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ABSTRACT
Solid Ðlms have been grown on a stainless steel substrate and processed by X-ray bombardmentCO2for up to 6 hr.. The reactions induced were monitored using X-ray photoelectron spectroscopy (XPS)

and mass spectrometry. The XPS results are twofold : direct X-ray photolysis of the ice producedCO2CO and an unidentiÐed O product, possibly atomic O; secondary e†ects resulting from surface reactions
between CO, O, and residual H from the vacuum environment produced and a waterH2CO, CH3OH,
ice cap on the Ðlm. The rate of production of CO from direct X-ray photolysis of is measuredCO2 CO2to be 5.4 ] 102 molecule photon~1, corresponding to a formation cross section of 4.7 ] 10~20 cm2. The
growth rate for the water cap is calculated to be 2.6 ] 10~4 monolayers s~1 for a partial pressure of H
equal to 2 ] 10~10 Torr. The appearance of gas-phase products from the Ðlm showed a time lag which
indicates that the di†usion of the product species in the bulk is a†ected by some time-dependentCO2process, possibly the creation of defects in the Ðlm. A model for the observed time dependence of the
dissociation products in the gas phase yields di†usion coefficients in the of 5 ] 10~12 andCO21 ] 10~12 cm2 s~1, for O and CO, respectively.
Subject headings : di†usion È ISM: molecules È molecular processes È X-rays : general

1. INTRODUCTION

Understanding the chemical and material properties of
ices (the term ““ ice ÏÏ as used in this context refers to the solid
phase of materials typically thought of as either liquids or
gases) has become increasingly important in the astronomi-
cal community in recent years. Observational results over
the last 20 years have shown that a large variety of mol-
ecules exist in the solid phase on dust grains in the inter-
stellar medium et al. et al.(Allamandola 1992 ; Blake 1987

et al. et al. isLacy 1991 ; Tielens 1991 ; Turner 1990). H2Ogenerally the most abundant, but nontrivial amounts of
other molecules such as CO, and are alsoH2CO, CH3OH
well established. In addition, many of these molecules have
also been seen in comet comae and most likely exist in the
solid phase within the cometary nucleus (see review by

Weissman, & SternMumma, 1993).
For ice speciÐcally, its existence in the solid stateCO2within dust clouds has been generally accepted, even though

earlier observational veriÐcation was a difficult task
& Jourdain de Muizon More recent(dÏHendecourt 1989).

work has conÐrmed its existence deÐnitively in molecular
clouds with an abundance larger than previously thought

et al. et al.(deGraauw 1996 ; Gu� rtler 1996).
To better understand the abundances and detailed com-

position of these interstellar ices, various laboratories have
initiated a core of experimental work in which the primary
goal has been to create astronomically relevant ice mixtures
in the lab and to observe the changes in the ice resulting
from radiative processing by either UV photon

et al. & Sandford(dÏHendecourt 1986 ; Allamandola 1988 ;
Sandford, & Valero or MeV ionAllamandola, 1988) (Benit,

Bibring, & Rocard et al. &1988 ; Moore 1983 ; Moore
Hudson et al. bombardment. These1992 ; Pirronello 1982)
e†orts have met with a great deal of success and have gener-

1 Correspondence should be addressed to this author.

ated useful data for comparison with observational spectra,
especially in the IR & Allamandola(dÏHendecourt 1986 ;

et al. & AllamandoladÏHendecourt 1986 ; Sandford 1990a,
1990b).

Some aspects of processed ices still remain relatively
unexplored : Ðrst, in most previous work has beenCO2studied as part of a mixture, of which it is usually a minor
component. Schutte, & Ehrenfreund haveGerakines, (1996)
recently processed several pure ices, including withCO2,
UV, proposing reaction pathways and measuring pro-
duction cross sections, but more work should be done on
pure ices to facilitate a thorough understanding of ice mix-
tures.

Second, the radiative processing of ices to initiate reac-
tions of astronomical interest has almost exclusively been
done using ultraviolet photons or MeV ions. Either is
appropriate for most circumstances since there is a signiÐ-
cant Ñux in interstellar dust clouds for both types of radi-
ation. However, a case can be made to use X-rays as the
processing radiation ; for example, during the T Tauri phase
of star formation, both classical and weak T Tauri stars
emit in the X-ray wavelength region, with luminosities
between 1029 and 1031 ergs cm~2 s~1 et al.(Feigelson

Over the typical lifetime of this phase (about 1 ] 1061993).
yr) the dust grains surrounding these stars can undergo a
signiÐcant amount of processing. Although the same direct
chemistry may be seen when using X-rays instead of UV or
MeV ions as the processing radiation, quantities such as
production rates should di†er, and the much higher energy
of the X-rays compared to the UV may produce secondary
e†ects not seen in the case of UV bombardment.

