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ABSTRACT

The formation of ozone (O3) in neat oxygen ices was investigated experimentally in a surface-scattering machine.
At 11 K, solid oxygen was irradiated with energetic electrons; the chemical modification of the target was followed
on-line and in situ via Fourier transform infrared spectroscopy (FTIR; solid state) and quadrupole mass spec-
trometry (QMS; gas phase). The dominant product identified was the ozone molecule in the bent, C,, symmetric
structure, O3(X '4,); the cyclic Dy, isomer was not observed. The associated van der Waals complexes [O; . .. O] and
[O5...0;3] could also be detected via infrared spectroscopy, verifying explicitly the existence of oxygen atoms in the
matrix at 11 K. Three different formation mechanisms of ozone were revealed. Two pathways involve the reaction
of suprathermal oxygen atoms with molecular oxygen [O»(X 3% )] at 11 K. Once the sample was warmed after the
irradiation to about 38 K, a third, thermal reaction pathway 1nV01v1ng the barrierless reaction of ground-state
oxygen atoms with molecular oxygen sets in. During the warm-up phase, the inherent sublimation of oxygen and
ozone was monitored by mass spectrometry and occurs in the ranges 28—43 and 58—73 K, respectively. Our data are
of’help to understand the mechanisms of ozone formation within apolar interstellar and cometary ices and could also
be applicable to outer solar system icy bodies, such as the moons of Jupiter (Ganymede, Europa, and Callisto) and

Saturn (Rhea and Dione), where ozone and/or condensed oxygen has been observed.

Subject headings: astrochemistry — cosmic rays — ISM: molecules — methods: laboratory —
molecular processes — planets and satellites: general

1. INTRODUCTION

The importance of the ozone layer in Earth’s atmosphere was
realized in 1881 by Hartley (1881)—ozone (O3), during photo-
dissociation, absorbs ultraviolet (UV) light strongly between
200 and 320 nm (Apax = 254 nm), which is extremely damaging
to life, particularly to DNA (A = 260 nm; Okabe 1978; Thomas
1993). Ozone is produced within the terrestrial atmosphere in the
gas phase by the following reaction scheme, similar to the one
originally proposed in 1930 by Chapman (1930):

O2(X *%;) + hv(<240 nm) — OCP) + OCP), (1)

(2)

Reaction (1) requires light of a wavelength below 240 nm, im-
plying that the energy required to break the bond in molecular
oxygen is 498 kJ mol™ 1'(5.17 eV); thus, the heat of formation
(A7H?) for a single oxygen atom in its ground state is 249 kJ
mol 1'(2.58 eV). Since the production of ozone via equation (2)
is exothermic (AyH° = —143 kJ mol~!, —1.48 eV), the pres-
ence of a third body, M (N, or O, in our atmosphere), is crucial
in order to carry away some of the excess energy (107 kJ mol !,
1.10 eV) to stabilize the internally excited ozone molecule
formed via reaction (2).*

Owen (1980) suggested that a planet that harbors life should be
rich in oxygen (O, ) and water. The detection of chemical species

02X °%,) + OCP)+M — O3(X '4y) + M".
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on an extrasolar planet using visible and radio frequencies is
problematic (Léger 2000); thus, use of the mid-infrared region to
detect molecular vibrations is the most promising. However, the
selection rules dictate that a vibration must change the molecular
dipole moment to be infrared active. Since molecular oxygen has
no dipole moment and is symmetric, the fundamental vibration is
infrared forbidden. On the other hand, the ozone abundance is
fairly insensitive to the oxygen concentration and is expected
to be a logarithmic tracer for oxygen in planetary atmospheres
(Angel et al. 1986; Kasting & Catling 2003). Coupled with its
UV-shielding properties, it is hardly surprising that detection of
the strongly infrared active 9.6 um (1041 cm™") band of ozone
has been selected as one of the primary goals of both the 7er-
restrial Planet Finder (TPF; NASA) and Darwin (ESA) inter-
ferometer space telescopes (Beichman et al. 1999; Léger 2000).
However, to be certain that molecular oxygen and hence ozone
is really based on active life on an extraterrestrial planet, it has
been recognized that we must also understand possible abiotic
production processes of oxygen/ozone observed within our solar
system to rule out the possibility of “false positive detections”
(Selsis et al. 2002). For example, although ozone has been de-
tected on Mars (Barth et al. 1973), there is not much evidence to
support that it has a biogenic origin.

