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The dynamics of argon atom collisions with water ice at-1180 K is investigated using molecular beam
experiments and molecular dynamics simulations. Initial argon energies of 0.065 to 0.93 eV and incident
angles of 0 to 70are used, and directly scattered and thermally desorbed atoms are separated by angular-
resolved time-of-flight measurements. For thermal incident energies the scattering is almost entirely due to
trapping followed by thermal desorption. For higher energies direct inelastic scattering is observed, and the
scattering channel is favored by a high initial energy, a large incident angle and a high surface temperature.
Results from simulations are found to agree well with experimental data, although the simulations overestimate
the energy transfer by approximately 10%. The results confirm that Ar collisions with ice surfaces are highly
inelastic and characterized by very effective transfer of energy to surface modes. This indicates that molecules
with a mass similar to Ar will trap on the surface of water ice particles with a high probability under
stratospheric conditions.

1. Introduction found to be entirely dominated by trappindesorption for
kinetic energies below 0.3 eV. Inelastic scattering was observed

Ice particles play an important role for the chemistry of the ; e : . . - -
T ~__at higher incident energies, with a direct scattering probability
atmosphere by providing surfaces where heterogeneous reactions - . .
) feaching 23% at 0.75 eV. The molecules in the scattering
may proceed. They may also act as a sink for molecules andchannel lost up to 85% of their incident energy in the surface
thereby alter the gas-phase concentrations. One important P 0 gy

i : - collision. Molecular beam scattering has also been used to
example is the seasonal depletion of ozone in the stratosphere 9

. . . . determine the sticking probability for molecules on water ice
over the polar regions, where the inactive reservoir molecules

surfaces. Brown et dldetermined a sticking coefficiert, of
HCI and CIONQ are converted to Gland HOCI on strato- ) . e e
spheric ice particles. These species are photolyzed when theo'ggi 0.03 for KO on ice, independent of incident kinetic

L . ; energy (0.041.7 eV) and incident angle {070°). Rieley et
f;(;‘icgéum; ?uégiqrfgr:%; g@té?ﬁ ;fg'nng' which produces Cl al® measured sticking coefficients of 0.950.05 for HCI and

. . 1.00+ 0.05 for HBr using thermal molecular beams colliding
The collision and accommodation of molecules on a surface

is the first step in any heterogeneous process. Durin acollisionWith ice at 86-130 K, and Isakson and Sttobtaineds, =
. ) P y 9 P ' Y . 0.91+ 0.06 for HCl onice at 126125 K. Related to the work
with an ice surface a molecule can trap on the surface, directly

: on scattering from ice surfaces are the experimental studies of
scatter back into the gas phase, or perhaps penetrate the surfactﬁe accommodation of molecules on large water clusters by
and diffuse into the bulk of the ice. Trapped molecules may

. : Whitehead and co-worket§:12
thermally desorb from the surface, diffuse in the surface layer ) ) ) )
or into the bulk, or form chemical bonds. Scattering from single- Molecular dynamics (MD) simulations have also been carried
crystal surfaces has been studied extensively during the pasPUt for a few moleculeice systems. Classical MD simulations
40 years using molecular beam techniqt@syhile scattering ~ ©f HCI and HOCI colliding with ice surfaces by Clary and

from molecular surfaces, such as ice, has not been studied td<foes* gave unity sticking coefficients under thermal condi-
the same extent. tions. The same result was obtained from a mixed quantum-

Glebov et af and Braun et al.scattered He atoms from  classical treatment of HCI on ice by Wang and Clein recent
crystalline ice surfaces grown at 125 K. Diffraction measure- MD study of Al-Halabi et ak> showed that HCI may penetrate

ments at a surface temperature of 30 K showed enhancedine ice surface at high incident energies and small incident
. . . . 6 i
vibrational amplitudes at the surface and a large multiphonon angles. Bolton et &l have recently performed classical MD

background, which are consistent with dynamic disorder and a Simulations on Ar scattering from ice and found that the initial
large accommodation coefficient at the surface. Gotthold and Kinetic energy is effectively taken up by the surface and rapidly

