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Time-of-flight �TOF� spectra of photofragment H atoms from the photodissociation of water ice
films at 193 nm were measured for amorphous and polycrystalline water ice films with and without
dosing of hydrogen chloride at 100–145 K. The TOF spectrum is sensitive to the surface
morphology of the water ice film because the origin of the H atom is the photodissociation of
dimerlike water molecules attached to the ice film surfaces. Adsorption of HCl on a polycrystalline
ice film was found to induce formation of disorder regions on the ice film surface at 100–140 K,
while the microstructure of the ice surface stayed of polycrystalline at 145 K with adsorption of
HCl. The TOF spectra of photofragment Cl atoms from the 157 nm photodissociation of neutral HCl
adsorbed on water ice films at 100–140 K were measured. These results suggest partial dissolution
of HCl on the ice film surface at 100–140 K. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2794342�

I. INTRODUCTION

There has been a widespread interest in characterizing
HCl adsorption at the ice surface and probing the morphol-
ogy change by adsorption of HCl on water ice surfaces be-
cause morphology may have a significant effect on the reac-
tivity of ice films.1 Adsorption, desorption, surface mobility,
and bulk diffusion of reagents and reaction products may
depend on the ice microstructure because pores facilitate
trapping of large quantities of gases in the bulk of amorphous
ice films, and a high density of surface defects leads to an
increase in the hydrogen bonding abilities of crystalline ice
films. However, conventional spectroscopic techniques probe
both surface and bulk phases except for a technique using
atom collisions. Hence, a new technique is required to inves-
tigate effects of adsorption of molecules on the morphology
of ice films.

In our previous experiments, we have shown that hydro-
gen atoms are produced as primary photoproducts when di-
merlike water molecules on the outermost layer of a poly-
crystalline ice film are dissociated at 193 nm based on the
fact that the photoabsorption of the branched water cluster is
redshifted compared with that of cyclic water clusters.2

H2O – �H2O�n + h��193 nm� → H + HO – �H2O�n. �1�

In the 193 nm photodissociation of a crystalline ice film, the
time-of-flight �TOF� spectra of the H atoms consisted solely
of a fast component of the Maxwell-Boltzmann energy dis-
tribution. However, a slow component became dominant
from an amorphous ice film due to the collisional relaxation
process of the photofragment H atoms in the micropores on
the surface. Thus, if the ice surface morphology is distorted
by dosing with HCl, a change in the TOF spectrum of the H
atoms is expected. This TOF technique could be a sensitive

method to investigate the surface morphology change of wa-
ter ice films.

There are numerous reports of experimental and theoret-
ical studies on the interactions of ice films with HCl. For
example, Kang et al. observed the transformation of HCl
adsorbed on ice surfaces from a predominantly molecular
form to an ionic species during heating from 50 to 140 K.3

In the present study, using the TOF techniques we have stud-
ied morphology change of the outermost layer of ice films by
dosing with HCl as a function of temperature. We will com-
pare our results with the previously reported studies on the
interaction, and discuss the origins of the H atoms from the
vacuum ultraviolet photodissociation of water ice films
dosed with HCl.

II. EXPERIMENT

The experimental apparatus and procedures of ice film
preparation have been described elsewhere.4 Photodissocia-
tion of water ice films was carried out in a high vacuum
chamber, which was equipped with two turbo molecular
pumps in tandem. Ice films were prepared on polycrystalline
Au substrates with �111� domains.5 Two types of ice films
were used in this experiment: amorphous solid water �ASW�
and polycrystalline ice �PCI� films. ASW films were pre-
pared with background �backfill� deposition at 100 K for
60 min. The exposure of water vapor was typically 1800 L
�1 L=1�10−6 Torr s�, which resulted in the formation of
600 ML of H2O on the Au substrate.6 PCI films were pre-
pared by background deposition of water vapor at 130 K for
60 min, and then maintained at this temperature for a further
30 min for annealing purposes.