Astrochemical models of dark clouds predict that condensed
oxygen is likely to be a major component of apolar dust grains
within interstellar clouds (7 ~ 10 K), which will be chemically
processed by irradiation from Galactic cosmic-ray particles
(predominantly MeV—GeV protons) and the internal UV field
(Tielens & Hagen 1982; Mathis et al. 1983; Greenberg 1984;
Strazzulla & Johnson 1991). There is also some evidence of
condensed oxygen on the icy satellites of Jupiter and Saturn; the
5773 A visible absorption band arising from interacting pairs of
0O, molecules has been detected on Ganymede (Spencer et al.
1995) and, more recently, on Europa and Callisto (Spencer &
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Fic. 1.—Top view of the experimental setup.

Calvin 2002). There is some debate as to whether or not con-
densed oxygen would be stable for long periods at the temper-
atures of these bodies (90—150 K). This led to the proposal of
bubbles of oxygen formed in ion tracks (Johnson & Jesser 1997);
likewise, the signal could emanate from cooler icy patches, where
oxygen may be stable (Calvin & Spencer 1997), or from an at-
mospheric haze (Vidal et al. 1997). Evidence for chemical pro-
cessing comes from the detection of atomic oxygen in the UV
airglows of Europa and Ganymede from the 1304 and 1356 A
emission lines (Hall et al. 1998); in addition, the detection of
ozone via its UV absorption at 260 nm on Ganymede (Noll et al.
1996) as well as on two icy satellites of Saturn, Rhea and Dione
(Noll et al. 1997), is confirmed. These icy satellites are contin-
ually bombarded by energetic particles from the magnetospheres
of Jupiter and Saturn, with the highest energy flux coming from
an energetic electron bombardment (Cooper et al. 2001).

The use of energetic electrons to bombard our solid oxygen
sample is twofold. First, we study the effects of energetic elec-
trons of the planetary magnetospheres interacting with oxygen
ices. Second, we have the additional benefits of simulating the
energetic electrons released via primary ionization processes in
the track of the Galactic cosmic-ray particles in interstellar and
cometary ices (Oort cloud). Most importantly, the averaged
linear energy transfer (LET) of keV electrons is comparable to
that of MeV protons (typically a few keV per pm); therefore, we
can also simulate the inelastic energy transfer processes occur-
ring without the need for a cyclotron (Johnson 1990). This paper
is the first in a series of a systematic research program that aims
to investigate the formation of ozone using varied energetic par-
ticles (electrons, protons, and photons), target compositions
(neat oxygen and binary mixtures with water), and tempera-
tures (10 K, relevant to molecular clouds and comets in the
Oort cloud, to 150 K, relevant to the Jovian satellites). Previous
studies on condensed oxygen include energetic processing by

UV photons (Crowley & Sodeau 1989; Schriver-Mazzuoli et al.
1995; Gerakines et al. 1996; Dyer et al. 1997), keV protons
(Baragiolaetal. 1999; Fama et al. 2002), and electrons (Lacombe
et al. 1997 and references therein) and will be discussed in this
context.

2. EXPERIMENTAL

The experimental setup is shown in Figure 1. Briefly, an ul-
trahigh vacuum (UHV) chamber is evacuated down to a base
pressure of typically 5 x 10~!! torr using oil-free magnetically
suspended turbomolecular pumps. In the center of the cham-
ber is a rotatable highly polished silver monocrystal, which is
cooled to 11.0 0.3 K by a closed-cycle helium refrigerator.
The molecular oxygen (O,) frost was prepared by depositing
oxygen (99.998%) for 5 minutes at a pressure of 10~ torr onto
the cooled silver crystal. The condensed sample is inspected
via a Nicolet 510 DX Fourier transform infrared spectrometer
(242 scans over 5 minutes from 6000 to 400 cm ™! with a reso-
lution of 2 cm~') operating in absorption-reflection-absorption
mode (reflection angle o = 75°). The gas phase is monitored by
a quadrupole mass spectrometer (Balzer QMG 420) operating
in residual gas analyzer mode with the electron impact ioniza-
tion energy at 90 eV.