Sit7 studied the scattering of Nrom ice at 108-150 K with removed from the impact site. Bolton and Petter$bave also
state-resolved detection of the flux from the surface. For beam characterized the trappirglesorption and thermal surface

incidence in the surface normal direction, the outgoing flux was Penétration channels and found that up to 36% of the argon
atoms penetrate the ice surface and diffuse into subsurface

* To whom correspondence should be addressed. Teleph#@:31.772 interstitial sites as a result of thermally produced disorder in
28 28. Fax: +46.31.772 31 07. E-mail: janp@phc.chalmers.se. the topmost ice bilayer. The trappindesorption channel could
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atoms translational energies of 0.065, 0.43, and 0.93 eV. In the

%ﬁ;;m case of pure argon, the source pressure is kept at 1.6 bar in
order to avoid clustering (dimers 0.6% of monomers), whereas
clustering is negligible at pressures below 9 bar for the gas
mixtures. The beam enters the third chamber thincad mm

®. aperture. This chamber is pumped by three turbomolecular
L o @ I N pumps (total pumping speed: 900 L/s), one liquid helium
@“‘??"-"5@ o (:) pumped cryostat (pumping speeds;, ¥60 L/s; HO, 6800 L/s;
Ar, 370 L/s), and liquid nitrogen cooled surfaces (0.1%9.rfihe
Pulsed source &1/ upper part of the third chamber consists of a differentially
opper )
pumped rotatable flange. On this flange a quadrupole mass

