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The morphology of amorphous solid water grown by vapor deposition was
found to depend strongly on the angular distribution of the water molecules
incident from the gas phase. Systematic variation of the incident angle during
deposition using a collimated beam of water led to the growth of nonporous
to highly porous amorphous solid water. The physical and chemical properties
of amorphous solid water are of interest because of its presence in astrophysical
environments. The ability to control its properties in the laboratory may shed
light on some of the outstanding conflicts related to this important material.

Amorphous solid water (ASW) is the most
abundant phase of water in astrophysical en-
vironments, where it is believed to be a major
component of comets (/), planetary rings (2),
and interstellar clouds (3). ASW is also a
metastable extension of liquid water (4) and
as such is a model system for studying deeply
supercooled liquids (5). Consequently, the
physical and chemical properties of ASW,
which are intimately related to its morpholo-
gy, are of considerable interest to physical
chemists, astrophysicists, planetary scientists,
and cryobiologists. The growth and annealing
temperatures are well known to strongly in-
fluence the physical properties of ASW. Nev-
ertheless, conflicting results, which have
been reported for such fundamental proper-
ties as the surface area (6—11), density (I,
12-17), and porosity (7, 16, 17) of ASW,
remain unresolved. Here, we show that the
angular distribution of the incident water
molecules is as important as the temperature
in determining the morphology of ASW.
We have investigated the morphology of
thin ASW films deposited by two different
methods: from highly collimated, effusive
H,O beams and from ambient vapor. Depo-
sition rates of 0.02 to 0.12 bilayer per second
were used in both cases (1 bilayer ~ 1.1 X
10'> molecules per square centimeter). The
angular divergence of the collimated beams
was ~0.2° (half angle). The films were de-
posited on a Pt(111) crystal in the tempera-
ture range 22 to 145 K. The beam-deposited
ASW films have a region of uniform thick-
ness (the umbra) surrounded by a region of
decreasing thickness (the penumbra), where-
as films grown from ambient vapor are uni-
form across the entire sample. The uniformity
of the films was verified by Auger electron
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spectroscopy and temperature-programmed
desorption (TPD) of the ASW.

The ASW films were characterized by their
saturation coverage of N, at 26 K, which was
measured by integrating the TPD line shapes
obtained with a quadrupole mass spectrometer.
The information obtained is analogous to that
from N, Brunauer-Emmett-Teller (BET) iso-
therm measurements (/8) but allows ASW
films to be studied at temperatures much lower
than 77 K. The N, gas was deposited normal to
the surface using a supersonic beam that was
smaller than, and centered on, the umbra of the
ASW film. N, uptake was independent of inci-
dent angle. At 26 K, the N, will adsorb on the
surface of the ASW and in pores, but it will not
form multilayers on a flat surface. We have
experimentally verified that N, diffusion on the
surface and through the pores of the ASW
deposit is very rapid, ensuring uniform cover-
age of the film. The curvature of the pores
locally reduces the N, vapor pressure, allowing
multilayer adsorption (capillary condensation)
in pores below some maximum radius (/8).
Therefore, the amount of N, adsorption is a
measure of the accessible surface area and pore
volume of the film. Water deposited at temper-
atures above 140 K resulted in nonporous crys-
talline ice. The area of the monolayer N, TPD

Fig. 1. Amount of N, adsorbed by ASW
films versus 6, the angle between the inci-
dent H,O beam and the Pt(111) surface
normal. The films, which were nominally 50
bilayers thick, were deposited at 22 K. The
“film thickness” corresponds to the number
of bilayers that each film would have if it
were grown as a nonporous crystal. The
actual height of the film depends on the
number of bilayers and the density, which
varies with the deposition angle. The data
points represent ASW films grown using a
collimated, effusive H,O molecular beam.
The dashed line shows the amount of N,
adsorbed by a 50-bilayer ASW film grown
at 22 K from a random background flux

N, adsorption (monolayers N,)

signal from crystalline ice was used as a refer-
ence state for normalizing the N, adsorption in
ASW.