The samples were then irradiated isothermally at 11.0 £ 0.3 K
with 5 keV electrons generated with an electron gun (Specs EQ
22/35) at beam currents of 100 nA for 50 minutes by scanning
the electron beam over an area of 3.0 + 0.4 cm?. In theory, this
would mean that during the irradiation the sample would be ex-
posed to a total of 1.9 x 10'3 electrons (6.2 x 1014 electrons cm™2);
however, not all of the electrons generated by our electron gun
actually reach the target—the manufacturer states an extraction
efficiency of 78.8%, meaning that the actual number of elec-
trons that hit the sample is reduced to 1.5 x 10'3 electrons (4.9 x
10'* electrons cm~2). After the irradiation is complete, the
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Fig. 2.—Infrared spectrum of the oxygen frost at 11 K. The fundamental and the lattice modes are shown in (@), and the first overtone of the fundamental is
shown in (b). The dot-dashed lines represent Gaussian fits to each peak. The assignments are compiled in Table 1.

sample is then left isothermally for 1 hr before it is heated at a
rate of 0.5 K minute™".

Figure 2 depicts a typical infrared spectrum of the condensed
oxygen frost prior to the irradiation; the absorptions are com-
piled in Table 1. In general, the column density N (molecules
cm™?) can be calculated via a modified Lambert-Beer relation-
ship (see Bennett et al. 2004 for more details),

In 10 f>A(v)dv
= «

N 5 cos y , (3)

where the division by a factor of 2 corrects for the ingoing and
outgoing infrared beam, « is the angle between the normal of
the surface mirror and the infrared beam, fy”lz A(v)dv is the in-
tegrated area of the infrared absorption feature for our sam-
ple (cm™"), and 4 is the integrated absorption coefficient (cm
molecule™!). However, this process is complicated by the fact
that in case of molecular oxygen, there are large variations in
the integrated absorption coefficients of an intrinsic infrared-
inactive band in the gas phase. Using a value of 3.8 x 10722 cm
for A4 for the fundamental extrapolated from Cairns & Pimentel
(1965) and a density of 1.54 g cm~3 (Freiman & Jodl 2004), we
would determine our ice thickness to be 46 pym. On the other
hand, using values estimated by Ehrenfreund et al. (1992) at
A = 1x107" cm, our thickness would be only 0.2 zm. Using a
more recent value of 4 = 5 x 1072 cm gives an ice thickness of
3.5 pm (Vandenbussche et al. 1999). In pure crystalline a-O,,
however, the symmetry of the crystal structure forbids the
fundamental from being infrared active; only lattice modes can
be observed (Freiman & Jodl 2004). The only reason the fun-
damental is visible in our spectra and also that of Cairns &

TABLE 1

INFRARED ABSORPTIONS OF THE OXYGEN FROST AND ASSIGNMENT
OoF THE OBSERVED BANDS AccorpING To FREIMAN & JopL (2004)

Frequency
(em™h) Assignment Characterization
121 0-0 stretching (fundamental)
v+ Fundamental + lattice mode
2, Overtone of fundamental

Pimentel (1965) is that crystal imperfections reduce the sym-
metry of the crystal structure; as a consequence, an electric
dipole moment is induced. The ratio of the fundamental (1549
cm™!) to the libration band (1614 cm™!) in our sample is about
1, compared to values ranging from 1:2 to 1:20 as found by
Cairns & Pimentel (1965). This indicates that our oxygen exists
primarily in an amorphous phase. An alternative interpretation
is given by Jones et al. (1986), where the authors state the for-
mation of a metastable amorphous phase, which exists between
8 and 12 K (Jones et al. 1985, 1986). Based on these consider-
ations, the sample thickness in our experiments is likely to be in
the lower micron range.