spectrometer (QMS) (ABB Extrel, model MEXMO0500) is
Lc;a Vj:trfea:cvea ;gz%gf’?g_smbar) positioned. The mass spectrometer'is differentially pumped by
_ _ ) ) a 270 L/s turbomolecular pump in order to decrease the
Elsgeudreinl'thé Se‘;*;)ee”r“ifntgnrtesp’ese”ta“on of the surface scattering apparatushackground signal of argon. The pressure in this differentially
' pumped chamber was typicallyd 10-° mbar during scattering
be described by first-order kinetics, with a rate constant of 2.1 e_xperlments. For beam measurements, the QMS can be posi-
x 1010 s1 at a surface temperature of 180 K. tioned bo_th 397 and 783 mm doyvnst_re_am from the chgpper by
These previous studies show that trapping or sticking coef- 180 rotatlon of the tqp flange. This eliminates systematic errors
ficients are, in general, very high for molecular collisions with du€ to the flight time in the quadrupole and the chopper opening
ice surfaces. Surface modes are efficiently excited at impact, iMe, giving more accurately determined velocities. The rotation
which leads to a large energy loss for directly scattered Of the top flange makes it possible to perform time-of-flight
molecules. The available experimental information is, however, Méasurements in different surface scattering directions in the
rather limited, and there is a need for additional experimental Plane defined by the beam and the surface normal. The atoms
data in order to improve the understanding of the dynamics of €Nter the ionizing part of the QMS througa 3 mmorifice
molecule-ice interactions. In this paper, we present experi- Positioned 180 mm from the surface, which gives an angular
mental results from molecular beam experiments of argon atom fésolution of less thag:1.5°. The atoms are ionized by electron
scattering from crystalline ice. A newly developed experimental Pombardment from a filament, positioned 193 mm from the
setup allowed us to perform experiments in the temperature 9raphite surface. The mass-filtered ions are detected and the
range 116-180 K, close to the temperatures of relevance to Pulses from the electron multiplier are counted and stored on a
stratospheric chemistry=( 185 K). Angular-resolved time-of- ~ Multichannel scaler with a dwell time of 15, and typically
flight distributions are measured for different incident kinetic 10 000 pulses are fired.
energies (0.065, 0.43, and 0.93 eV) and incident angles (0 A cylinder with a diameter of 90 mm is mounted on the
70°), and the experimental data are compared with classical MD bottom of the third chamber. A surface holder which is mounted
simulations. Argon has a concentration of about 1% in the on a five dimensional surface manipulator (three translations
atmosphere, and is not in itself of great importance for the and two rotations), is positioned inside the cylinder. Ax422
heterogeneous chemistry in the atmosphere. However, the massam graphite surface (Advanced Ceramics Corp., grade ZYB)
of argon, 40 amu, is similar to the masses of other molecules is mounted on the manipulator. The surface holder can be cooled
present in the atmosphere such as HCI (36 amu) and HOCI (52by liquid nitrogen and heated by irradiation, giving a surface
amu). The mass of the molecule is a critical factor for the temperature range of 186050 K with fluctuations less than
efficiency of energy transfer and trappitfgand the Ar-ice 0.2 K. The temperature is measured by a thermocouple clamped
system serves as a model for more complex molecular systems7 mm from the surface center. A slit opening (height: 7 mm,
width: 200 mm) in the cylinder allows the argon beam to
2. Experimental Section impinge on the ice surface and the scattered atoms to reach the
2.1. Scattering Apparatus.The Ar—ice scattering experi- detector. By introdycing the cylinder we can maintain a low
ments are performed in a vacuum apparatus designed to workPressure in the third chamber ¢4 107 to 1 x 10°7 mbar)
at ice surface temperatures up to at least 180 K. It is illustrated While the ice surface is surrounded by a high partial water vapor
in Figure 1. A pulsed solenoid valve molecular beam source Pressure £ 3 x 107> mbar).
(General Valve) is positioned in the first chamber and mounted 2.2. Ice Surface Buildup. Ice surfaces are prepared by
on a manipulator allowing-, y-, andztranslation for accurate  deposition of water vapor, which was introduced to the surface
alignment. Molecules expand through an orifice with a diameter through a leak valve. The water was of Millipore quality and
of 0.2 mm, and pulses of typically 226 duration are generated stored in a stainless steel container. It was further purified by
at a frequency of 60.7 Hz, giving a pressure ef@lx 1074 several freezepump-thaw cycles. The water vapor pressure
mbar in the first chamber. The first chamber is pumped by a around the surface was adjusted so that an ice surface on the
3000 L/s oil-diffusion pump backed by an 80 L/s roots pump graphite substrate was built up at a speed of about 2 monolayers
followed by a 30 nh two-stage rotary-vane pump. The flux per second (ML/s). The initial ice surface buildup was always
generated by the pulsed source enters the second chambeperformed at a temperature of 150 K, which produces stable
through a skimmer with an opening of 0.5 mm. The pulses are crystalline ice I. Ice | exists in two forms, cubic and hexagonal
chopped in the second chamber by a rotating disk with two ice® of which the hexagonal phase is the most thermodynami-
slits (3.3% duty time) in order to select the central part of each cally stable form at all temperatures, but often cubic ice is
pulse. The chopper is rotated at 182 Hz and synchronized withinitially formed at a temperature of 150 R.Two important
the pulsed valve, giving square wavelike beam pulses with a factors that determine the type of ice formed are the deposition
width of 90 us. Three different gas mixtures are used: Pure rate and the substrate used for initial condensation. The relatively
argon, 5% Ar in He, and-2% Ar in H,, which gives the argon  fast deposition rate used for ice buildup in this study makes it
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likely that cubic ice is produced at temperatures of 150 K and the Verlet algorithm modified for rigid body motic.A step
below during the time of our measurements. The surface andsize of 6 fs was used. In the absence of temperature coupling
bulk structures of the two phases are, however, very similar. energy was conserved to four significant figures. The-ike