The amount of N, adserbed by 50-bilayer
ASW films grown at 22 K on Pt(111) versus
the deposition angle, 0, is shown in Fig. 1. N,
adsorption by ASW films grown with 8 = 20°
was similar to adsorption by a crystalline ice
film. However, for 6 > 30°, the amount of N,
adsorbed by the ASW increased markedly,
reaching a maximum near § = 70°. At the
maximum, the ASW films adsorbed more than
20 times the amount of N, adsorbed by a
crystalline ice film. The quantity of N, ad-
sorbed by the ASW was much greater than
would be expected from a simple roughening of
the surface and indicates the formation of a
porous film. We have also investigated ASW
films grown by filling the experimental cham-
ber with water vapor (background dosing). In
that case, the flux of water molecules striking
the surface has a cosine angular distribution.
The large N, adsorption for ASW grown by
background dosing (Fig. 1) is indicative of a
highly porous film and is most comparable to
that obtained for ASW grown at oblique angles.
Results similar to those shown in Fig. 1 were
obtained for O, and Ar adsorbed on ASW
films, indicating that the ability to adsorb large
quantities of gas depends primarily on the
morphology of the ASW. It is well known
that the porosity of ASW and its ability to
trap volatile gases depends on the growth
and annealing temperatures (7, 19-21).
However, the data in Fig. 1 show that the
porosity and morphology of ASW are also
strongly dependent on the angular distribu-
tion of the incident water molecules.

We estimate the ratio of N, molecules ad-
sorbed to water molecules deposited in the
ASW films at 8 = 70° (or by background
dosing) to be 1:2. This ratio is consistent with
volume filling of pores by capillary condensa-
tion (18) and yields a density of ~0.6 g/cm? for
the ASW film, in good agreement with earlier
results (/7). In addition, the N, TPD line shapes
show evidence of capillary condensation (22).
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ASW films grown at higher temperatures (/7)
or at normal incidence (/6) have densities as
high as 0.93 g/cm®. The decrease in N, adsorp-
tion for 6 > 70° may result from the formation
of larger pores that can no longer be filled by
capillary condensation at 26 K. Alternatively,
the ASW structures grown at very oblique an-
gles may be structurally weak, leading to some
collapse of the films.

Figure 2 shows the N, adsorption by ASW
grown at 22 K versus film thickness for various
deposition angles. For off-normal deposition
angles, the N, adsorption increases approxi-
mately linearly with film thickness. The adsorp-
tion of N, by the ASW films grown by back-
ground dosing is greater than that of the corre-
sponding ASW films grown with collimated
beams. The linear increase in N, adsorption, in
conjunction with the magnitude of the adsorp-
tion, suggests that the pore structure in the
ASW films is highly connected, allowing the
N, to diffuse throughout the ASW film. In
contrast, the amount of N,, adsorption on ASW
films grown at normal incidence is nearly inde-
pendent of film thickness and similar to the
amount of N, adsorption on the clean Pt(111)
substrate, indicating denser films without a con-
nected network of pores. In this case, N, ad-
sorption occurs primarily on the external sur-
face of the film.

We also measured N, adsorption by 50-
bilayer ASW films as a function of the sample
temperature during H,O deposition (Fig. 3). In
all cases, N, adsorption by the ASW films
decreases with increasing surface temperature.
For ASW films grown at or near normal inci-
dence, the decrease in N, adsorption versus
temperature is small; these films are nonporous
independent of growth temperature. However,
for ASW films grown at oblique angles or by
background dosing, the porosity and the N,
adsorption are strongly dependent on tempera-
ture. Above ~90 K, all ASW films, indepen-
~ dent of the angular distribution of the incident
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Fig. 2. Amount of N, adsorbed by ASW films
versus film thickness. The films were deposited
by collimated beams at 22 K at the angles
indicated; also shown are data for ASW films
grown using background H,O dosing. Fitted
lines show a linear increase in N, uptake with
increasing film thickness.
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water molecules, have essentially the same N,
adsorption as the crystalline reference state at
145 K. We have also found that the porosity of
ASW films grown at 22 K depends on the
annealing temperature and time, in agreement
with earlier reports that annealing reduces the
porosity of ASW (7, 8, 20).

The data in Fig. 3 show that the morphol-
ogy of vapor-deposited ASW is a complicat-
ed function of both the temperature and the
angular distribution of the incident water
molecules. In addition to these variables, the
morphology of ASW may also depend on
whether the water beam is supersonic or ef-
fusive. Using supersonic expansions, which
leads to water cluster formation in the beam,
apparently produces porous ASW even at
normal angles of incidence (23, 24).