The gas mixture of HCl with N2 diluent �4%� was intro-
duced into the vacuum chamber via direct or background
deposition with a pulsed molecular beam. A typical stagna-
tion pressure of a pulsed gas valve for the mixture gas was
40 Torr. The chamber pressure was 5�10−8 without sample
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molecule injection. This adsorption resulted in the formation
of 1 ML of HCl on the ice film since multilayer formation of
HCl does not occur.7 When HCl was dosed up to a few tens
of langmuirs, the signal intensity increased with dose rate up
to 2 L, and approached an asymptotic value for �2 L. The
193 nm laser light �Lambda Physik, COMPex, ArF� was di-
rected onto the ice film using a series of aluminum mirrors
and a prism resulting in an incident fluence of
1 mJ cm−2 pulse−1. The 157 nm photolysis beam �Lambda
Physik, OPTexPro, F2� was introduced directly on the ice
surface �fluence�1 mJ cm−2 pulse−1�. Hydrogen atom pho-
tofragments were subsequently ionized at a distance of 3 mm
from the substrate surface by �2+1� resonance enhanced
multiphoton ionization �REMPI� on the H�2s←1s� transi-
tion with a lens �f =0.10 m� and collected with a small TOF
mass spectrometer aligned perpendicular to the ice surface.
The requisite radiation at wavelengths �243.135 nm was
produced by a neodymium-doped yttrium aluminum garnet
pumped dye laser �Lambda Physik, SCANmate,
0.2 mJ pulse−1 at UV� using Coumarin 480 dye, followed by
subsequent frequency doubling with a BaB2O4 crystal. Each
spectrum is the sum of several spectra measured at different
Doppler shifted wavelengths around that required for the
REMPI detection. This laser was also used to ionize the pho-
tofragment by �2+1� REMPI at 235.336 nm for Cl�2D3/2
← 2P3/2� and 235.205 nm for Cl*�2P1/2← 2P1/2�. For each
spin-orbit state, the REMPI intensity I depends both on the
quantum state population N and the ionization efficiency S.
Thus, I�Cl*� / I�Cl�= �N�Cl*� /N�Cl���S�Cl*� /S�Cl��. The scal-
ing factor, S�Cl*� /S�Cl�, was reported to be 1.06±0.17 by
Regan et al.8

TOF spectra of H atoms were taken as a function of time
delay t between photolysis and probe pulses, which corre-
spond to the flight time between the substrate and the detec-
tion region. The TOF spectrum was fitted with S�t ,ai ,Ti�,
consisting of three flux-weighted Maxwell-Boltzmann �MB�
distributions defined by the translational temperature Ti and a
coefficient ai:

S�t,ai,Ti� = a1SMB�t,T1� + a2SMB�t,T2�

+ �1 − a1 − a2�SMB�t,T3� , �2�

SMB�t,r� = r3t−4 exp�− mr2/�2kBTtranst
2�� , �3�

PMB�Et� = �kBTtrans�−2Et exp�− Et/�kBTtrans�� , �4�

where r is a flight length for the photofragment. The MB
distribution, PMB�Et�, as a function of translational energy Et

is characterized by the average translational energy, �Et�
=2kBTtrans, where kB is the Boltzmann constant and Ttrans is
the translational temperature. Conversion from the energy
distribution to the TOF distribution was performed using the
Jacobian listed by Zimmermann and Ho.9

In order to simulate the obtained TOF spectra of Cl at-
oms, we used a composite of normalized TOF functions,
SG�t� and SMB�t�. These functions correspond to a Gaussian
translational energy distribution, PG�Et�, and a flux-weighted

MB energy distribution, PMB�Et�, respectively. PG�Et� is
characterized by the average energy, �Et�, and the energy
width w.