The ice thickness is measured by detecting the reflectancecollisions were initiated with the Ar atom locatedlO A above
of a laser beam (1 mW, 670 nm diode laser) directed at the the thermalized surface, where the-Ace intermolecular force
ice/graphite surfaces with an incident angle dféth respect is zero. The Ar was randomly placed at any point above the ice
to the surface normal. The sinusoidal intensity profile of surface and propagated toward the surface with a specified initial
scattered light during ice buildup was recorded by a diode and energyE; and incident anglg);. Ensembles of at least 3200
used to deduce the ice thickn@8#fter condensation of about  trajectories were propagated, where each trajectory simulated a
400 ML, the water pressure is decreased to give a condensatiomew Ar—ice collision. Scattering trajectories were terminated
rate of about 0.5 ML/s. This condensation rate is maintained when the Arice separation increased to 10 A after a collision.
during surface scattering measurements to exclude any con-Nonscattering collisions were terminated when the-ise
tamination by residual hydrocarbons or carbon monoxide. When energy was less than the Aice well depth and the Ar molecule
ice surface temperatures of 110 K are required, the water inlethad a thermal kinetic energy. At this stage, the Ar was
is turned off before cooling the ice surface from 150 K. This considered to be trapped on the surf&&€he ensemble results
prevents formation of an amorphous ph&sdleasurements  were analyzed to get trapping probabilities, angular scattering
were performed to ensure that the scattering intensity was notdistributions and distributions of the final Ar enerdy, The
affected by impurities during the time span of the experiments. methods used for the analyses have been described previbusly.
Ice surfaces at 180 K are prepared in a different way: An ice
surface is initially constructed at 150 K as explained above. 4. Results
_The water pressure and surfac_e temperature are ther_r increased 4 1. Experimental ResultsWe have studied the dynamics
in steps,_untrl a stable surface is obtained at 181 K. Frrrally the of argon collisions with crystalline ice by varying the argon
surface is cooled to 180 K, giving a surface construction rate incigent kinetic energy, surface temperature, and incident angle.
of about 2 ML/s. Attempts to start the ice surface construction Figyre 2 shows time-of-flight spectra of argon scattering from
at 180 K resulted in a highly diffusive light scattering and a g jce surface at 150 K with an incident kinetic energy of 0.43
large decrease in measured Irght.lntensrty,.whrch made it drff_rcult eV. The incident angle was 7Qwith respect to the surface
to monitor the ice surface buildup. This decrease in light normal, and data are displayed for five different scattering
scattering has been studied previotnd has been interpreted  girections. The spectra show a sharp and fast peak on top of a
as being due either to cracking of the ice or the conversion from proader and slower component. The relative intensity of the two

cubic to hexagonal ice. components changes substantially with scattering angle; the fast
) . peak dominates at large scattering angles, while the slower
3. Simulation Methods component increases when moving toward the surface normal

direction. The distribution af; = 0° is essentially the result

expected for thermal desorption from the 150 K ice surface,

surface (PES) used to simulate the traiectories is describedand the same result is observed in backward scattering directions
( ) J (not shown). The data have been fitted by a sum of two

elsewheré® The HO molecules are rigid and their pairwise ; ding to t . i d direct
intermolecular interactions are represented by the TIP4P po__componen s corresponding to trappifiesorption and direc

tential23 The Ar—ice interaction is the sum over all AiH,0 inelastic scattering. The velocity distribution for thermally

interactions, where each interaction is approximated by an desorbed atoms is
isotropic Lennard-Jones & potential with a well depth of

The experimental studies have been complemented with MD
simulations of Ar scattering from ice. The potential energy

— 2 2
0.015 eV and an ArH,O minimum energy separation of 3.37 Frp(v) = cv” exp(—mv/2kgT,) 1)
A. An isotropic representation of the interaction is expected to ) . ) . .
be valid for the Ar-H,O collision energies investigated héfe? wherew is the velocity,c; is a scaling factorm is the argon

but a nonisotropic PE28would be required for higher energies. mass, andly is the temperature. The velocity distribution of
All intermolecular potentials are multiplied by a switching the inelastically scattered atoms has the form
function, which smoothly adjusts the intermolecular forces to
zero for separations larger than 10 A. Fis(v) = czv2 exp—m(v — UO)Z/ZKBTZ) (2)
Collisions between Ar atoms and the basal (0001) plane of
an infinitely large ice Ih surface were simulated using an ice wherec; is a scaling factoryg is a drift velocity andT, is a
slab with periodic boundary conditions in the surface plane. The temperature describing the width of the velocity distribution.
ice slab, which comprises 8 bilayers with 96 water molecules The distributions take into account that the mass spectrometer
in each bilayer, is based on the optimized hexagonal structureis density sensitive. The sum of eqs 1 and 2 has been fitted to
determined by Hayward and ReimérsThe ice surfaces were the experimental results by varyir@, ¢, vo, and T,, while
thermalized at 110, 150, or 180 K by integrating theOH keeping T1 constant at the surface temperature. The beam
molecular coordinates for at least 500 ps. This is sufficient time intensity profile at the surface has a width of about 4Z80and
for convergence of the rotational and vibrational temperatures, this has also been taken into account by convoluting over the
and allows for reconstruction of the top surface bilaya’hen beam profile. The fitted distributions obtained from eqs 1 and
integrating the trajectories the molecular positions of the lowest 2 and their sum are included in Figure 2. The excellent
two (seventh and eighth) ice bilayers were fixed to maintain agreement between fits and experimental data is typical for all
the ice Ih bulk structure. The molecular coordinates of the conditions used in this paper.
adjacent (sixth) bilayer were integrated using the Langevin  The quality of the fits to the experimental data indicates that
equatior?® which approximately includes frictional and sto- the surface residence time is negligible under the conditions
chastic coupling of this bilayer with the bulk ice. The water used in this study. Based on the experimental time resolution,
molecules in the five uppermost bilayers were integrated using we conclude that the residence time is below.30dor all cases
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The results from time-of-flight spectra have been used to

