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Photodissociation of polycrystalline and amorphous water ice films
at 157 and 193 nm
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The photodissociation dynamics of amorphous solid water �ASW� films and polycrystalline ice
�PCI� films at a substrate temperature of 100 K have been investigated by analyzing the
time-of-flight �TOF� mass spectra of photofragment hydrogen atoms at 157 and 193 nm. For PCI
films, the TOF spectrum recorded at 157 nm could be characterized by a combination of three
different �fast, medium, and slow� Maxwell-Boltzmann energy distributions, while that measured at
193 nm can be fitted in terms of solely a fast component. For ASW films, the TOF spectra measured
at 157 and 193 nm were both dominated by the slow component, indicating that the photofragment
H atoms are accommodated to the substrate temperature by collisions. H atom formation at 193 nm
is attributed to the photodissociation of water species on the ice surface, while at 157 nm it is
ascribable to a mixture of surface and bulk photodissociations. Atmospheric implications in the high
latitude mesopause region of the Earth are discussed. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2335840�
I. INTRODUCTION

Smaller solar system bodies in space, such as comets,
contain a significant fraction of icy materials. Icy particles
are also present in planetary atmospheres and play an impor-
tant role in determining the climate and the environmental
conditions on Earth. Water ice is by far the most abundant
condensed-phase species in our universe. Because of the in-
terest in photodissociation dynamics of condensed matters in
the fields of astrophysics1,2 and atmospheric chemistry,3,4 a
number of studies have been performed on the photochem-
istry of water ice. Most of these studies reported formation of
hydrogen molecules from ice bulk via secondary photo-
chemical reactions after irradiation with vacuum ultraviolet
light.1,5,6 Formation of hydrogen molecules from ice photoly-
sis at Lyman-� is considered an important source of H2 in
the universe. The following reactions are important candi-
dates for the formation of hydrogen molecules from solid
water surfaces at low temperature:1

�Hvapor

H2O → H + OH, 5.1 eV, �1�

H + H2O → H2 + OH, − 0.6 eV. �2�

Hydrogen atoms produced in the bulk phase with sufficiently
large energy, or on the ice surface, can react with water mol-
ecules to produce H2 via reaction �2�. The quantum yield for
forming molecular hydrogen from water ice photolysis at
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126 nm was reported to be 0.01–0.02.1 By way of
comparison, the corresponding quantum yields following
photolysis of aqueous water at 125 and 157 nm have been
reported as, respectively, 1.0 and 0.6.7 Clearly, the H2

quantum yield from reaction �2� is very sensitive to molecu-
lar free motion of water in the condensed phase. The
photodesorption dynamics of water ice has been studied at
193 and 248 nm on a Pd�111� crystal surface, at
incident fluences of 5 mJ cm−2 pulse−1. Transient attachment
of photoexcited substrate electrons was deduced to occur
in the water bilayer immediately adjacent to the metal sub-
strate surface,8,9 but only intact H2O molecules and no H or
OH fragments were identified amongst the desorption
products.

An ice film absorbs light at ��160 nm in the bulk
phase. Photodissociation studies involving thick ice films
were reported by Nishi et al.10 Their essential finding was a
very weak H atom signal following excitation at 193 nm
with a highly focused laser beam �0.5 J cm−2 pulse−1� via a
two-photon process. Yabushita et al.11 have reported two-
photon induced H atom production from water films at
248 nm also �photon density of 2 mJ cm−2 pulse−1�, as well
as studies of the photodissociation dynamics of dimer-like
water molecules on ice surfaces at 193 nm. Investigations of
H atom production from ice surfaces are still very limited,
and the search for additional insights is both worthwhile and
necessary given the unique reaction environment offered by
ice surfaces and bulk phases.12 In this study, we report simi-
larities and differences in the dynamics of H atom formation
from the surface and bulk phases of polycrystalline and

amorphous water ice films at 157 and 193 nm.