Third, theoretical e†orts, which have concentrated on
modeling the time dependence of gas- and solid-phase
molecular abundances Allamandola, &(dÏHendecourt,
Greenberg Herbst, & Leung1985 ; Hasegawa, 1992 ; Tielens
& Hagen suggest that surface reactions must be1982),
incorporated into current models to adequately explain
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observations. For example, the abundance of in dustH2clouds depends on solid state chemistry, due to the need for
a third body in the associative reaction between two H
atoms & Salpeter et al.(Hollenbach 1970, 1971 ; Pirronello

Surface reactions are also considered as sources for a1997).
great many other simple molecules et al.(Greenberg 1993 ;

Yet even thoughWilliams 1993 ; Tielens 1992 ; Herbst 1993).
surface reactions are most certainly involved in the systems
studied as part of astrochemistry, experimental surface
science techniques have not typically been included in most
studies. The probes used in previous work (such as IR
spectroscopy) instead sample the entire ice volume and
cannot easily detect surface e†ects.

To address these issues, we have begun work on the study
of pure ices, irradiated by X-ray photons, and probed using
the surface sensitive technique of X-ray photoelectron spec-
troscopy (XPS). Using this technique should provide details
concerning the surface chemistry of the ices.

Because photoproduced species must reach the surface to
initiate reactions, bulk di†usion will also play an important
role in the surface physics of the ice. Unfortunately, very
little work has been done on either the mechanisms or the
kinetics of di†usion for these speciÐc fragment/solid mix-
tures. The di†usion of various species in solid has beenH2Omeasured as a function of temperature and of other vari-
ables Barnaal, & Lowe Chen, &(Kopp, 1965 ; Strauss,
Loong but similar data for solid are scarce.1994), CO2Using a mass spectrometer to monitor the time dependence
of the gas-phase molecular concentrations will enable us to
learn something of the di†usion properties in the solid and
will complement the XPS results.

In this paper, results are presented concerning the X-ray
processing of a pure ice grown under ultrahighCO2vacuum conditions. The details of the chemical changes that
occur on the ice surface during the processing are investi-
gated using the surface-sensitive technique of XPS. Further-
more, the gas-phase species evolved from the surface during
the X-ray photoprocessing are monitored using a quadru-
pole mass spectrometer. Using these complementary tech-
niques, a detailed picture of the reaction kinetics and a
model concerning the di†usion of the X-ray photolysis pro-
ducts is given.

2. EXPERIMENT

High-quality ice Ðlms were grown on a stainless steel cold
Ðnger, cooled using a continuous Ñow liquid nitrogen
system. Prior to Ðlm deposition, the stainless steel substrate
was sputter cleaned for approximately 25 minutes using 4.0
keV Ar` ions. The ice was formed from research gradeCO2(99.995% min purity) gas using a stainless steel gas nozzle
placed directly over the cold Ðnger. A baked, turbo-pumped
manifold was used to input gas to the system, with partial
pressures monitored using an MKS capacitance manome-
ter. The base pressure in the chamber was less than
5 ] 10~10 T prior to deposition and upon gas introduction
was increased, using a precision leak valve, to approx-
imately 5 ] 10~8 T. The ice Ðlms were grown at this pres-
sure for approximately 1 hr. This exposure resulted in a
thickness of 5500 ^ 825 The thickness was measured byÓ.
observing interference fringes on the ice as growth occurred.
Upon introduction, the gas was monitored using a Balzers
Prisma QMS 300 quadrupole mass spectrometer.

The ice Ðlms were characterized using the surface-
sensitive technique of X-ray photoelectron spectroscopy

(XPS). A general review of this technique can be found in
& Delchar The X-rays from the XPSWoodru† (1994).

source penetrate the entire sample since the attenuation of
X-rays by solid is small. However, the photoelectronsCO2which are detected are severely attenuated, and the core
level peaks result from the top 50È100 The X-ray sourceÓ.
was outgassed for 1 hr prior to the growth of the ice Ðlm, to
reduce any background due to the source.

The XPS measurements were obtained using a PHI 5100
ESCA system equipped with a 27.9 cm hemispherical capa-
citor analyzer. The excitation source was Mg Ka radiation
of energy 1253.6 eV. The reported photoelectron spectra
were taken at a constant pass energy of 17.9 eV, which
means the detector passes electrons of 17.9 eV only,
requiring the photoelectrons to be decelerated before enter-
ing the analyzer. This technique maintains a constant
resolution over the entire spectrum. All core level spectra
were referenced to the C 1s line associated with a thin CO2ice Ðlm (growth for 1 minute at 5 ] 10~8 T) on stainless
steel. Under these conditions, charging e†ects for the ice
were negligible. The C 1s line for this thin ice Ðlm wasCO2observed at 292.75 eV, while the Fe line associated2p3@2with the stainless steel subtrate was observed before and
after the deposition at 707.3 eV. It is noted that this refer-
ence binding energy for ice is somewhat higher thanCO2the value of 292.1 eV reported previously by et al.Gelius

For the spectra associated with X-rayÈprocessed(1970).
thick Ðlms, shifts in peak positions due to charging did
occur. However, the relative spacing between C 1s and O 1s
did not show any changes. Since the collection times were
short compared to the irradiation times, no e†ort was made
to keep the sample neutral, i.e., no electron bombardment of
the sample was done. It should also be noted that the
spectra are normalized, in all cases, to the height of the
largest peak. This relative intensity scale will be discussed,
where necessary, in the context of each spectrum.