70° | 6, | construct angular distributions for the direct scattering and
j \(')/ trapping-desorption channels. The angular distributions ob-
1 - ICE (150 K)

tained experimentally have also been transformed into a flux

L in order to compare with the results from molecular dynamics

simulations (see below). Data for the same conditions as in
Figure 2 are shown in Figure 3a. A cosine angular distribution

is, as expected, obtained for thermally desorbed atoms. The
distribution for directly scattered atoms peaks close to the

specular direction, but is broad and extends toward the surface
normal direction. Figure 3b shows the average kinetic energy
1 I 3 of the inelastically scattered atoms. The atoms lose &%

' of their incident energy during surface contact, and energy
transfer depends sensitively on the scattering angle. The fastest
atoms recoil at angles close to the surface tangential direction,
and the final kinetic energy then decreases when going toward
the surface normal direction, indicating that atoms do not
conserve momentum parallel to the surface.

Angular distributions observed using incident energies of
0.065, 0.43, and 0.93 eV are compared in Figure 4a. For the
lowest (thermal) energy, no directly scattered atoms could be
resolved in the experiments and the flux from the surface is
well described by a cosine distribution due to trapping
desorption. For the higher energies, the inelastic scattering
intensity increases and, when going from 0.43 to 0.93 eV, the
distribution width decreases. Figure 4b shows that energy loss
is even more dramatic for an incident energy of 0.93 eV,
increasing from about 50% at large angles to 90% for backward
scattering angles.

The effect of incident angle has been studied for a kinetic
energy of 0.43 eV and a surface temperature of 150 K. As seen
in Figure 5, the trappingdesorption probability increases for
smaller incident angles. The inelastic scattering distributions
become very broad for incident angles of 20 and, 4md the
energy loss is even more pronounced and shows less dependence
on scattering angle than observed &r= 70°. The effect of
surface temperature on the scattering from crystalline ice is
shown in Figure 6. The angular distributions observed for
surface temperatures of 110, 150, and 180 K have similar shapes,
but the inelastic scattering intensity is larger for a temperature
of 180 K. There are no large differences in the angular-resolved
final kinetic energy between the three cases, as shown in Figure
6d—f.

We have also measured the trapping probability for Ar (0.43
eV) as a function of incident angle. The trapping probability
cannot be determined directly by comparing the flux in the
trapping—desorption and direct scattering channels, since the
out-of-plane distribution is not known for the inelastically
scattered component. The trapping probability was instead

Scattering angle, 6;:

Intensity (arb. units)

0.5 1.0 15 2.0 25 determined in the following way: time-of-flight spectra mea-
. sured at a scattering angle of°4@ere used to determine the
Time (ms) flux in the trapping-desorption channel (normalized to the beam