S�b,t� = bSG�t� + �1 − b�SMB�t� , �5�

PG�Et� = ��2��1/2w�−1 exp�− 2�Et − �Et��2/w2� , �6�

where b is a coefficient. The details of simulation of the TOF
spectra were described in our previous paper.4

III. RESULTS

A. Time-of-flight spectra of hydrogen atoms
from the photodissociation of water ice films
with and without dosing of HCl at 193 and 157 nm

Figure 1 shows the TOF spectra of H atoms from the
193 nm photodissociation of PCI films with and without dos-
ing of HCl �1 ML� at 100 K. The TOF spectrum for the ice
film without HCl is well described by the fast component A
with Ttrans=2400±100 K ��Et�=0.31±0.01 eV�. Upon dos-
ing with HCl, additional signals appeared in the TOF spec-
trum, and the intensity of component A stayed almost the
same. The TOF spectrum is reproduced by summing three
different MB distributions: the fast component A with Ttrans

=2400±100 K contributing �47±7�% and the surface-
accommodated slow component C with Ttrans=110±10 K
�0.01 eV� �32±10�%. The residual TOF signal is approxi-
mated by a single MB distribution, the middle component B
with Ttrans=500±50 K �0.06 eV� �21±3�%. The signal of the
B and C components appeared even at a dose rate of 0.06 L.
Its intensity increased with dose rate up to 2 L, and became
an asymptotic value for �2 L.

FIG. 1. Time-of-flight spectra of H atoms from the 193 nm
photodissociation of polycrystalline ice films with and without HCl �1 ML�
at 100 K �open circles�. The solid curves are fits to the data derived assuming
a Maxwell-Boltzmann distribution with Ttrans=2400 K for component A
�upper panel�, and the sum of three distributions with Ttrans=2400 K for A,
500 K for B, and 110 K for C �lower panel�. Contributions of the
Maxwell-Boltzmann components are listed in Table I.
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Figure 2 shows the TOF spectra from the 193 nm pho-
todissociation of ASW films at 100 K with and without HCl
�1 ML�. Both spectra are similar to each other, and consist
mainly of component C. There are very small contributions
of components A and B.

The upper panel of Fig. 3 shows the TOF spectra from

the 157 nm photodissociation of PCI films at 100 K with and
without HCl �1 ML�. Both spectra are essentially the same.
Three MB components, A�, B�, and C, are characterized by
Ttrans=4750±250 K �0.61±0.04 eV� contributing �41±3�%,
625±25 K �0.08 eV� �44±4�%, and 110±10 K �0.01 eV�
�15±5�%, respectively. The lower panel of Fig. 3 shows the
TOF spectra from the 157 nm photodissociation of ASW
films at 100 K with and without HCl �1 ML�, which are
essentially the same, and represented by summing three MB
components, A���5±2�% �, B���12±2�% �, and
C��83±4�% �. Table I summarizes the contribution and trans-
lational temperature of each component.

B. Substrate temperature dependence
of the time-of-flight spectra of hydrogen atoms
from the 193 nm photodissociation of polycrystalline
ice films dosing with HCl

Figure 4 shows the substrate temperature dependence of
TOF spectra of the H atoms from the 193 nm photodissocia-
tion of PCI films with HCl �1 ML�. PCI films were prepared
and exposed to HCl at 100 K, and then maintained at four
different substrate temperatures, Ts=100, 120, 140, and
145 K for a further 30 min. And then, the substrate tempera-
ture was reduced to 100 K during the TOF measurements. In
the obtained TOF spectra, the contributions of components B
and C gradually decreased with Ts up to 140 K, and finally
disappeared at 145 K. The surface composition of the thus-
prepared film is not changed by cooling it from
140 to 100 K.10

C. Time-of-flight spectra of chlorine atoms
from the photodissociation of molecular HCl
adsorbed on water ice films at 157 nm

Figure 5 shows the TOF spectra of Cl�2P3/2� and
Cl*�2P1/2� atoms from the 157 nm photodissociation of ASW
films dosed with HCl �1 ML� at 100 K. The TOF spectra are
reproduced by a combination of the Gaussian and MB dis-
tributions. The Gaussian distribution of Cl�2P3/2� is charac-
terized by �Et�Cl=1.4±0.1 eV, wCl=0.9±0.1 eV contributing
�2±1�%. The MB distribution is characterized by Ttrans�Cl�
=1700±100 K �0.22±0.01 eV� �98±1�%. For Cl*, �Et�Cl* is
1.4±0.1 eV, wCl* =0.9±0.1 eV contributing �3±1�%. The
MB distribution is characterized by Ttrans�Cl*�
=2800±200 K �0.36±0.03 eV�. The branching ratio,
�Cl*� / �Cl�, was 0.08±0.03.