Elemental stoichiometries were obtained from peak area
ratios corrected by experimentally determined sensitivity
factors. These stoichiometries are subject to uncertainties of
D10% of the stated value. The deconvolution of the XPS
spectra was carried out using Gaussian component peaks
with the constraint of having a nearly equal full width at
half-maximum (FWHM) value for a given component
among the di†erent spectra.

The gas-phase species within the vacuum system were
monitored during the growth phase of the ice using a
Balzers QMS 300 quadruple mass spectrometer. The mass
spectrometer was used in channeltron mode with the detec-
tor voltage set at 1200 V. The partial pressures were mea-
sured as ion currents, allowing relative comparisons
between masses to be made. For some of the runs isotopic

was used to eliminate confusion between contribu-13CO2tions to a mass number from more than one molecule. The
multiple contributions are caused by the fractionation of
the molecules by the mass spectrometer itself. During the
X-ray processing of the ice, the mass spectrometer was oper-
ated continuously to monitor the species evolving from the
surface. The XPS and mass spectrometer results are corre-
lated and used to discuss the possible mechanisms associ-
ated with the photochemical processing of the ice.

We photoprocessed the ice using the X-ray source (Mg
Ka at energy 1253.6 eV) of the XPS system, operated in a
continuous mode. An X-ray photon of this energy will pen-
etrate several microns of ice. The source was operated at 15
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kV and 400 W and has a Ñux of 6 ] 1013 photons cm~2 s~1
(E. Peterson 1997, private communication). Therefore, a
total photon dose that may result in signiÐcant chemical
changes in the laboratory experiment would occur on a
very di†erent timescale in an astrophysical environment.
E†ects such as di†usion and resurfacing, which are time
dependent, may play a major role in the Ðnal result, and so
caution should be taken when applying these results to
astrophysical systems.

3. RESULTS

The chemical structure of the as-deposited and X-ray
processed ice was analyzed using XPS. From the lineCO2intensities of the detected elements and the corresponding
sensitivity factors, we obtained the relative surface composi-
tion of the sample as a function of the X-rayÈprocessing
time. These results indicate that, for the initial ice, the total
carbon to oxygen ratio is D1 : 2, as expected. An increase in
the oxygen concentration (with a corresponding decrease in
the carbon concentration) is observed as the ice is processed
using X-rays. After 6 hr, the ice has a carbon-to-oxygen
ratio of D1 : 3. Because of the surface sensitivity of XPS, this
ratio does not necessarily reÑect a change in the bulk con-
centrations, and the rise in the oxygen concentration is due
to several processes which are discussed in detail below
where the XPS and RGA results are presented.

The evolution of the C 1s core-level spectra is shown in
for the ice as a function of the X-rayÈFigure 1 CO2processing time. shows the initially grown iceFigure 1a

FIG. 1.ÈTime evolution of the C 1s core-level spectra for iceCO2during X-ray processing. The growth of CO, and isH2CO, CH3OH
observed.

with the main peak at 292.75 eV, which is associated with
carbon in solid as discussed previously. FiguresCO2, 1b
and show the ice after X-ray photo-processing for 4 and 61c
hr, respectively. In these Ðgures, a tail is observed to grow
on the low binding energy side of the main peak. Using
standard line-shape analysis techniques, the tail was resolv-
ed using three distinct lines. These lines have been attrib-
uted to CO at 292.85 eV, (formaldehyde) at 289.05H2CO
eV, and (methanol) at 287.78 eV. These energiesCH3OH
were obtained from the literature et al.(Siegbahn 1969 ;

et al. or from additional experiments on iceGelius 1970)
mixtures undertaken by this group. As an example, Figure

shows the C 1s core level for a ice mixture.2a CO2/CH3OH
The lines are well resolved, and the spacing between the two
peaks (* \ 4.97 eV) was used in the Ðt of We didFigure 1.
not determine the mixing ratios for these calibration ices ;
only the spacing between lines was measured.

The O 1s core level spectra is shown in for theFigure 3
same data run as that of The as-grown ice isFigure 1.
shown in while Figures and show the 4 andFigure 3a, 3b 3c
6 hr photoprocessed results. In the unprocessed case, the

line is placed at 536.32 eV. For the processed cases, aCO2large tail is also seen to grow on the low binding energy side
of the peak, while broadening occurs to higher binding
energy. The tail and broadening were resolved by line-shape
analysis using Ðve distinct lines. These lines are attributed
to CO at 537.52 eV, at 535.50 eV, at 534.4 eV,H2CO H2O

FIG. 2.ÈCore-level XPS spectra for determining line positions includ-
ing (a) C 1s spectra for ice mixture, (b) O 1s spectra forCO2/CH3OH

mixture, and (c) O 1s spectra for mixture.CO2/H2O CO2/CH3OH
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FIG. 3.ÈTime evolution of the O 1s core-level spectra for iceCO2during X-ray processing. The growth of CO, andH2CO, H2O, CH3OH,
trapped O is observed.

at 534.19 eV, and an additional O product at 533.1CH3OH
eV. The energies for CO and were determined fromH2CO
previous experimental work et al. et(Siegbahn 1969 ; Gelius
al. The and energies were again1970). H2O CH3OH
directly measured. Figures and are plots of the O 1s2b 2c
core level spectra for and mix-CO2/H2O CO2/CH3OH
tures, respectively. Just as for the carbon line Ðts, the
spacing between lines was used in the line-shape analysis.