© 2006 American Institute of Physics06-1
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II. EXPERIMENT

A. Time-of-flight apparatus and preparation of ice
films

The time-of-flight apparatus used in the present study
has been reported previously.13 A vacuum chamber was
evacuated to a base pressure of 10−8 Torr using two turbo-
molecular pumps in tandem �Mitsubishi Heavy Industry, 800
and 50 L s−1�. An optically flat sapphire substrate, sputter
coated with a thin film of Au, was supported in the center of
the chamber by a liquid-nitrogen-cooled manipulator con-
nected to an X-Y-Z stage.14 The temperature of the substrate
was controlled to within 1 K. The controller was composed
of an alumel-chromel resistance thermometer with cooling,
by liquid nitrogen, and heating from a 0.35 mm diameter
tantalum filament attached to the substrate. To prepare the ice
surface, H2O was injected for 1 h onto the cooled substrate
at 100 K by a pulsed nozzle �General Valve� at a rate of
10 Hz, at a 45° incidence angle, and at 20 Torr stagnation
pressure of water vapor. This way, an amorphous solid water
�ASW� film to a depth of around 600 ML was prepared.15

Polycrystalline ice �PCI� films were prepared with the back-
ground deposition of water vapor at 130 K for 60 min and
then maintained at this temperature for a further 30 min for
annealing purposes. Unfocused incident laser radiation of
157 and 193 nm was steered towards the ice film for pho-
tolysis. The 193 nm laser light �Lambda Physik, COMPex,
ArF� was directed onto the ice film using an aluminum mir-
ror and a prism resulting in an incident fluence of
0.5 mJ cm−2 pulse−1, while the 157 nm photolysis beam
�Lambda Physik, OPTexPro, F2� was incident directly on the
ice surface �fluence �1 mJ cm−2 pulse−1�. Neutral H atom
photofragments were subsequently ionized at a distance of
3 mm from the substrate surface by �2+1� resonance en-
hanced multiphoton ionization �REMPI� on the H �2s←1s�
transition and collected with a small time-of-flight �TOF�
mass spectrometer aligned perpendicular to the ice surface.11

The requisite radiation at wavelengths �243.135 nm was
produced by a Nd:YAG �yttrium aluminum garnet� pumped
dye laser �Lambda Physik, SCANmate� using Coumarin
480 dye, followed by subsequent frequency doubling with a
beta barium borate �BBO� crystal. The fundamental of the
dye laser was separated from the probe beam by a prism and
the REMPI beam was focused directly above the substrate
with a 20 cm focal length lens set in the vacuum chamber.
The delay, t, of the REMPI laser pulse with respect to the
photolysis beam pulse was varied with a programed time
delay generator �Stanford Research� so as to allow investiga-
tion of flight times of the photofragment hydrogen atoms.

B. Simulation of H atom time-of-flight spectra

The TOF spectra were fitted with S�t ,T1 ,T2 ,T3�, consist-
ing of three flux weighted Maxwell-Boltzmann �MB� distri-
butions PMB�Et ,Ttrans�, defined by translational temperatures
Ti and coefficients, ai,

S�ai,t,T1,T2,T3� = a1SMB�t,T1� + a2SMB�t,T2�
+ a3SMB�t,T3� , �3�
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SMB�t,r� = r3t−4 exp�− mr2/�2kBTtranst
2�� , �4�

PMB�Et,Ttrans� = �kBTtrans�−2Et exp�− Et/�kBTtrans�� , �5�

where r is a flight length for the photofragment.
PMB�Et ,Ttrans� is characterized by the average translational
energy �Et�=2kBTtrans, where kB is the Boltzmann constant.
Conversion from the energy distribution to the TOF distribu-
tion was performed using the Jacobian given by Zimmerman
and Ho.16 Since the ice films employed in these experiments
are of amorphous and polycrystalline surface morphologies,
the angular distribution of the H atoms were all assumed to
be isotropic. The accuracy of the conversion procedure was
confirmed experimentally by changing the flight length from
3 to 5 mm with the aid of the X-Y-Z stage. The details of the
simulation of the TOF spectra were described in our previous
paper.13