Figure 6 shows the TOF spectra from the PCI film dosed
with HCl �1 ML� at 100 K. The Gaussian and MB distribu-
tions are characterized by the parameters listed in Table II.
�Cl*� / �Cl� was 0.04±0.02. These branching ratios did not
change when the dose rate was increased from 2 L �corre-
sponding to 1 ML� up to a few tens of langmuirs since
multilayer formation of HCl does not occur.7

We have also examined the substrate temperature depen-
dence of TOF spectra, which are shown in Fig. 6. PCI films
were exposed with HCl �1 ML� at 100 and 140 K. For the
140 K the substrate temperature was kept for a further
30 min. Then, the substrate temperature was reduced to
100 K during TOF measurements. The TOF spectra are re-

FIG. 2. TOF spectra of H atoms from the 193 nm photodissociation of
amorphous solid water films with and without HCl �1 ML� at 100 K. Fits are
to three Maxwell-Boltzmann distributions with Ttrans=2400 K for A, 500 K
for B, and 110 K for C. Contributions of components A, B, and C are listed
in Table I.

FIG. 3. The upper panel shows TOF spectra of H atoms from the 157 nm
photodissociation of polycrystalline ice �PCI� films with HCl �1 ML� at
100 K. The inset shows the spectrum without HCl. Fits are to three
Maxwell-Boltzmann distributions with Ttrans=4750 K for A�, 625 K for B�,
and 110 K for C. The lower panel shows TOF spectra of H atoms from the
157 nm photodissociation of amorphous solid water �ASW� films with HCl
�1 ML� at 100 K. The inset shows the spectrum without HCl. Fits are to
three Maxwell-Boltzmann distributions with Ttrans=4750 K for A�, 625 K
for B�, and 110 K for C. Contributions are listed in Table I.
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produced with the parameters listed in Table II. The TOF
spectrum on the PCI film exposed with HCl at 140 K is
essentially the same as that at 100 K.

We investigated the formation of Cl and Cl* atoms from
the 193 nm photodissociation of the ice films dosed with
HCl, but could not detect the REMPI signals.

IV. DISCUSSION

A. Surface morphology changes probed by
time-of-flight measurements of hydrogen atoms

1. Origin of hydrogen atoms from the
photodissociation of polycrystalline ice films

In our previous experiments at 193 nm �6.4 eV�, we
have shown that the fast TOF component A from a neat PCI
film comes from one-photon dissociation of the dimerlike
water molecules on the topmost H2O layer of the ice film via
reaction �1�, which have photoabsorption near 200 nm due to
the branched form of the water cluster.2,11 Similarly, 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.12 Hence, for the 193 nm
photodissociation of the neat PCI film the TOF spectrum of
the upper panel of Fig. 1 can be fitted solely by the fast
component A. When an ASW film was photoirradiated at
193 nm, however, the TOF spectrum consists mostly of the
surface-accommodated slow component C, as shown in the
upper panel of Fig. 2. Since the adsorption of HCl induces
disordering of the PCI film surface, the slow and middle
components C and B appeared in the TOF spectrum, as
shown in the lower panel of Fig. 1. Thus, the present TOF
spectroscopy is specifically sensitive to disordering of the
top surface. If the percentage of disordered surface area is
proportional to that of the B and C components in TOF spec-

TABLE I. Contributions and translational temperatures of the Maxwell-Boltzmann �MB� components for the
time-of-flight spectra of H atoms from ASW and PCI films at 193 and 157 nm. Substrate temperature was kept
at 100 K. ASW=amorphous solid water. PCI=polycrystalline ice. Coverage of HCl was 1 ML.