3. RESULTS
3.1. Infrared Spectroscopy

The only new molecule synthesized as a result of the irradia-
tion is the bent C,, structure of ozone; the cyclic D3, isomer was
not observed (Siebert & Schinke 2003). We observe the ozone
molecule, O3(X '4,), via eight absorption bands: the three fun-
damentals v, v, and v5 appear at 1104, 702, and 1037 cm™!,
respectively (Fig. 3), whereas the overtones 2v; and 3v; were
found at 2044 and 3028 cm™'; the combination bands v; + 13,
vy + 13, and vy + v + v3 could be detected at 2105, 1721, and
2798 cm~!, respectively. The positions of these absorptions agree
well with previous studies (Brewer & Wang 1972; Gerakines
et al. 1996; Schriver-Mazzuoli et al. 1995; Dyer et al. 1997;
Chaabouni et al. 2000). The band positions and their assignments
are listed in Table 2 along with integrated absorption coefficients
calculated by Adler-Golden et al. (1985); the latter help to explain
the relative intensities of the peaks, in particular the weak com-
bination band v; + v, + v3, which is only visible during warm-
up, when the column density of the ozone almost doubles (see
below).

To extract mechanistic studies on the formation of ozone, we
have to investigate the fine structure of the bands closer. Upon
the onset of the irradiation, the v; fundamental immediately
separates into two peaks (Fig. 3¢), one relating to the matrix-
isolated ozone monomer observed at 1037 cm~! and a second
associated with the formation of an [O3...0] van der Waals
complex at 1032 cm ™! (Schriver-Mazzuoli et al. 1995; Dyer et al.
1997). During the early stages of irradiation, the absorption band
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OBSERVED PEAKS AFTER IRRADIATION AND CALCULATED INTEGRATED ABSORPTION COEFFICIENTS

Frequency A
(em™h Assignment Characterization (cm molecule™")
1104 05 (v1) 0-0O symmetric stretch 1.84 x 10712
L0 05 (1y) 0-0-0 bend 7.11 x 1071
1037 e 03 (13) 0-O asymmetric stretch 1.53 x 10717
L 05 2u3) Overtone 5.80 x 10720
3028 05 (313) Overtone 1.23 x 10712
g2 05 (v, + 13) Combination band 6.01 x 10720
2105 e O3 (v + 13) Combination band 1.30 x 10718
2798% .o O3 (V) + vy + 13) Combination band 331 x 1072

Nores.—Irradiation was for 50 minutes via 5 keV electrons at 100 nA. Values for the integrated absorption
coefficients were taken from Adler-Golden et al. (1985). Assignments of the observed bands are according to

Brewer & Wang (1972).

? Only visible during the warm-up period at 35 K.



1366 BENNETT & KAISER Vol. 635
4x10" ——————— 100 10* Fr———TT T 8
L 7 1. J7s
& il Temperature Program Started 80 P 1
3 7 7 10 1
8 [ Irradiation Stopped s J70 A
z I 160 a5 E ] Y
=i | = = ] =
n p ] =2
g2 g £ 10" 465 E
= T 1 o @ ] =1
g T 40 g- 2 1 -8
L 5 = 2
_g L 7 L 60
o 11 F 10-11
o L // 20
L 7/ 55
__________ 7/
Y AP SR S SR ) S |1 10712 T T T L e 1)
= ' ' ‘ ' 100 200 210 220 230 240 250
10°E m/e = 32 ] time, minutes
- r 50 Fic. 5.—Temporal development of the ozone partial pressure as extracted
E e from the raw data (mass spectrometry) via matrix interval algebra; the error
< 10% - Irradiation Stopped | - bars of about 30% have been removed for clarity. The corresponding tem-
- E — 60 eﬂ perature profile is overlaid.
B - Temperature Program 1 =2
E e Started £
8 E 1 o o . .
= 0L \ 40 é‘- irradiation process no oxygen or ozone is found to sublime from
9 E i O the solid sample into the gas phase, indicating that sample heat-
1 ing is negligible. As the temperature program is started, weakly
20 bound oxygen molecules possibly from the sample surface begin
10

0
0 50 100 150 200 250
time, minutes

FiG. 4—Temporal profile of the column density of ozone calculated via the
integrated absorption at 1037 cm™! (fop) and mass spectrometric signals at
m/e = 32 and 48 (bottom) during the irradiation, isothermal phase, and heating
period. The corresponding temperature profile is overlaid.

ofthe[O;. .. O] complex is of comparable intensity to the matrix-
isolated band of the ozone monomer, but after 10 minutes its
intensity flattens out throughout the irradiation; a similar trend
was observed by Dyer et al. (1997). At the later stages of the
irradiation, a second shoulder appears on the v; fundamental
at 1042 cm™', which can be attributed to the formation of the
[O3...05] van der Waals complex (Bahou et al. 2001).

