIn water ice in the range 170-230K: mass accomodation coeffi-
the hypothetical case that the rate constant fe®donden- cients onice, J. Phys. Chem. A, 106, 41034115, 2003.
sation,(y)(w), were independent of temperature ofPlmeas Fraser, H. J., Collings, M P., McCou;tra_, M. R._S., and W|II|am§, D.
= [H20] and Rneas= Peqe(TH/TL) Would result as expected. A.: Thermal desorption of water ice in the interstellar medium,

Mon. Not. Astron. Soc., 327,, 1165-1172, 2001.
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