Because of the large contribution in the spectra andH2Othe closeness of several of the lines, we set the amounts of
the CO, and peaks by stoichiometric calcu-H2CO, CH3OH
lations using the results from the C 1s line-shape analysis.
The data for the contribution of to the O 1s line wereH2Othen Ðtted with constraints placed on line position and
width, while the height was allowed to vary. To obtain a Ðt
for the entire spectrum, while maintaining a reasonable line
width for the the additional line at 533.1 eV wasH2O,
needed. Since no other line accounts for the direct oxygen
products of the X-ray induced photodissociation of the

it seems likely that this line is due to an oxygen-onlyCO2,
molecule. The integrated intensity of the unidentiÐed line is
close to that of the CO contribution to the O 1s, and since
for each photo-event one of each will be produced, this inter-
pretation seems reasonable. Several candidates for this line
are possible, speciÐcally O, and UV-processingO2, O3.
studies done on pure ice suggest that the largest contri-CO2bution to the products would come from althoughO3,
some would also exist et al. From thisO2 (Gerakines 1996).

same work, the possibility of atomic O sitting in the matrix
also seems to be less likely ; once the ice was warmed to 30
K, atomic O di†used in the ice to form To our knowl-O3.
edge, little experimental data exist for the XPS line position
for any of these oxygen molecules in the solid state. For
now, we cannot unequivocally identify this contribution to
the O 1s spectrum.

We also ran a control sample. The spectra for both the C
1s and O 1s lines in an unprocessed ice (5.2 hr after growth)
are shown in Figures and respectively. The amount of4a 4b,

grown onto the ice surface from residual water in theH2Ovacuum is considerably less than during the processed run,
as is seen by comparing Figures and and noting the3c 4b,
size of the contribution relative to the The pro-H2O CO2.
duction of this from processing is also discussedH2Obelow.

The evolution of dissociated constituents from the ice is
best studied by monitoring the various mass species in the
chamber as a function of time. is a plot of theFigure 5
relative gas pressures (as measured by ion current) for
several masses as a function of time for a ice. The13CO2processing began at t \ 0 and continued until the moment
marked by an arrow, at which time the X-rays were turned
o† to allow observation of the decay of species which were
produced by the processing. Isotopic was used so weCO2could clearly distinguish masses for various constituents
from background. These data preclude the possibility of
evolution of gas due to heating of the ice from the X-ray
source since the (mass 45) pressure does not go upCO2signiÐcantly throughout the entire experiment. In addition,
we found that the masses which do show increases in pres-
sure do so after a considerable time lag from the beginning
of processing. This lag can be explained by more than one
physical process, as is further discussed below.

FIG. 4.ÈXPS spectra for unprocessed ice 5.2 hr after growthCO2showing (a) C 1s spectra and (b) O 1s spectra.
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FIG. 5.ÈTime evolution of gas-phase concentrations for selected mol-
ecules in isotopic ice. Processing began at t \ 0 and was stopped at13CO2time indicated by arrow in order to observe decay of species in chamber.

4. DISCUSSION

To fully understand the results of the X-ray processing,
we must ultimately consider both bulk and surface charac-
teristics. XPS is a surface sensitive technique and can probe
processes which would be lost in the noise if the entire bulk
were sampled On the other hand, this surface sensitivity can
also give rise to misleading conclusions if one is also inter-
ested in bulk processes. Direct photolysis of the by theCO2X-ray Ñux should produce CO, O, and possibly C in the
bulk of the ice. Our data show in Figures and that CO is1 3
indeed produced in the ice by the X-ray Ñux, and the mass
spectrometer data in also conÐrm this conclusion.Figure 5
The data in also show an increase in mass 32,Figure 5
indicating that is also formed. Although not shown onO2the plot, an increase was also seen for mass 16 ; it unfor-
tunately contains a large component due to the fractiona-
tion of CO and so is not shown. The rise in the chamber of
mass 32 must result from some subsequent reaction since
direct dissociation of should lead to atomic O. Clearly,CO2the data support the contention that we are producing both
products of the photodissociation of the so we haveCO2,
identifed the additional XPS O 1s peak at 533.1 eV as corre-
sponding to O or trapped in the ice.O2The photoproduced amount of each of these species is
not readily determined, however, for several reasons. The
produced species show a tendency to leave the ice Ðlm and
enter the gas phase, but the absolute rates at which the
species leave the ice is uncertain. The time at which large-
scale di†usion from the ice begins is approximately 30
minutes. The XPS spectra were taken at either 30 minute or
1 hr intervals, and each spectra took about 10 minutes to
complete. By the time we recorded the Ðrst XPS spectra
after processing began, photoproduced species were already
di†using out of the and, in some cases, equilibrium inCO2,
the concentration of the species may have been reached. In
addition to this di†usion, an cap grew on the ice,H2O CO2as indicated by the decrease in the intensity of the C 1s line
with time and the appearance of the signature(Fig. 6) H2Oin the O 1s spectra (Figs. and this cap precludes using3b 3c).
absolute intensities of the XPS lines as a measure of the
production rate for the resultant species since the XPS tech-
nique samples only to a Ðnite depth.