The temporal evolution of the 1037 cm™! peak is depicted in
Figure 4 (fop), where a value of 4 = 1.4 x 10~!7 molecules cm™!
was used (Smith et al. 1985). After the irradiation, the column
density is (1.9 £ 0.2) x 10'® molecules cm~2, where it remains
constant throughout the isothermal stage. But upon heating,
more ozone begins to form, reaching a maximum at about 38 K
of (3.5 4 0.5) x 10'® molecules cm~2. At 64 K the oxygen ma-
trix has sublimed completely; no ozone is left.

3.2. Mass Spectrometry

The temporal profiles of the signals at m/e = 32 and m/e = 48
are shown in Figure 4. Note that signal at m/e = 48 can originate
from two processes: first, the sublimed ozone is ionized in the
electron impact ionizer to O3 ; second, ionized molecular oxy-
gen OF can undergo ion-molecule reactions with neutral oxygen
molecules in the ionizer to form O3+. In addition, two channels
can contribute to m/e = 32: the typical electron impact ioniza-
tion of molecular oxygen to give OF and a fragmentation of
ionized ozone in the electron impact ionizer to atomic oxygen
and ionized molecular oxygen. Most importantly, during the

to sublime from the ice at temperatures between 28 and 43 K
(Fig. 4); the oxygen matrix can be seen coming off, where pre-
sumably the signal at ~40 K (~170 minutes) represents the bulk
amorphous oxygen ice, whereas the crystalline phase should be
more strongly bound. Finally, the ozone starts subliming at tem-
peratures between 58 and 73 K. The ion current peaks of the
subliming oxygen at 38 K and of ozone at 67 K are consistent
with those of a previous study, where the sublimation temper-
atures were determined to be 35 and 63 K for oxygen and ozone,
respectively (Fama et al. 2002). Since molecular oxygen and
ozone can both result in signal at m/e = 32 and 48, it is imper-
ative to actually calculate the true partial pressure of ozone via
matrix interval algebra (Kaiser et al. 1995) using electron impact
ionization cross sections from Cosby (1993; O,) and Newson
et al. (1995; O3). The results of this transformation are shown in
Figure 5. By integrating this graph and accounting for the effec-
tive pumping speed of ozone in our machine (773 liters s~!), we
can compute a lower limit of the newly formed ozone molecules
to be (2.5 £ 0.8) x 10'® molecules. This is considerably lower,
by a factor of 4, than the value determined by the column density
obtained from the infrared data. This is due to the well-known
fact that the ozone that sublimes from the first stage of the cold
head target can actually recondense on the second cold head
stage. This effectively increases the pumping speed of ozone and
hence mimics a lower ozone partial pressure than the actual
current value (Kaiser et al. 1995).

4. DISCUSSION
4.1. The Dissociation Pathway

Based on the experimental results, the following formation
processes are likely. The infrared spectroscopic detection of
ozone and the accompanying [O5 . . . O] complex verifies that the
interaction of the keV electrons with the oxygen molecule must
lead to a homolytic bond cleavage, thus forming two oxygen
atoms. Cosby (1993) investigated the reaction dynamics of
molecular oxygen with ionizing radiation. Upon interaction with
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keV electrons, two major reaction pathways are likely to produce
atomic oxygen (Cosby 1993). The first,

0x(X °%) — OCP) + OCP), (4)

is formally spin-forbidden and requires 498 kI mol~! (5.16 eV);
the second,

0,(X °%,) — 0('D) + OCP), (5)