Dissociation
wavelength
�nm� Type of ice film

Contribution of MB components �%�

A �2400±100 K� B �500±50 K� C �110±10 K�

193 PCI without HCl 100 — —
PCI with HCl 47±7 21±3 32±10

ASW without HCl 6±3 — 94±3
ASW with HCl 4±2 2±2 94±4

Dissociation
wavelength
�nm� Type of ice film

Contribution of MB components �%�

A �4750±250 K� B �625±25 K� C �110±10 K�

157 PCI with and without HCl 41±3 44±4 15±5
ASW with and without HCl 5±2 12±2 83±4

FIG. 4. Substrate temperature dependence of the TOF spectra of H atoms
from the 193 nm photodissociation of polycrystalline ice films with HCl �1
ML�. After the polycrystalline ice films were exposed to HCl at the indicated
temperatures, TOF measurements were performed at 100 K. A, B, and C
stand for the Maxwell-Boltzmann translational components listed in Table I.

FIG. 5. TOF spectra of Cl�2P3/2� and Cl*�2P1/2� atoms from the 157 nm
photodissociation of amorphous solid water films with HCl �1 ML� at
100 K. The solid curves are fits to the data derived assuming the sum of a
Gaussian distribution with �Et�=1.40 eV and a Maxwell-Boltzmann distri-
bution with Ttrans=1700 K �upper panel�, and a Gaussian distribution with
�Et�=1.40 eV and a Maxwell-Boltzmann distribution with Ttrans=2800 K
�lower panel�. Contributions and translational energies �temperatures� are
listed in Table II.
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tra, it is estimated to be �53±13�% at the ice temperature of
100 K upon HCl �1 ML� adsorption on a PCI film.

The photoabsorption spectrum of HCl adsorbed on a wa-
ter ice film was calculated by Woittequand et al. using the
Fourier transform of the autocorrelation function of a disso-
ciative wave packet.13 The calculated absorption spectrum of
molecular HCl on a PCI film at 0 K is blueshifted by
0.36 eV with respect to the gas phase spectrum because of
the surface stabilization in the ground state of molecular HCl
attached to the ice surface. Hence, the H atoms from the
photodissociation do not come from the 193 nm photodisso-
ciation of HCl adsorbed on the PCI surface. This blueshift
was confirmed by the experimental results that Cl atoms
were not detected in the 193 nm irradiation of the ice films
dosed with HCl, but observed at 157 nm.

About the dissociation threshold wavelength, Kimmel
and Orlando measured D atoms from the electron-stimulated
dissociation �ESD� of amorphous D2O ice adsorbed on
Pt�111� at �90 K.12 They reported that a low energy thresh-
old for D atom production is 6.5–7.0 eV. There exists the
dissociative electronic state near 200 nm. Their TOF spectra
for D atoms consist of two components; one is ejected di-

rectly from the surface without interacting to surrounding
molecules, and the other is accommodated to the surface
temperature prior to desorption. These results are in good
agreement with the present TOF results. It is likely that the
same electronic excitation and the dynamics occur in the
photo- and electron bombardment dissociation.

The TOF spectrum at 157 nm �7.9 eV�, the upper inset
of Fig. 3, is characterized by summing the three MB distri-
butions because of the bulk ice photodissociation, that is, the
fast H atoms generated from the outmost surface correspond
to component A�, the H atoms from the bulk phase corre-
spond to component B�, and the translationally relaxed H
atoms that are accommodated to the surface temperature cor-
respond to component C.2 Although molecular HCl has rela-
tively strong photoabsorption at 157 nm, the present TOF
spectra with and without HCl in Fig. 3 are very similar to
each other, because the population of molecular HCl on the
ice surface at 100 K would be small with respect to water
molecules in the bulk phase.