FIG. 6.ÈTotal integrated area of C 1s XPS line as a function of pro-
cessing time. Decrease in intensity can be modeled by exponential decay
due to growth of photo-produced cap.H2O

The integrated area of the XPS lines as a percentage of
the C 1s total intensity would be a better indicator for the
amount of each species existing within the ice, except that it
still might not account for the total amount of each species
produced over the duration of the experiment because of
appreciable amounts lost to the gas phase. Using the
amount of a species resident in the ice as a lower limit, we
can, however, estimate the production rate for the X-ray
photolysis of to CO. The CO contribution to the totalCO2C 1s line after 6 hr is 6%, and, assuming the density of bulk

(1.56 g cm~3) for the ice and a thickness of 5500 weCO2 Ó,
derive an X-ray photoproduction rate of 5.4 ] 10~2
photon~1, with an uncertainty of 20%. This rate corre-
sponds to a formation cross section of 4.7 ] 10~20 cm2.

et al. found UV formation cross sectionsGerakines (1996)
for CO in a ice of 3.8 ] 10~19 cm2, and photo-CO2production rates for UV processing of various molecules
were found to be of the same order of magnitude

et al. If we could include the amount(dÏHendecourt 1986).
of CO lost to the gas phase, the photoproduction rate
would certainly rise. Later, we will make an estimate of this
correction to improve the accuracy of this rate.

The X-ray processing also induced the formation of
and in the ice. The XPS spectra show clearH2CO CH3OH

growth for lines corresponding to both species. In the data
from the mass spectrometer, we took care to distinguish
contributions from and because of the massH2CO CH3OH
spectrometerÏs tendency to fractionate a portion of the mol-
ecules entering the analyzer. For example, has aH2CO
primary mass of 30, and of 32 amu. Consequently,CH3OH
fractionation of the will cause large signals atCH3OH
masses 32, 31, and 29, while for there will be largeH2CO,
signals for masses 30, 29, and 28.

To eliminate any confusion, we repeated the experiment
utilizing isotopic in growing the ice. For the13CO2 13CO2,
masses are all shifted up one mass unit relative to 12CO2and give unequivocal correspondence of mass 31 to H2CO
and mass 33 to In a rise in the massCH3OH. Figure 5,
corresponding to and provides additionalH2CO CH3OH
support that these species are both created during the X-ray
processing of the ice. Unlike CO and O, these productsCO2result from secondary reactions and rates for a multistep
process have little meaning outside the speciÐc experiment
from which they were obtained. However, qualitative infor-
mation about these two molecules can yield useful informa-
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tion. Both and molecules require that theH2CO CH3OH
CO and O produced from direct X-ray photolysis Ðnd
hydrogen bearing species to react with. An important ques-
tion is whether the hydrogenation reactions producing the
secondary molecules occur in the bulk or on the surface of
the ice. The UHV system in which the experiment was per-
formed is an exceptionally clean environment. While great
care was taken to ensure that the initial ice was as pureCO2as possible, other molecules are obviously present in the
chamber, as in any vacuum system. In fact, the most abun-
dant background species in a UHV chamber at 10~10 T
pressure is hydrogen, in either molecular or atomic form.
The level of the most likely other hydrogen bearingH2O,
molecule, in the chamber is 2 orders of magnitude below the
level of during deposition while the level of H is only aCO2factor of 2 lower. Thus, some hydrogen could be trapped in
the ice during growth. This trapped H (or would beH2)available for photolysis and reaction with the CO and O
fragments to form both and in the bulk.H2CO CH3OH

It is also possible that these molecules are formed via
hydrogenation reactions occurring on the surface of the ice

In the UHV chamber, the(Herbst 1993 ; Tielens 1992).
partial pressure of the and H is approximatelyH22 ] 10~10 T, which leads to hydrogen striking the surface
of the ice at a rate of 1 ] 1011 cm~2 s~1. Calculations yield
small values for the sticking probability for H or on anH2oxide surface for a lattice temperature of less than 100 K

& Williams unless chemisorption sites(Leitch-Delvin 1985),
are available. The surface in this case may have active che-
misorption sites due to the constant X-ray bombardment.
In addition, the surface of the ice may be quite irregular,
increasing the e†ective area of the sample. Assuming either
of these possibilities, the H density is such that reasonable
amounts of hydrogen could then stick and migrate on the
surface until encountering a fragment (e.g., CO) andCO2undergoing a reaction. Under these circumstances, H2CO
would be more readily formed than and this isCH3OH,
indeed the case as evidenced by XPS data which shows that
after 6 hr of processing, is approximately 3 timesH2CO
more abundant than On the basis of the XPSCH3OH.
results alone, it is not possible to say with certainty whether
bulk or surface processes are responsible for the production
of the secondary molecules.

