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Introduction: It is well known that solid H,O is
the most abundant component not only in cometary
nuclei but also in icy grain mantles in molecular clouds
(MCs). Because the observed abundance of solid H,O
in MCs cannot be explained only by synthesis in the
gas phase, it has been considered that solid H,O is
formed on grain surfaces in MCs. Tielens and Hagen
[1] proposed possible pathways to form solid H,O in
those environments. In their model, H,O formation
initiates by hydrogenation of O, O,, or Os. Previous
experimental studies reported that solid H,O is pro-

duced in each hydrogenation at low temperatures [2-4].

For example, Miyauchi et al. [2] found that H,O is
formed by hydrogenation of O, via the formation of
H,0, as an intermediate at 10 K. Moreover, a signifi-
cant isotope effect was observed on the reaction of
H,0, with H, indicating that this reaction proceeds via
quantum tunneling [2].

In addition to these hydrogenation processes, reac-
tions of hydroxyl radicals (OH) with H, (E;~2000 K)
have been regarded as an important route to the forma-
tion of H,O especially in dense MCs [5], where the
UV flux is very low. Since UV-induced energetic reac-
tions are not expected to occur under those conditions,
the reaction OH + H, may proceed only through quan-
tum tunneling on grains at ~10 K. However, it remains
unclear whether the tunneling reaction occurs, unless
the experiment using “cold” (i.e. non-energetic) OH is
performed.

We have recently succeeded in utilizing cold OH
as a reactant for surface reactions at very low tempera-
tures [e.g. 6,7]. In the present study, we will show ex-
perimental results on the formation of H,O and its iso-
topologues (HDO and D,0) through the reaction of
OH/OD with Hy/HD/D, at 10 K, and discuss its astro-
physical implications.

Experimental Details: Experiments were per-
formed in the apparatus named ASURA. The ASURA
consists of a main chamber and radical source. An
aluminum substrate was mounted at the center of the
main chamber. OH was produced in a microwave-
induced H,O plasma and cooled by many collisions
with the inner wall of a cold Al pipe (100 K) at the
outlet of the source. We verified that the OH radical
impinging on the surface was electronically and vibra-
tionally in the ground states [7]. H, was induced from
a separate gas line through a capillary plate. OH (OD)
and H, (HD or D,) were continuously codeposited on

the substrate at 10 K and the reaction products were
monitored in-situ by FTIR.

Results: We found that solid H,O is produced by
the surface reaction of cold OH with H, at 10 K de-
spite its significant barrier of about 2000 K. This is the
first experimental result to show that solid H,O is pro-
duced from reaction with molecular hydrogen via non-
energetic processes. In addition, when cold OH was
codeposited with D,, solid HDO was formed but its
abundance was about one order of magnitude lower
than that of H,O by the reaction OH + H, under the
same experimental conditions (e.g. H, and D, fluence,
OH fluence, and substrate temperature).

Relative reaction efficiency. In all experiments
perfomred, H,O or its isotopologues (HDO and D,0)
was produced through surface reactions of cold OH or
OD with H,, HD, or D, at 10 K. These reactions are
categoraized into two groups depending on whether
the reaction involves H- or D-atom abstraction, where
H-atom abstraction reactions are about 10 times more
effective than D-atom abstraction ones. This is attrib-
utable to the difference in the effective masses be-
tween 0.47 and 0.90 for H-atom and D-atom abstrac-
tion reactions, respectively. This effective-mass de-
pendence on tunneling reactions were also reported in
the different reaction systems [8].

Astrophysical Implications: The present results
show that H-atom abstraction is much preferable to D-
atom abstraction. It is therefore reasonable to consider
that H,O is produced from OH (OH + H, or OH + HD),
HDO is from OD (OD + H, or OD + HD), and D,0O
production is not favored in this reaction system. That
is, the crucial factor to determine the D/H ratio of wa-
ter (= HDO/H,0) formed by these reactions is not the
D/H of molecular hydrogen (i.e. HD or Dy/H,) but that
of atomic D/H if OH and OD is mainly produced on
grain surfaces through the reaction O + H (D).
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