III. RESULTS

A. Photodissociation of polycrystalline ice films

Figure 1 shows typical TOF spectra of H atoms from
photodissociation of PCI films at 100 K. Each spectrum is
the sum of several spectra, measured at different Doppler
shifted wavelengths around that required for H atom REMPI
detection via the 2s←1s transition. The TOF spectrum ob-
tained at 193 nm is well described by a single, fast compo-
nent �A�� with Ttrans=2400±100 K ��Et�=0.31±0.01 eV�, to
be compared with an excess energy of 1.3 eV for the �gas

FIG. 1. Time-of-flight spectra of H atoms from photodissociation of a poly-
crystalline ice film at 157 and 193 nm �open circles�. The solid lines are fits
to the data derived assuming three Maxwell-Boltzmann distributions at
157 nm, with T=4750 K for A, 625 K for B, and 110 K for C �upper trace,
shown by the dashed lines�, and one distribution at 193 nm, with T
=2400 K �A�, lower trace�. Relative populations are listed in Table I.
phase� photodissociation process �1� at 193 nm. As described
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below, photoabsorption at 193 nm is attributed solely to the
surface water species; the translational temperature of the
resulting H atoms is much higher than the substrate tempera-
ture. Conversely, the TOF spectrum measured at 157 nm was
well reproduced by summing three different MB distribu-
tions because H atoms are produced both from surface spe-
cies and from inner layers within the ice films. Hence, we
analyzed the TOF spectrum with a high-temperature compo-
nent, a surface accommodated component, and a residual
component, i.e., a high-temperature fast component �A� with
Ttrans=4750±250 K ��Et�=0.61±0.03 eV� contributing
41% ±3%; a residual middle component �B� with Ttrans

=625±25 K ��Et�=0.081±0.003 eV� contributing
44% ±4%; and a surface accommodated slow component
�C� with Ttrans=110±10 K ��Et�=0.014±0.001 eV� contrib-
uting 15% ±5%. By way of comparison, the excess energy

FIG. 2. Time-of-flight spectra of H atoms from photodissociation of amor-
phous solid water films at 157 and 193 nm. The translational temperatures
of the various contributory components are the same as in Fig. 1.

TABLE I. Average translational temperature of H ato
water films at 157 and 193 nm.

Dissoclation
wavelength

�nm� Ice film

M

A and A�

T �K� Contribution �%�

157 ASWa 4750±250 3±2
PCb 4750±250 41±3

193 ASWa 2400±100 15±3
PCb 2400±100 100

aASW=amorphous solid water film.
b
PCI=polycrystalline ice.
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associated with photodissociation process �1� at 157 nm is
2.8 eV �based on the thermodynamics of the gas phase dis-
sociation�.

B. Photodissociation of amorphous solid water films

Figure 2 shows typical TOF spectra of H atoms released
following photoexcitation of ASW films at 100 K. Spectra
recorded at 157 and 193 nm are similar to each other, but the
relative contributions of each component vary. Three MB
components are required to fit the TOF spectrum measured at
157 nm: A with Ttrans=4750±250 K �contributing 3% ±2%�,
B with Ttrans=625±25 K �5% ±2% �, and C with Ttrans

=110±10 K �92% ±4% �. The TOF spectrum recorded at
193 nm is also dominated by component C �Ttrans

=110±10 K, contributing 85% ±3%�, but also includes
some A� component with Ttrans=2400±100 K �15% ±3% �.
Table I summarizes the translational temperatures and con-
tributions of each component.

IV. DISCUSSION

A. Photoabsorption of water ice film

Water is almost transparent, in either vapor or ice form,
for near-UV irradiation at �=200 nm.17 The absorption cross
section, ��200 nm�, is as small as 10−23 cm2 in the gas
phase.18 The previously reported photodissociation of gas-
eous H2O at 193 nm was assisted by vibrational excitation of
the parent water molecule.19 Ice exhibits a region of weak
and continuous absorption at ��195 nm, which may be at-
tributable to surface water molecules.20,21 The electronic ab-
sorption spectra of cyclic water clusters �H2O�n are calcu-
lated to be blueshifted relative to that of the water
monomer.22–24 Among these clusters, �H2O�6 is considered as
a model structure for a crystalline water film.25 Ab initio
calculations of a water molecule on a model ice surface,
�H2O�6+1, predict that this branched cluster will exhibit ab-
sorption at ��200 nm, as a result of electronic promotion
from the 1b1 molecular orbital to a mixed
3s�Rydberg� /4a1�antibonding valence� orbital within a
dimer-like surface structure.11 Two recent three-dimensional
quantum dynamics studies of the gas phase dimer both pre-
dict that its spectrum is broader than that of the monomer,
but predict rather different blueshifts relative to the monomer