Figure 2. Time-of-flight spectra for 0.43 eV Ar scattering from ice. flux). This flux was then _C‘?T“pared with the flux obtained fpr
Experiments ©), fit (—), inelastic scattering -(-), and thermal ~ Ar scattering with an initial energy of 0.065 eV (again
desorption £ — —). The surface temperature was 150 K and the normalized to the beam flux), where the trappiugsorption
incident angle 7@ The scattering angles are indicated in the figure. probability is unity. The ratio between these fluxes gives the
The beam measurement is obtained by moving the surface out of thetrapping probability. Figure 7 shows that the trapping probability
it;]iiﬂggcsocogizng]nedz tg elastic scattering. The dashed vertical line igg always high with a maximum value of 0.85 at normal
9 ye. incidence, which decreases to 0.60 for an incident angle of 70

investigated here. MD simulatiolshave shown that for a 4.2. Comparison With Molecular Dynamics Simulations.
surface temperature of 180 K, 99.9% of all trapped Ar atoms In Figure 3, experimental and simulation results are compared
leave the ice surface within 0.3 ns after surface impact. Thesefor Ar (0.43 eV) scattering from the ice surface (150 K) with
short residence times cannot be resolved experimentally in thisf; = 70°. Thirty thousand trajectories were calculated for these
study. conditions. Figure 3a shows simulated angular distributions for
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Figure 3. (a) Experimental angular distributions for thermal desorpt®ngnd inelastic scattering), and MD simulations using an out-of-plane
window of £10° (a) and+90° (a). A cosine distribution ++) is included for comparison. The results are also shown as a polar plot (inset). The
MD-simulated distribution is area normalized to the experimental inelastic distribution. (b) Average translational energy of the ineleatteatlgl s
atoms, experiments)), and MD simulations using an out-of-plane window#10° (2) and+90° (A). The dashed horizontal line corresponds to
2kgTs. The conditions are the same as in Figure 2.
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Figure 4. (a) Angular distributions for three different incident energies: 0.065, 0.43, and 0.93 eV. The incident angl€ aad & ice surface
temperature was 150 K. The experimental intensities are normalized to unity for thermal desorption in the surface normal direction. (b) Average
energies for inelastically scattered atoms. Fthermal desorption, IE= inelastic scattering, and MB- molecular dynamics simulations. The
incident kinetic energies are indicated in the panels.

two different choices of the out-of-plane windowt:10° and the simulations continue to overestimate energy loss to the
+90°. Of the total 30 000 trajectories, 11% scatter inelastically surface (Figure 5de). Comparisons made at different surface
within the £10° window and 30% scatter withif:90°. These temperatures (Figure 6a&) again show qualitative agreement
two out-of-plane windows give very similar angular and average between experiments and simulations. A detailed comparison,
kinetic energy distributions, as shown in Figure 3b. We have however, shows that the simulated angular distributions become
therefore chosen to use all scattered trajectotie®)) for other broader with increasing surface temperature, which may be
conditions where about 5000 trajectories were simulated. The explained by an increased thermal movement of the surface
simulated angular distributions in Figure 3a show the same molecules, while the opposite trend is found experimentally.
qualitative features as the experimental data, but the widths of The trapping probability is found to be slightly higher in the
the simulated distributions are somewhat smaller and the peaksimulations, as illustrated in Figure 7, which is consistent with
is slightly shifted toward the tangential direction. The thermally the higher degree of energy transfer in the simulations.
equilibrated atoms in the simulations are not included in the
results in Figure 3. The simulated energy distributions in Figure 5 concluding Remarks
3b also show the same trend as the experimental data, with a
decrease in scattering energy when moving toward the surface To summarize, the results for argon scattering from water
normal direction, but the simulations slightly overestimate the ice show that the surface collisions are highly inelastic, and
energy transfer for all scattering angles. that thermal desorption dominates for incident kinetic energies
The simulations reproduce the qualitative effect of incident below 1 eV. For thermal kinetic energies the trapping probability
kinetic energy on the angular and velocity distributions. The is essentially unity, while a direct scattering channel opens at
results for a kinetic energy of 0.93 eV, given in Figure 4, show higher incident energies. The energy loss to the surface is
the same deviations from the experimental data as observed foisubstantial for the direct scattering channel, reaching values of
0.43 eV. For the lower translational energy of 0.065 eV, 4% up to 90% depending on the collision conditions. The energy
scatter inelastically in the simulations while no direct scattering loss is largest perpendicular to the surface, but also the energy
was observed experimentally. As shown in Figure-bawhen loss parallel to the surface plane is large under all conditions
the incident angle is decreased to 20 and, 4Be angular studied here. The efficient uptake of energy by the surface is
distributions are well reproduced by the MD simulations, while also consistent with the large trapping probabilities observed.



