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Abstract . It is probable that most molecules in space are formed on
the surface of small solid grains in dense molecular clouds. Such grains
have generally accumulated icy mantles inside dark clouds. We have
investigated the dynamical behavior of a hydrogen atom impinging on
the mantle consisting of amorphous water ice based on an MD (Molecular
Dynamics) computer simulation to estimate the structure of the resulting
grains with the icy mantles. We have found that the hydrogen atoms
impinging on the surface of amorphous water ice were easily trapped in
a dent of the surface and, consequently they are fixed there firmly. Our
results, which neglect tunneling, suggest that the migration of hydrogen
atoms over a large region of the surface of icy grains may be less common
than is often assumed.

1. Introduction

In space, it is likely that most molecules are formed on the surface of small solid
grains. Such grains generally have icy mantles which accumulate on the seeds
of solid particles inside dark clouds. It is believed that H2O-ice itself is formed
by hydrogenaticn of incident oxygen atoms. From both laboratory studies and
astronomical observations, it is also apparent that the chemical reactions to
produce heavier molecules occur between the species trapped in or on the icy
surface. Most of the astronomical observations tell us that the accumulated icy
dust mantles are expected to be amorphous ice rather than crystalline, because
of the low temperature of the environment (e.g. Leger et al. 1979).

Leitch-Devlin and Williams (1985) studied the sticking coefficients, and fur-
thermore the mobilities of additional atoms (H, H2, C, etc.) at the surfaces of
crystalline solids (graphite, silicate, oxide, etc.) with full quantum mechanical
treatment (Leitch-Devlin and Williams 1984). Buch and Zhang (1991) simu-
lated the sticking probability of H and D atoms on amorphous water clusters
containing 115 H2O molecules.

The real dust grains, however, have amorphous structure and are much
larger than clusters containing several hundred molecules. In this study, we in-
vestigated the dynamical behaviors of a hydrogen atom impinging on an amor-
phous water ice mantle. The dust mantle is assumed to have a slab shape con-
sisting of amorphous water ice. We produce the amorphous water slab modeled
by a MD (Molecular Dynamics) computer simulation for a many body system.
After making the slab, a hydrogen atom is thrown on the surface of the slab to
study its dynamical behavior.

469

https://doi.org/10.1017/S025292110050205X Published online by Cambridge University Press

https://doi.org/10.1017/S025292110050205X


470

20

O 10

0
2 4

r [A]
6 8 10

Figure 1. Radial distribution function of oxygen atoms Goo in the
amorphous water slab made by our simulation (solid curve). Two
vertical dotted lines indicate the positions of the peaks of oxygen
concentration found from x-ray diffraction experiments (Narten et
al. 1975)

The amorphous water ice slab

As the inter-molecules potential model of water, we employ the MCY (Mat-
suoka, dementi and Yoshimine) potential model (Matsuoka et al. 1976). This
potential model is known to yield reasonable energetic and structural features
measured empirically for dimers, and yield the complexes in the gas phase, re-
ferring to the experimental data and the outcomes of high-quality ab initio
quantum-mechanical calculations.

Since the mantle of dust grains modeled by the amorphous water ice slab
should have infinite surface area, we carry out the simulation producing the slab
under the periodic boundary conditions. The basic slab has about 40A x40A
x20Avolume and consists of 1,000 water molecules. The temperature of this
slab is set to 70 K. It is known that there are two types of amorphous water
ice having different structure (e.g. Jenniskens et al 1995). Below 35 K, it has
high density structure (about 1.1 g/cm3). But over 35 K, like this simulation,
it has low density (about 0.9 g/cm3). Although inside the typical dark clouds
the temperature is low(about 10 K), we employ 70 K because we cannot take
into account low temperature quantum effects and the simulation at such high
temperature takes less time for computation.

The resulting amorphous water slab has low density (0.94 g/cm3). Fur-
thermore, we have found that the water mantle shows amorphous structure and
hard roughness (cf. Fig.2.). The radial distribution function of oxygen atoms
GQO m this amorphous water slab is shown in Fig.l. In this figure, two vertical
dotted lines indicate the positions of the peaks of the radial distribution function
of oxygen atoms found from x-ray diffraction experiments for bulk amorphous
water ice (Narten et al. 1975). Since there are good agreements of the peaks
between the result of our slab and the experiment, we can use our slab as a
model for a real amorphous water ice slab.
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Figure 2. Two views of the trajectory of the impinging hydrogen
atom. The dark spheres are oxygen atoms, and' light spheres are
hydrogen. The silver tube indicates the trajectory of the hydrogen
atom. The hydrogen atom is trapped in one of potential dents after
several bounces on the surface-

3. 'Impinging a hydrogen atom

Using the above amorphous water slab, we investigate the surfafce properties
of the dust mantle for an impinging hydrogen atom* Iri order to simulate tBe
betiavior of the hydrogen atom against the ensemble of the water molecules;
we employ the potential model between i hydrogen atom and a water ihoieculep y p yg

. - • - — * r 'i • * ^ *

modeled by Zhang et al. (1991). This potential model was also made by the
ab iriitio calculations. An impinging hydrogen atom has thermal velocity of
70K. A lack of enough computer capacity prevented iis from using the Maxwell
distribution of velocities, so a constant impinging velocity was applied. The
incident angle of the impinging hydrogen atom; was selectedr randomly. The
simulation.has been carried out under the periodic boundary condition. ,;

4. Results and discussions

We have done the simulation for the dynamical behavior of impinging hy-
drogen atoms on the amorphous water slab four times with changing its,inci-
dent direction. In these simulations, scattering and re-ejection of the impinging
hydrogen atom did not occur. Fig.2 shows the snapshots of the one of these
simulations. We liave fbund from the trajectory of the hydrogen atom in Fig*2
that the impinging hydrogen atom adheres to one place on the surface after sev-
eral bounces on it. The potential field which is felt by the impinging hydrogen
atom duetto the amorphous slab is'shown in Fig.3. The water molecules exist
iir the black region. The depth of the potential is indicated by a darkness of the
gradation region, where deeper is darker. The white dotted rectangle indicates
the basic cell for simulation.. The trajectory of test hydrogen shown in Fig.2 is
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Figure 3. The potential field and trajectories of the impinging hy-
drogen atoms due to the amorphous slab at the arbitrary height.
Black regions mean that there arc water molecules. Gradation re-
gioris mean the depth of the potential which is deeper at the darker
place. The trajectories of the impinging hydrogen atom are given by
white curves. White dotted rectangle indicates the basic cell for this
simulation.

illustrated by the white curve in Fig.3. Similar curves in the upper and lower
parts occur due to our periodic boundary conditions. All these simulations inch-
cake that the impinging hydrogen atom is trapped in one of the potential dents
after boundiiig several times on the surface of the amorphous slab. This evi~
donee may suggest that the diffusion of the hydrogen atoms over a large surface
region seems to be difficult. Moreover, it is expected that the chemical reactions
producing the hydrogen a ted molecules preferentially occur inside such dents.

In this study, we did not take into account quantum effects, although it is
well known that the tunneling effect is relatively important for hydrogen atom.
Moreover, inside dark clouds, a typical temperature is lower than that used here,
.e. about 10 K. W^ will examine the quantum effect at such low temperature

in future work.
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