om photolysis of polycrystalline or amorphous solid
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band—ranging from negligible26 to �0.2 eV.27 The latter
calculations also failed to reproduce the previously predicted
“red tail” to the water dimer absorption at �200 nm even
following excitation of one or two quanta of the dimer
stretch vibration.22 It seems unlikely that triplet states of wa-
ter clusters contribute to the red end of the electronic absorp-
tion spectrum for the following reason. Studies of the gas
phase water dimer identify contributions to the singlet-triplet
transition intensity arising as a result of mixing between the
1 3B1 state with the 1 1A1 electronic ground state, and from
mixing of both the 1 1A1 and 2 1A1 states with the 1 3B1
state.27 However, if the 1 3B1 state made any contribution in
the 193 nm photodissociation of PCI, then both the fast TOF
peak from the surface species and the slow signal from the
inner water bilayer should be observed as will be discussed
below. In practice, the TOF spectrum from PCI at 193 nm
showed just a single, fast H atom peak.

For condensed water, reflectivity spectra due to electron
excitation in amorphous and crystalline ices have been mea-
sured at 80 K across the energy range of 7–28 eV.17 Analy-
sis identified excitations at �8.6, �10.4, and �14.5 eV. The
8.6 eV excitation was assigned to the 3s /4a1�1,3B1�←1b1

transition.

B. Origins of the present time-of-flight spectra

1. Photodissociation of polycrystalline ice films
at 157 and 193 nm

We attribute the MB components A �at 157 nm� and A�
�at 193 nm� in Fig. 1 to the same origin, namely, photodis-
sociation within the uppermost H2O layer of the ice film,
with the differences in the translational energy distributions
reflecting the difference in the excess energies accompanying
the respective photodissociation processes. We note that, for
both the A and A� components, about one quarter of the
excess energy is released in the form of H atom translational
energy. Since the bulk ice film absorbs at 157 nm, it is rea-
sonable to suggest that H atoms characterized by the MB
components B and C in the TOF spectra measured at 157 nm
were generated deeper within the ice sample and subse-
quently desorbed from the film.

2. Photodissociation of amorphous solid water films
at 157 and 193 nm

The relatively greater contribution made by component
C to the spectrum recorded at 157 nm in Fig. 2 can be un-
derstood by recognizing that, at this wavelength, H atoms
will be produced in the bulk phase as well as from exposed
surfaces within the porous ASW film; all such H atoms are
likely to accommodate to the substrate temperature by colli-
sions within the pore structure before desorbing into the
vacuum. A schematic diagram illustrating the various H atom
formation processes from the photodissociation of the ASW
films is shown in Fig. 3.

C. Photodissociation dynamics of ice films

1. Photodissociation at 193 nm

Comparing the PCI and ASW results following excita-

tion at 193 nm �Table I� highlights the influence of the sur-
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face morphology on the resulting H atom translational en-
ergy distributions. Only component A� was observed in the
case of PCI films, whereas, for ASW films, component C is
the dominant �85% ±3% � contributor to the observed TOF
distribution of H atom. The dominance of component C in
the case of ASW films is attributable to relaxation of the
nascent H atom velocities as a result of collisions with inter-
nal surfaces within the porous amorphous ice structure, as
shown schematically in Fig. 3.