Additional insight can be found in the time dependence of
the gas phase concentrations measured by the mass spectro-
meter, and shown in As will be discussed later, theFigure 5.
time response of the gas phase concentration for a particu-
lar molecule depends on the di†usion of the molecule
through the solid matrix. The general time responseCO2for CO, and show a very similar shape, butH2CO, CH3OH
there are large di†erences between these moleculesÏ
response and that for We assume that the resultsO2. O2from reactions between dissociated atomic O, and that the
time dependence of the in the chamber depends on theO2di†usion of O in the bulk. This assumption is consistent
with the mass spectrometer response since, once large-scale
di†usion begins, the concentration of mass 32 increases
much faster than that for mass 29 (corresponding to CO),
indicating that the di†usion constant for the parent mol-
ecule of mass 32 must be larger, and that the size of the
molecule should, therefore, be smaller.

If the molecules and are formed in theH2CO CH3OH
bulk, it seems likely that the response of their mass spectro-
meter plots would vary from the smaller molecule CO. In

fact, the general similarity with slight di†erences between
the experimental responses for CO, andH2CO, CH3OH
can be duplicated by assuming that the concentra-H2CO
tion is related to that of CO by a factor f, and that the

concentration is related to that of CO by f 2, whereCH3OH
f is a small fraction. These factors can be explained if surface
hydrogenation reactions are responsible for the conversion
of CO into the other two molecules. The reaction rate will
be set by the timescale in which the hydrogen samples the
sites on the surface. Since two reactions are required to go
from CO to and then another two from toH2CO H2CO

the use of the factors f and f 2 is probably reason-CH3OH
able although simplistic. From this analysis, we believe that
the CO and O di†use to the surface at di†erent rates and
that, once on the surface, they either desorb or participate in
reactions, subsequently producing the secondary molecules

and and possiblyH2CO CH3OH, O2.
As stated earlier, it is evident from the XPS data that a

cap of grows on the solid during the X-rayH2O CO2photoprocessing. The obvious concern with such a result is
the possibility that the just accretes from the vacuum.H2OTo that point, it is important to note that our experiments
were performed in a stainless steel UHV chamber, which
has a base pressure of D5 ] 10~10 T, and that this chamber
was closed to the atmosphere, through the use of a load
lock, for at least 6 months prior to the experiment. The
partial pressure of in the chamber was small, and theH2Odominant contaminant was hydrogen, as is typical in a
UHV chamber. Despite this favorable situation, a control
run under identical experimental conditions (but with the
X-ray source turned o† during the 5 hr experiment) was
performed. The results are shown in Figures and4a 4b.
Although a small amount of does appear in the ÐlmH2Oafter 5.2 hr of formation, as expected, it is at least 3 times
less than the amount created in the processed case, indicat-
ing that X-ray induced photoprocessing events lead to the
formation of either in or on the Ðlm.H2O CO2That the is almost certainly on the surface is strong-H2Oly supported by two characteristics of the ice ÐlmÏs response
to the X-ray photoprocessing. First, the total integrated
intensity of the C 1s line decreases with time, as shown in

This decrease could be due to the di†usion ofFigure 6.
photolyzed carbon-bearing molecules out of the ice, but the
intensity of molecules other than in the line suggestCO2that this e†ect would not result in as large a reduction in the
overall intensity of the line. It is much more likely that the

which shows dramatic increase with time from the OH2O,
1s spectra is growing as a cap on the surface.(Fig. 3c),

The second piece of evidence to support this contention
comes from showing the O 1s spectra for aFigure 7,

ice, grown with an initial ratio of approximatelyCO2/H2O45:55. After 4.5 hr of processing, Figure 7b shows that the
component in the ice has grown dramatically relativeH2Oto the The scale in each Ðgure is normalizied to theCO2.

highest peak, but the total integrated areas of each peak
also support this conclusion. However, tabulating those
numbers would be misleading ; an increase of a surface com-
ponent automatically decreases the subsurface intensity
because the sampling depth remains relatively constant.

shows that after sputtering the ice for 15 minutesFigure 7c
with 4 keV Ar` ions the relative amounts of each constitu-
ent are once again about the same, conÐrming that the H2Olayer grows on the surface and, when combined with the
other results, that the is photoproduced, with the con-H2O
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FIG. 7.ÈO 1s XPS line for ice mixture : (a) as-grown ice, (b)CO2/H2Oafter 4.5 hr of X-ray processing, and (c) after an additional 15 minutes of
ion sputtering.

clusion that a surface reaction is responsible for the pro-
duction of the H2O.

Modeling done for gas-solid interactions (dÏHendecourt
et al. shows that water producing reactions take place1985)
on the surface of grains in the interstellar medium. A gas-
phase reaction producing additional which then acc-H2O,
retes on the surface, is possible but, as illustrated in Figure

the increase in mass 18 is too small to account for the5,
di†erence in XPS intensity between the unprocessed (5.2 hr)
Ðlm and the 6 hr processed Ðlm. A surface process involving
O or trapped on the surface and reacting with hydrogenO2derived from the residual gas in the chamber is the most
likely mechanism.