2686 J. Phys. Chem. A, Vol. 104, No. 12, 2000 Andersson et al.

03] a) 20° d) 20° o0
0.2 .
] 0.1
0'1_- \—o—o—o M
0-0‘5 T T t T M i 1 T T L) 1 T T T L] L] T T :0-0 >
£ 037 b) 45 e) 45° 02 S
5 8
g 0.2] [ @‘g
E I ~ @
5 0.1 . o
L. i <
0-0: T 7 LI 1 M 1 M 1 v 1 LA LN 1 :0.0
031 ¢) 70° 0.2
0.2 [
] 0.1
0.1 I
0.0+ l — l : 0.0

.80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 20 O 20 40 60 80
Scattering angle (degrees) Scattering angle (degrees)

Figure 5. (a—c) Angular distributions for three different incident angles: 20, 45, arfd TBe incident energy is 0.43 eV and the ice surface
temperature is 150 K. Thermal desorptia®) (@and inelastic scattering: experimen€) (@nd MD simulations ). (d—f) corresponding average
energies.

The results are consistent with earlier studies of ice surfacesco-workers?>33although the degree of energy loss is larger in
concerning the large probability for molecular trapping and the present case.
sticking. In particular, the data agree well with the results for ~ The MD simulations of Ar atom collisions with ice show
N, scattering from ice by Gotthold and SkzFor normal qualitative, and in some cases semiquantitative, agreement with
incidence, they observed an energy loss of 85% for inelastically the experimental angular distributions. The simulations also give
scattered molecules and a trapping probability of 0.77 for an the same trends as experimental data concerning energy transfer,
incident energy of 0.75 eV, in good agreement with the but systematically overestimate the degree of energy transfer
corresponding data for the Aice system. Previous MD by 10-20%. The current study supports the collision dynamics
simulation3® have also shown that the trapping probability for seen in the MD simulations of the Aice systenif17and the
Ar on ice is large for all surface temperatures between 0 and reader is referred to these papers for details.
300 K. These results indicate that the trapping probability for ~ We have not attempted to refine the potential energy surface
molecules, with masses similar to or larger than Ar, on water in order to obtain better agreement between the simulation and
ice surfaces, should be large under all conditions of relevance experimental data. It is also possible that quantum effects cause
for atmospheric chemistry. This is of great importance for the the deviations between theory and experiments, considering the
rates of heterogeneous reactions on ice surfaces in the atmolow mass of the surface molecules and high frequency surface
sphere, as well as other phenomena including particle growthmodes. Some of the discrepancy between experiment and
and particle mobility in air. simulation results may also be explained by deviations of the

The decrease in final kinetic energy with decreasing scattering experimental ice surface from a single crystal structure. Ledges
angles (i.e., toward the surface normal direction) is opposite to and mismatches on the surface should affect the results more
the trend generally found for scattering from metal surfagés at larger incident angles, and the deviations from the experi-
and graphite surfacé’sin the same kinetic energy range. These mental results are, in fact, highest for the largest incident angle
systems generally conserve the scattering particle’s kinetic of 70°. Comparing the final kinetic energies at negative
energy parallel to the surface plane better than is observed forscattering angles, we believe that the higher energy obtained
ice. The trends observed in this study resemble the resultsexperimentally may partly be due to backscattering from ledges
obtained for scattering from liquid surfaces by Nathanson and and mismatches. Further experiments and calculations with
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Figure 6. (a—c) Angular distributions for three different surface temperatures: 110, 150, and 180 K. The incident energy is 0.43 eV and the
incident angle is 70 Thermal desorption®) and inelastic scattering: experimen®)@nd MD simulations). The experimental intensities are
normalized to unity for thermal desorption in a scattering direction 6f (@-f) corresponding average energies.

1.0 pressures of water outside the ice surface. The technique has
] [ been employed to study the more complex scattering of HCI
_'{ { r from ice, and the results will appear in a subsequent paper.
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