In previous experiments at 193 nm, we have shown that
the fast component A� from the PCI film arises from one-
photon dissociation of dimer-like water molecules on the
outermost layer of the ice film.11 It could exhibit weak ab-
sorption at ��200 nm given its similarity with the deduced
chromophore in the branched form of the �H2O�6+1 water
cluster.11 Kimmel and Orlando reported threshold energies of
6.5–7.0 eV for desorption of D atoms following electron-
beam irradiation on thin films of amorphous D2O ice,28 im-
plying that a dissociative excited state of D2O is accessible at
this energy. Their TOF spectra of D atoms were decomposed
into three components. One, fast, component was attributed
to D atoms ejected directly from the surface without inter-
acting with surrounding molecules, while the other two were
associated with atoms that had accommodated to the surface
temperature prior to desorption. Clearly, their findings and
conclusions are in good agreement with the present TOF
results, suggesting that the same electronic excitation and
dissociation dynamics occur as a result of both photoexcita-
tion and electron bombardment.

2. Photodissociation at 157 nm

In a recent publication,29 molecular dynamics calcula-
tions have been performed using analytical potentials to
simulate a crystalline ice surface consisting of eight-bilayers
�16 ML� of 60 H2O molecules each and an amorphous ice
surface consisting of the six-top monolayers containing 180
H2O molecules at 10 K. This work shows that, upon photo-
dissociation to give H+OH, the vibrational energy distribu-
tion of the remaining OH had a maximum population at �
=0, implying that most of the energy in excess of that re-
quired for bond fission is released as H atom kinetic energy.
As the depth of the molecule undergoing photodissociation
increased, the fraction of H atoms that succeed in escaping
from the surface was calculated to decline near quadratically;

FIG. 3. Schematic diagram of H atom formation processes from an amor-
phous ice film. A, B, C, and A� represent the Maxwell-Boltzmann compo-
nents listed in Table I.
most H atoms arising from photolysis of such embedded
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molecules remained trapped in the network �or underwent
other processes�. The desorption probability of H atoms
formed in association with OH partners that remained
trapped is higher for the first three monolayers in the case of
amorphous ice �89%, 75%, and 55%� than for the corre-
sponding layers in crystalline ice �71%, 57%, and 27%� but
the differences become less pronounced for the next three
monolayers: 30%, 22%, and 12% for amorphous ice, cf.
22%, 15%, and 11% for crystalline ice. The calculated prob-
ability that the H and OH products arising from a single
photolysis event both desorb is much lower �7% and 2% for
the first and second monolayers, respectively�. Given these
results, the discussion that follows is based on the reasonable
assumption that H atoms produced from the photodissocia-
tion of crystalline ice films at 157 nm originate from just the
uppermost six monolayers. From the structure of crystalline
ice film, component A must come from the first monolayer.30

In the present experiments involving PCI films, we attribute
component A to photodissociation of molecules on the
vacuum side in the first bilayer, i.e., the first monolayer. The
fraction of the total H atom yields calculated to arise from
this layer is �71+7� / �71+57+27+22+15+11+7+2�=37%
in very fair agreement with that measured experimentally
�component A=41% ±3%�. Similarly, the calculated contri-
bution from the second and third monolayers, 41%, matches
well with the experimentally measured contribution
�44% ±4% � of component B, while the calculated contribu-
tion from the fourth, fifth, and sixth monolayers, 22%, ac-
cords with the experimentally measured contribution �15%�
of component C. Thus it is tempting to associate component
B with photodissociation of water molecules in the second
and third monolayers, and component C with dissociation of
molecules in the deeper monolayers.

It is instructive to compare the present results with those
from photodissociation studies of single HBr and HI mol-
ecules adsorbed on the surface of �and in� large rare gas
clusters by Baumfalk et al.31 All systems studied exhibited
both fast H atoms, with no energy loss, indicative of direct
exit from a molecule on the cluster surface, and atoms with
near-zero energy, indicative of complete caging. In the case
of porous films, temperature-programed desorption spectros-
copy has revealed two signatures of porosity: a reduction in
the desorption rate with increasing film thickness, and a
change in peak shape.32 Such observations have been ex-
plained in terms of fast diffusion into the ASW pore struc-
ture, using a simple one-dimensional diffusion model, and by
a change in binding energy statistics with increasing total
effective surface area. D2 desorption kinetics on nonporous
ASW films have also been investigated.32 Both the porosity
and the number of highly coordinated binding sites were
seen to decrease with increasing anneal temperature, indica-
tive of ASW restructuring and pore collapse. These results
suggested that grain morphology, rather than the detailed
chemical nature of the grain surface, was the most important
in determining the energy content of the D2 released from the

grain.
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D. H atom translational energies