An estimate of the rate of this forming surface reac-H2Otion can be found using the XPS data. Although the inten-
sity of the line in the O 1s XPS spectra is anH2O (Fig. 3)
appreciable fraction of the line, the O leading toCO2 H2Oformation can di†use from the entire bulk of the ice while
the XPS signal is derived from the topmost 50 to 100 Ó.
Therefore, a simple ratio of to in the XPS line asH2O CO2a percentage of the total Ðlm converted to is notH2Oappropriate in this case. From the total integratedFigure 6,
area of the C 1s line, which is dominated by decreasesCO2,
from 15,000 to 9000 counts. Using a standard exponential
decay for the core electron intensity of a Ðlm covered by a
layer of absorbing material, in this case for a take o†H2O,
angle of 45¡, and using 40 as the inelastic mean free pathÓ
for the photoelectrons in (as determined from theH2Oempirical formula derived by Powell, & PennTanuma,

we calculate the thickness of to be 14 ^ 41993), H2O Ó
after 6 hr of processing. Assuming a density for the of 1H2Og cm~3, this thickness yields a growth rate of 2.6 ] 1011
cm~2 s~1. This rate is approximately 2.6 ] 10~4 mono-
layers s~1. As mentioned earlier, the rate for H impacting
the surface is about the same order of magnitude. The rate
of CO production calculated above was 0.054 photon~1.
For a Ñux of 6 ] 1013 photons cm2 s~1, we then calculate
an O production rate throughout the ice of 3.2 ] 1012 s~1.
The number of O atoms on the surface at any one time due
to di†usion will be much less. It is not clear whether the
production rate of is limited by the supply of O or HH2Oto the surface. To probe this question as well as surface
di†usion characteristics, measurements of the dependence
of production on X-ray intensity, on the temperatureH2Oof the ice and on the partial pressure of H in the chamber
should be done. Some of these experiments will be attempt-
ed in the near future by this group.

While, until now, we have used the mass spectrometer
data to simply conÐrm the presence of certain molecules
evolving from the ice due to the X-ray photolysis, the
behavior of the gas phase population as a function of time
is, in itself, of interest. Once again, shows the rela-Figure 5
tive concentrations of a set of selected masses in the
chamber as a function of processing time. Only the most
signiÐcant of a large number of masses monitored are pre-
sented in this Ðgure. The general behavior of the mass con-
centration with time should be dependent on three things :
the rate of production of molecules in the ice, the rate of
di†usion of these molecules out of the ice, and the efficiency
of the ion pump in removing these molecules from the
chamber. The production rate is set by the Ñux of the X-ray
source, which we assume to remain relatively constant
during the experiment. Assuming that the ice is dominated
by throughout the entire experiment, the productionCO2rate for any measured species should remain constant. The
di†usion rate should be dependent on the di†using species,
the solid matrix (in this case solid and the temperatureCO2)of the ice. The pumping speed shows a logarithmic depen-
dence with pressure in the 10~10 T to 10~8 T region. Any
simple di†usion model with a single di†usion constant for a
given mass will show an immediate rise in the pressure in
the chamber at time t \ 0 since reactions and subsequent
di†usion should occur as soon as the processing begins.
However, the concentration of the masses we observed does
not increase until after a long time delay of approximately
2500 s.

A similar delay has been seen in previous mass spectro-
meter work on ion processed ices et al.(Pirronello 1988).
This delay cannot be understood under the constraints of a
simple di†usion model, but other physical processes can
perhaps account for it. One possibility is that most of the
processing in the ice takes place at the ice/substrate inter-
face and is due to secondary electrons produced in the stain-
less steel substrate by the X-ray Ñux. If this were the case,
there would indeed be a time lag before any substantial
increase in the gas phase concentrations. This lag would,
however, be thickness dependent. For ices of various thick-
ness, no clear dependence of the time lag on thickness was
seen, although minor variations were observed. Conse-
quently, this explanation was discarded.

Another possibility, suggested by et al.Pirronello (1988),
is that the di†usion coefficients for the fragments in theCO2ice matrix are initially extremely small but that changes
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occurring in the ice cause a sudden increase of several
orders of magnitude in these coefficients. It is possible that
disorder induced in the ice by the X-rays could be
responsible for this postulated increase. Each incident
photon has an energy greater than 1000 eV, while only
several eV are needed to dissociate a molecule. TheCO2di†erence in energy must be deposited into the ice. In this
scenario, the disorder in the ice would increase until a per-
colation threshold of sorts was reached, after which the
di†usion of small species such as CO and O would increase
dramatically. The time lag under these conditions would
not depend strongly on thickness but would show a depen-
dence on other ice properties, such as density and tem-
perature. The lag should also depend on X-ray Ñux. In
future experiments, some of these dependencies will be
investigated.

Even though a quantitative explanation of the time lag is
possible, we cannot model the lagÏs duration. However, we
can still gain some quantitative information about the di†u-
sion properties of the dissociation products after the perco-
lation event has taken place, by Ðtting the mass
spectrometer data for the region after the time lag, which
begins at about 2500 s. We see that once the di†usion starts
in earnest, the concentrations of CO, O, andCH3OH,

all rise, with one time dependence for O and one forH2CO
CO, and That this time development isH2CO, CH3OH.
dependent upon material can be seen in whichFigure 8,
shows the mass spectrometer data for a processed

ice mixture. For this solid, the time response of13CO2/H2Othe gas-phase concentrations is completely di†erent than
for the pure ice.CO2To simulate the increase in concentration for the pure

ice, we designed a simple model. Assuming that the gasCO2molecule can be created at any depth in the ice from 0 to
5500 (which is the thickness), the molecule can then beginÓ
to di†use away from its creation point with some di†usion
coefficient D. At some time later, the probability for the
position of the molecule with respect to its starting point is
represented by the surface of an expanding sphere. When
this sphere intersects the plane ice-gas interface, the mol-
ecule escapes to the gas phase. The derivative of the
modeled function was then taken to produce a rate, which
was then convoluted with a step function, representing the

FIG. 8.ÈTime evolution of gas phase molecular concentrations for
13CO and in a ice mixture, as a function of X-ray pro-O2 13CO2/H2Ocessing time.