Typically, BET isotherm measurements
made with N, at ~77 K have been used to
characterize the apparent surface area of
ASW. However, because the porosity is a
sensitive function of the thermal history of
the ASW, BET measurements should not be
used to study the very fragile low-tempera-
ture deposits. Figure 3 shows that the poros-
ity of ASW at low temperatures can be sub-
stantially higher than at 77 K. Furthermore,
because the slope of the curves in Fig. 3 is
nonzero at the lowest temperature of this
study, ASW films grown at temperatures be-
low 22 K are likely to have even greater
porosity. For ASW films grown by back-
ground dosing, the amount of N, adsorbed
corresponds to an apparent surface area of
~2700 m?/g at 22 K and ~640 m?/g at 77 K.
Mayer and Pletzer obtained a value of ~420
m?/g at 77 K using standard BET techniques
(7). The large apparent surface areas we ob-
serve at low temperatures and oblique angles
of incidence result from both large internal
surface areas and N, multilayer formation in
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Fig. 3. Amount of N, adsorbed versus growth
temperature for 50-bilayer ASW films. The
films were deposited by collimated beams at
the angles indicated; also shown are data for
ASW films grown using background H,O dos-
ing. The dotted lines through the data are to
guide the eye. For the thin films and low dep-
osition rates used in these experiments, the
ASW film temperature and the Pt(111) temper-
ature are essentially identical (AT << 0.1 K).

the pores of the ASW film.

Our observations can be qualitatively under-
stood using a simple physical picture based on
ballistic deposition (25). For ballistic deposition
simulations of surface growth, randomly posi-
tioned particles are brought to a surface with
straight-line trajectories and the particles stop as
soon as they encounter an occupied site (“hit
and stick”). These models lead to the formation
of porous films whose morphology is strongly
dependent on the angle of deposition of the
particles (25, 26). For off-normal deposition
angles, regions that are initially thicker by ran-
dom chance have higher growth rates and shad-
ow the regions behind, leading to the formation
of a porous film. The shadowing effect increas-
es as the angle of incidence increases. The
formation of porous, columnar films by oblique
deposition has been demonstrated for a variety
of structurally stable, high-melting-point solids
such as metals, oxides, and semiconductors
(27). The control of the morphology attainable
in these materials with glancing angle deposi-
tion is nicely demonstrated in recent work by
Robbie et al. (28).

In the ballistic deposition models, the den-
sity decreases as the angle of incidence in-
creases, in qualitative agreement with our
experimental observations at low tempera-
tures. For background dosing, the shadowing
effect also leads to porous films with a dif-
ferent pore structure. The densification ob-
served with increasing growth or annealing
temperatures (or both) is a result of increased
surface and bulk diffusion of the water mol-
ecules. Quantitative understanding of this dif-
fusive behavior requires detailed molecular-
level information such as that provided by
molecular dynamics simulations (29).

Controlling the morphology of ASW by the
method of deposition has important implica-
tions for experimental studies concerning the
physical and chemical properties of ASW. For
example, apparently conflicting results for the
density of ASW versus growth temperature as
measured by optical interference techniques
have been obtained by Westley et al. (16) and
Brown et al. (17). Westley et al. suggested that
the conflicting results may be due to the differ-
ent deposition methods used for growing the
ASW films. The results of both groups are
consistent with our findings: Collimated dosing
at normal incidence leads to compact, nonpo-
rous films with densities independent of the
growth temperature (/6), whereas for back-
ground dosing the ASW film density increases
with increasing growth temperature (/7).

In astrophysical environments, the mor-
phology of ASW will depend on whether it
forms from a directional or a diffuse source
of water vapor. Directional deposition may
occur, for example, in the rings of Saturn,
where it has been proposed that water mole-
cules sputtered from the outer rings accumu-
late on the inner rings (2). Directional depo-
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sition of ASW can also occur when a particle
or body is passing through a water cloud with
a large relative velocity. In other cases, such
as the formation of comets (/), porous ASW
may result when omnidirectional deposition
of the water molecules occurs.