Kinetic energy distributions of desorbing H atoms fol-
lowing photodissociation of the first bilayer in crystalline
and amorphous ice films at the first vacuum UV band at
8.6 eV have been calculated by Andersson et al.,29 using a
classical molecular dynamics approach. The average H atom
kinetic energies obtained in these calculations correspond to
about half the average excess energy. As described above,
our experimental results for the A and A� components �at 157
and 193 nm� indicate that only about one quarter of the ex-
cess energy is released as H atom translation. The calculated
kinetic energy release is thus about twice the experimental
values. All water molecules in the molecular dynamics cal-
culations were treated as rigid rotors, apart from the one
molecule chosen to be dissociated. The three atoms in this
dissociating molecule were allowed to move without dy-
namical constraints. The rigidity of all other molecules, how-
ever, excludes the possibility of energy transfer to intramo-
lecular vibrational modes and bond breaking reactions in
H2O molecules other than the one chosen for the primary
photodissociation event. A more realistic model might allow
the water molecules to move, and energy transfer to intramo-
lecular vibrational modes. Thus it is not unreasonable to sup-
pose that collisions between H atoms and other water mol-
ecules would result in more efficient relaxation of the
translational energies of the desorbing H atoms than sug-
gested by the molecular dynamics calculations reported to
date.

E. Consideration of possible contributions from ion
processes

Simpson et al.33 have investigated the electron-
stimulated desorption �ESD� of D− anions from ice films,
followed by the reaction of D−+D2O→D2+OD−. Their ob-
served anion signals show an energetic onset of �5.5 eV and
peak at �7 eV. This feature is assigned in terms of elec-
tronic transition to the 2B1 dissociative electron attachment
resonance of water in the ice film. Since the H+ ion forma-
tion threshold is �21 eV, we can rule out H++OH− recom-
bination forming a dissociative excited state of water as a
possible source of neutral H atoms or H2 molecules in the
present photolysis experiments.

Ions formed during electron irradiation of water ice films
can be neutralized, reactively scattered, or attenuated in other
ways through collisions with the walls of pores.34 For ex-
ample, neutral products observed during low energy electron
bombardment of ice films at 55 K include H, H2, O�3P , 1D�,
O2, H2O, and H2O2.28,35 All of these products, which are
revealed in the post-irradiation temperature-programed de-
sorption spectra �at temperatures up to 120 K for hydrogen
and 160 K for oxygen�, are deduced to originate within the
porous structures in the ice films.35 Similar results have been
reported following excitation with 1.5 MeV Ne+ ions.36

Clearly, the porosity of the film could have a major influence

the formation of neutral species by ion-initiated processes.
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F. Atmospheric implications in the stratosphere and
mesosphere

The water vapor mixing ratio in the middle atmosphere
of the Earth is maintained to be �1–10 ppmv. Water vapor
is considered to be the most important source of H atoms in
this region, formed mainly by photodissociation of water
monomers by solar Lyman-� radiation. These serve to ini-
tiate the HOx cycle and thereby decrease the O3 mixing
ratio.37 Ice particles are formed in the high latitude mesos-
phere between 80 and 90 km during summer, when tempera-
ture fall below 150 K, and recognized as noctilucent clouds
�NLCs�.38 Although much work has been directed at under-
standing cloud formation processes and the properties of ice
aerosol particles, little attention has been paid to the possible
role that ice particles may play in the neutral chemistry of the
upper mesosphere. Recently, this issue has begun to be ad-
dressed quantitatively through laboratory and modeling
studies.4,39,40 Murray and Plane have examined the impact of
mesospheric ice particles on the odd oxygen and hydrogen
chemistry of the high latitude summer mesosphere and have
proposed a mechanism whereby direct photolysis of ice par-
ticles produces odd hydrogen species in the gas phase.