FIG. 9.ÈEvolution of pressure for O in X-rayÈprocessed ice forCO2times beginning after sharp increase in di†usion rate. Results from the
experiment and model are both shown. Best agreement is obtained for a
di†usion constant of 5 ] 10~12 cm2 s~1.

status of the X-rays, o† or on. This convoluted function was
used as the source term in a Ðrst-order di†erential equation,
where the pumping speed was represented by a logarithmic
term, as discussed earlier.

The equation was solved with one other parameter ; the
ratio between the beginning pressure and the Ðnal saturated
pressure. The solution to this equation was scaled to meet
the experimental results at 6000 s. It is noted that varying
the di†usion coefficient changed the slope of the increasing
region dramatically. Modeled functions with good agree-
ment were produced for the two primary species in the ice,
CO and O. is a plot of the experimental data forFigure 9
the O molecule in a nonisotopic ice. The theoreticalCO2plot which shows the best agreement yields a di†usion coef-
Ðcient of (5 ^ 1) ] 10~12 cm2 s~1. In the modelFigure 10,
with the best agreement is shown for CO; the di†usion
coefficient in this case is (1 ^ 0.5) ] 10~12 cm2 s~1. We

FIG. 10.ÈEvolution of pressure for CO in X-rayÈprocessed ice forCO2times beginning after sharp increase in di†usion rate. Results from the
experiment and model are both shown. Best agreement is obtained for a
di†usion constant of 1 ] 10~12 cm2 s~1.
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were not able to match the data for the CO molecule as
closely as for O and attribute this poorer reproduction to
the simplicity of the model. We are now working on a more
detailed model which hopefully will improve the agreement.
The relative values for the coefficients lead to the conclusion
that the di†using oxygen-bearing species is smaller than
CO, which supports the possibility of atomic O residing in
the ice. Also, comparisons with studies of CO di†usion in

& Allamandola where a value for DH2O (Sandford 1988),
of 2.8 ] 10~14 cm2 s~1 was measured at a temperature of
150 K, show that the di†usion coefficient in the X-rayÈ
processed ice is 2 orders of magnitude larger, at a much
lower temperature. This di†erence supports the contention
that the di†usion in the X-rayÈprocessed ices is enhanced by
disorder in the Even so, the measurement of the coeffi-CO2.
cients for this processed ice could be of use when simulating
the e†ects of ice disorder on the gas-solid molecular abun-
dance ratios.

As discussed earlier, the measured photoproduction rate
for the CO molecule did not include amounts lost to the gas
phase. We can now calculate an estimate for this amount
using the di†usion model. The source term used in the dif-
ferential equation represents the rate at which a molecule
di†uses out of the Ðlm. If this term is integrated from 0 to
20,000 s, we will have an estimate for the total number of
molecules per cm3 which go into the gas phase. We esti-
mated the volume of the chamber to be 60 liters, using
simple geometry, with a large uncertainty of 20 liters.
Assuming a uniform concentration in the chamber, the cal-
culation yields 6 ] 1014 molecules. This amount would add
approximately 4.6 ] 10~4 photon~1 to the photo-
production rate and, even though the uncertainties are up
to 30%, does not change the overall production rate calcu-

lated earlier, on the basis of solid phase contributions alone,
to be 5.4 ] 10~2 photon~1.

5. CONCLUSIONS

Films of ice have been processed by X-ray irradia-CO2tion and studied using XPS and mass spectrometry. The
XPS results show that the is photodissociated by theCO2X-rays and that the products CO, O, andH2CO, CH3OH

are created in the Ðlm. The photoproduction rate forH2Othe directly produced CO was measured to be 5.4 ] 10~2
photon~1, corresponding to a production cross section of
4.7 ] 10~20 cm2. From consideration of the XPS and mass
spectrometer data, it is clear that the reactions producing
the daughter molecules occur on the surface of the ice, and
we infer that residual hydrogen from the vacuum chamber
is responsible for the necessary hydrogenation reactions.
For the case of the the surface growth rate was calcu-H2O,
lated to be 2.6 ] 10~4 monolayers s~1.

The time development of the gas phase concentrations as
measured by the mass spectrometer showed a large time lag
which is attributed to a sudden change in the di†usion
properties of the ice due to the creation of defects in the Ðlm
by the excess energy deposited by the X-rays. Modeling the
gas-phase concentrations of the dissociated molecules, the
di†usion coefficients of O and CO in the solid wereCO2found to be 5 ] 10~12 cm2 s~1 and 1 ] 10~12 cm2 s~1,
respectively.
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