Adsorption, diffusion, reaction, and de-
sorption of volatile gases on and through
ASW are expected to depend critically on the
morphology. These elementary kinetic pro-
cesses form the microscopic basis for a vari-
ety of important astrophysical phenomena
such as the outgassing of comets (19, 20, 30,
31) and chemical reactions in interstellar
clouds (3). Our results show that, for porous
ASW, large quantities of gases can adsorb at
temperatures above the nominal equilibrium
vapor pressure. The thermal conductivity of
ASW, which is important in the thermal pro-
cessing of icy bodies, should also depend
sensitively on its morphology. The tempera-
tures attained in the objects help to determine
the extent of densification of the ASW and
the diffusion, reaction, or desorption of gases
trapped in the ASW. Examples of thermal
processing include comets as they orbit the
sun (30, 32) and particles in the rings of
Saturn as they pass into and out of the plan-
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Semimajor Axis Mobility of
Asteroidal Fragments

Paolo Farinella’™ and David Vokrouhlicky?

The semimajor axes of asteroids up to about 20 kilometers in diameter drift as
a result of the Yarkovsky effect, a subtle nongravitational mechanism related
to radiation pressure recoil on spinning objects that orbit the sun. Over the
collisional lifetimes of these objects (typically, 10 to 1000 million years), orbital
semimajor axes can be moved by a few hundredths of an astronomical unit for
bodies between 1 and 10 kilometers in mean radius. This has implications for
the delivery of multikilometer near-Earth asteroids, because the Yarkovsky drift
drives many small main-belt asteroids into the resonances that transport them
to the Mars-crossing state and eventually to near-Earth space. Recent work has

et’s shadow (2).
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shown that, without such a drift, the Mars-crossing population would be de-
pleted over about 100 million years, a time scale much smaller than the age
of the solar system. Moreover, the Yarkovsky semimajor axis mobility may
spread in an observable way the tight semimajor axis clustering of small
asteroids produced as a consequence of disruptive collisions.

Since their discovery two centuries ago, as-
teroids have been considered useful “test par-
ticles” for celestial mechanics. This is be-
cause asteroids are small enough (<10° km
in diameter) to have negligible gravitational
influences on the sun and the planets, while
also large enough that gravitation is by far the
most important force affecting their orbital
motion. Nongravitational forces, arising from
interactions with interplanetary dust particles
and solar radiation, have been thought to
perturb only the orbits of small objects (Z, 2),
with diameters less than ~10 m. Two addi-
tional forces—tidal forces in planet-satellite
systems and recoil forces due to gas jets from
comets—are not relevant for asteroids.
Because of the dominance of gravitational
perturbations by the planets, asteroidal orbits
undergo long-term (=10* years) changes in
their inclinations (7) and eccentricities (e) (3). In
most cases, their semimajor axes (a) undergo
small, short-term periodic perturbations caused
by the planets. The asteroids’ semimajor axes
have been altered only in the so-called Kirk-
wood gaps in the main asteroid belt, at semi-
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major axes corresponding to strong orbital res-
onances with Jupiter, and near some other sec-
ular resonances with the outer planets. Reso-
nant planetary perturbations have caused the
asteroid population to be depleted by large ec-
centricity jumps leading to encounters or colli-
sions with the planets and the sun. No other
dynamical mechanism is thought to have re-
shaped the basic structure of the distribution of
asteroidal semimajor axes since the formation
of the solar system. Even disruptive collisions,
which may impart to fragments relative speeds
of ~100 m/s, create families of asteroids whose
orbits remain tightly clustered in orbital element
space (4, 5).

However, the Yarkovsky effect—a radia-
tion pressure recoil force that acts on anisotro-
pically emitting spinning bodies heated by sun-
light to different temperatures in different parts
of their surfaces (2, 6 )—represents an addition-
al force that may perturb the orbits of small
asteroids (sizes up to ~20 km in diameter). The
original diurnal effect, discovered by the Rus-
sian engineer I. O. Yarkovsky about a century
ago, is a change in orbital elements, including
the semimajor axis, of a rotating asteroidal body
as a result of the diurnal changes in its surface
temperature distribution. Because the “after-
noon” temperature tends to be higher than in the
“morning” quadrant, the thermal radiation pro-
duces a nonradial recoil force on the body.
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