2. Origin of hydrogen atoms from the
photodissociation of amorphous solid water film

The origin of the H atoms recorded at 193 nm from
ASW is attributed to the photodissociation of surface species
on ice films, while at 157 nm the H atoms come from the
photodissociation of surface and bulk of ice films.2 Although
the origins are different, the TOF spectra at 193 and 157 nm
are both dominated by the slow component C, indicating that
the photofragment H atoms are accommodated to the sub-
strate temperature by collisions in the micropores of the
ASW film surfaces.

B. Surface morphology change of water ice films
on adsorption of hydrogen chloride

In the TOF spectra of H atoms from the 193 nm photo-
dissociation of the PCI film with HCl at 100, 120, and
140 K, the signal intensity of component A was almost the
same while slow components B and C appeared. The sub-
strate temperature dependence of Fig. 4 shows that the com-
ponents B and C gradually decreased from 100 to 120 K. At
140 K these components were still present, and then disap-
peared at 145 K. Dosing with HCl on the ice surface induced

TABLE II. Contribution and translational energies �temperatures� of the Gaussian and the Maxwell-Boltzmann
�MB� components for the time-of-flight spectra of Cl�2P3/2� and Cl*�2P1/2� atoms from the photodissociation of
HCl on ASW and PCI films at 157 nm. During the time-of-flight measurements the substrate temperature was
kept at 100 K. ASW=amorphous solid water. PCI=polycrystalline ice. Coverage of HCl was 1 ML.

Chlorine
atoms

Adsorption
temperatures

Ice film
with HCl

Gaussian component MB component

Translational
energy �eV�

Contribution
�%�

Translational
temperature �K�

Contribution
�%�

Cl 100 ASW 1.4±0.1 2±1 1700±100 98±1
Cl* ASW 1.4±0.1 3±1 2800±200 97±1
Cl PCI 1.4±0.1 3±1 2000±200 97±1
Cl* PCI 1.4±0.1 4±1 3600±200 96±1

Cl 140 PCI 1.4±0.1 3±1 2000±200 97±1
Cl* PCI 1.4±0.1 7±2 3600±200 93±2

FIG. 6. TOF spectra of Cl and Cl* from the 157 nm photodissociation of
polycrystalline ice films with HCl �1 ML� at 100 and 140 K. The solid
curves are the sum of a Gaussian distribution and a Maxwell-Boltzmann
distribution. Contributions and translational energies �temperatures� are
listed in Table II.
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surface disordering below 140 K as discussed above. Ad-
sorption states of HCl on water ice films were investigated
by using the reactive ion scattering technique with Cs+ as a
function of ice temperature.3,7,14 This reactive ion scattering
study suggests that for temperatures below 80 K molecular
adsorption dominates, while the amount of ionic species in-
creases until an ice temperature of 140 K is reached.3 This
result shows that the ionic dissolution of molecular HCl on
ice surfaces is completed around 140 K. Therefore, compo-
nents B and C disappeared in the present TOF spectrum of H
atoms at 145 K.

The TOF spectrum from the ASW film with HCl was not
different from that without HCl, because the surface mor-
phology of the ASW film was effectively not changed by
dosing with HCl �Fig. 2�.

C. Chlorine atoms from photodissociation of molecular
HCl adsorbed on water ice films

Since HCl are not completely ionized and molecular HCl
remain on the ice surface even at 140 K, Cl or Cl* atoms
were detected from the 157 nm photodissociation of HCl ad-
sorbed on the PCI films �Figs. 5 and 6�. Sadtchenko et al.15

reported in their temperature programmed desorption �TPD�
experiments that there are three types of adsorption states at
95 K, �-, �-, and 	-HCl. �-HCl was attributed either to
molecular HCl adsorbed on the surface of HCl hexahydrate16

or to a thin HCl-monolayer adlayer formed on the saturated
hexahydrate film.17 �-HCl mainly exists on an ASW film.
	-HCl is characteristic of the PCI surface and is essentially
absent at the ASW surface. Table II shows that the transla-
tional temperatures of the MB components of chlorine atoms
from the photodissociation of molecular HCl on the PCI film
are higher than those from the ASW films. The translational
temperature difference between the PCI and ASW films
might be due to the different populations of three adsorption
states, 	-HCl for PCI and �-HCl for ASW.