With regard to the atmospheric implications of the
present results, we now estimate the relative contributions to
H atom formation in the high latitude mesopause region
made by solar Lyman-� photolysis of ice particles and of
water vapor. In both cases, the H atom yield, N, can be
expressed as

N = �I�121.6 nm��1 − exp�− �n�	 , �6�

where � is the relevant absorption cross section at the
Lyman-� wavelength, n is the number density of the precur-
sor of interest, and I the solar flux.41 For water vapor, the
photodissociation quantum yield �vapor is unity. The absolute
quantum yield for H atom production from an ice film �ice

could not be measured in the present experiment. The yield
is thus estimated from the results of the classical dynamics
calculations of the photodissociation of water in crystalline
ice.29 As outlined above, the overall probability of H atom
desorption for the first six monolayers is �0.35 �i.e., �71
+57+27+22+15+11+7+2� /600�. H atoms might escape
from yet deeper ice layers, but the calculated decrease in H
atom desorption probability with increasing depth suggests
that considering just the first six monolayers is sufficient for
the present estimation. Given the ice lattice constant of
0.5 nm,30 the fraction of a spherical ice particulate with r
=0.04 �m that falls within the first six monolayers is 1
− �37/40�3=0.21. For a spherical ice particle, the effective
intensity of the solar radiation is reduced to a quarter of its
original intensity. Thus the effective quantum yield can be
estimated to be 0.35	0.21	 �1/4�=0.018. This value is in
fair agreement with the quantum yield �0.01–0.02� for mo-
lecular hydrogen formation from ice film at 121.6 nm via �1�
and �2�.1 At 83 km altitude, Murray and Plane reported that
the density of ice particulates n=600 cm−3 and that their Mie
absorption cross section is 3	10−8 cm2 cm−3 �i.e., total ab-
sorption cross section per unit volume of atmosphere�.4 In

9 −3
the case of water vapor, we assume �nvapor�=4	10 cm
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from the reported mixing ratios �5–10 ppmv� at the corre-
sponding altitude.37,42,43 The absorption cross section of wa-
ter vapor at 121.6 nm is �vapor=1.4	10−17 cm2.4 Thus the
relative contributions of ice photodissociation and water va-
por photodissociation to H atom production at an altitude of
83 km can be estimated as N�ice� /N�vapor�=0.018	3
	10−8 / �1	1.4	10−17	4	109��0.01. This estimation
neglects the facts that �i� NLC particles are nonspherical and
their surface is unlikely to be smooth,44 �ii� NLCs have sur-
face areas up to 500 times larger than the geometric surface
area of the substrate,45 and �iii� the solar flux and the number
density are both a function of altitude. A model calculation is
needed for a more precise estimate of the contribution from
ice photodissociation.

V. CONCLUSION

The photodissociation dynamics of surface and bulk ice
films have been investigated using 193 and 157 nm radia-
tions. For PCI films, the H atom TOF spectrum measured at
157 nm was characterized by a combination of three
Maxwell-Boltzmann energy distributions, represented by
translational temperatures �populations�: TA=4750±250 K
�41% ±3% �, TB=625±25 K �44% ±4% �, and TC

=110±10 K �15% ±5% �, respectively, while the TOF spec-
trum obtained at 193 nm was characterized solely by TA

=2400±100 K �100%�. For ASW films, the H atom TOF
spectrum recorded at 157 nm was again characterized using
the three components �populations�: TA=4750±250 K
�3% ±2% �, TB=4750±250 K �5% ±2% �, and TC

=110±10 K �92% ±4% �, while the 193 nm spectrum was
composed of TA=2400±100 K �15% ±3% �, and TC

=110±10 K �85% ±3% �. The present results indicate that
the source of H atoms arising following excitation at 193 nm
is photodissociation of surface species on ice films. In con-
trast, 157 nm excitation yields H atoms by photodissociation
both of surface species and from the bulk of ice films. H
atoms generated in the bulk ice are accommodated to the
surface temperature by collisional relaxation. By comparing
TOF spectra obtained following photoexcitation of both
amorphous ice and polycrystalline ice samples, we deduce
that surface morphology can have a major influence on the
eventual H atom translational energy distributions.
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