The branching ratios of Cl* /Cl from the gas phase pho-
todissociation at 157 nm were experimentally and theoreti-
cally obtained to be 0.81±0.09 and �0.67, respectively.18,19

The present ratios of Cl* /Cl�=0.04–0.08� from the ice film
surface are low because �a� the potential surface distortion
changes the transmission probabilities in the potential inter-
section regions, and �b� the slow velocity of the photofrag-
ment results in adiabatic behavior of the dissociation
potentials.

D. Molecular states of HCl on water ice films

Depending on the surface temperature, HCl on ice form
mono-, tri-, and hexahydrate, or is ionized.20 As shown in
Fig. 7, there are numerous reports of studies on the interac-
tions of HCl with ice films with various experimental meth-
ods: temperature-programed desorption mass spectrometry
�TPDMS�,15 infrared spectroscopy,17,21,22 secondary ion mass
spectroscopy,10,23,24 laser thermal desorption,25 reactive ion
scattering �RIS�,3,7,14 near-edge x-ray absorption fine struc-
tures �NEXAFSs�,26 electron-stimulated desorption,27 and
molecular beam scattering techniques.28,29

The RIS study suggests that for temperatures below
80 K molecular adsorption dominates, while the amount of
ionic species increases until an ice temperature of 140 K is
reached.3 These results are corroborated by the H–Cl bond
signal in photostimulated desorption-NEXAFS spectra. At
150 K, this bond is only visible for pure HCl, but not for
HCl adsorbed on ice films, which directly demonstrates the
dissociation of HCl. Foster et al. investigated the interaction
of HCl with ice surfaces as a function of ice temperature,
using laser-induced thermal desorption techniques.25 In
agreement with the HCl·H2O phase diagram, a stable
HCl·3H2O trihydrate consistently formed between 140 and
148 K. Monte Carlo simulations by Devlin et al. suggested
that a minimum of three hydrogen bonds is needed for HCl
ionization.22 These results show that the ionic dissociation of
HCl on ice surfaces is completed between 140 and 150 K, as
shown in Fig. 7. Therefore, in the present experiment, com-
ponents B and C disappeared in the TOF spectrum of H
atoms at 145 K �Fig. 4�.

V. CONCLUSION

The time-of-flight spectrum of hydrogen atoms from the
193 nm photodissociation of surface water molecules on
polycrystalline ice films at 100 K after dosing with HCl �1
ML� is characterized by a combination of three different
�fast, medium, and slow� Maxwell-Boltzmann energy distri-
butions, while the spectrum measured without dosing of HCl
is fitted solely by the fast component. The appearance of the
slow components is attributed to partial disordering of the ice
film surface by dosing with HCl. When the ice film tempera-
ture was raised to 145 K the medium and slow components
did not appear even after dosing with HCl because the sur-
face morphology was kept of polycrystalline structure. The
fact that detection of chlorine atoms in the 2P3/2 and 2P1/2
levels was successful from the 157 nm photodissociation of

FIG. 7. Molecular adsorption states of HCl of water ice films from refer-
ences. Temperature-programed desorption mass spectrometry �TPDMS�,
Ref. 15; temperature-programed time-of-flight secondary-ion mass spec-
trometry �TP-TPF-SIMS�, Ref. 10; electron-stimulated desorption �ESD�,
Ref. 27; Fourier transform infrared spectroscopy �FTIR�, Ref. 21; and reac-
tive ion scattering �RIS�, Refs. 7 and 14.
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molecular HCl on the ice films dosed by HCl at 100–140 K
suggests that molecular HCl remain partially on the surface
up for 100–140 K.
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