presents a spin-allowed process and requires 688 kJ mol~!
(7.13 eV). Note that half of the atomic oxygen formed via the
second process is in its first electronically excited state. How-
ever, prior to dissociation by reaction (4), vertical excitation
from the X 3 ground state into one of the repulsive potential
energy surfaces, ¢ '3, 4’ 3A,, or 43S states, is suggested;
these surfaces actually lie about 6 eV above the ground state,
which adiabatically correlates with both ground-state oxygen
atoms. The generation of the electronically excited O(' D) atoms
requires excitation into a potential energy surface even higher in
energy; Cosby (1993) suggested a dissociation of molecular
oxygen from the B 3% state, where a vertical transition lies
about § eV above the ground state. It is important to bear in
mind that these nascent oxygen atoms released from equations
(4) and (5) are born with kinetic energies extending up to 2 eV.
There is also some experimental evidence to support the fact
that at electron energies above 100 eV reaction (5) becomes the
dominant process (Cosby 1993). If we are generating (3.5 +
0.5) x 1016 0zone molecules cm 2, at least an identical number
of oxygen atoms are required to react with molecular oxygen
to form ozone. Since one oxygen molecule can form two oxy-
gen atoms, (1.8 £ 0.3) x 10'® molecules of oxygen cm~2 have
to undergo a homolytic bond rupture, i.e., (5.4 £1.2)x10'¢
molecules of oxygen over the total sample area. Considering the
implantation of 1.5 x 10'3 electrons (§ 2), each 5 keV electron
cleaves at least 36 = 6 oxygen molecules. This would result
in the formation of 72 + 13 ozone molecules per implanted
electron. Consequently, each electron has to transfer at least
213 =4 40 (reaction [4]) or 285 4 50 eV (reaction [5]) from its
kinetic energy to the oxygen matrix to generate purely ground-
state oxygen atoms O(*P) or half of the atomic species in their
O('D) excited state. This translates to a loss of about 5% of the
energy from the incident electron. Therefore, based on the en-
ergetics, the formation of the ozone molecule can be accounted
for quantitatively.

4.2. The Actual Reaction Pathway

The infrared spectroscopic identification of the [O5 . . . O] com-
plex and of matrix-isolated ozone monomers at 11 K suggests
that at low temperatures, at least two nonequilibrium processes
involving suprathermal oxygen atoms prevail. As indicated in
§ 4.1, a homolytic bond rupture of the oxygen molecule yields
two oxygen atoms that have an excess kinetic energy of less than
2 eV. Since these species are not in thermal equilibrium with the
surrounding matrix, the energetic oxygen atoms are classified
as suprathermal or nonequilibrium species. The detection of an
[O3...0] complex could indicate the involvement of two neigh-
boring oxygen molecules (O,),. Here, one of the oxygen mole-
cules is cleaved homolytically to form initially an [0, ... O ... O]
complex. If the released oxygen atoms have sufficient excess
energy to overcome the diffusion barrier in the matrix, they can
escape the [O,. . .O...0O] complex and can react with a molecule
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Fic. 6.—Fit of the ozone column density according to eq. (7).

in the matrix at a site distant from the initial complex to form
ozone via

0,(X °%,) + OCP) — O3(X '4)). (6)

However, those oxygen atoms born without sufficient excess
energy cannot escape from the initial complex; the oxygen atom
rather reacts without barrier with a neighboring oxygen mole-
cule within the matrix cage at 11 K (also forming ozone by
reaction [6]). If, however, the remaining oxygen atom does not
possess enough kinetic energy to escape, an [O5 .. . O] complex
will remain in the oxygen matrix, as observed.

Postulating the involvement of neighboring oxygen mole-
cules (O,), and assuming that reactions (4) and (5) proceed much
faster than reaction (6), the formation of ozone at 11 K should
follow pseudo—first-order kinetics during the irradiation process.
As a matter of fact, we were able to fit the temporal evolution of
the ozone column density, [O3](?), via pseudo—first-order kinet-
ics using

[03](t) = a(l — ™). (7)

Figure 6 depicts the best fit of the ozone profile with
a=(2.04+0.1)x10'® molecules cm~? and k = (7.9 £+ 0.3) x
10~* s~!. These values compare well to those of experiments
carried out with UV photolysis, where Schriver-Mazzuoli et al.
(1995) determined a value of k = 1.0x 1073 s~!, and a value of
k=78x10"3 s7! (estimated) from Gerakines et al. (1996)
after irradiation with a medium-pressure mercury discharge
lamp (® ~ 10" photons cm™2 s~ with E;, > 6 eV). The rate
cannot be compared to experiments using keV ion bombard-
ment, as the authors did not present an analytical solution of the
temporal evolution of ozone (Baragiola et al. 1999). However,
recall that in our experiment we have identified a third reaction
mechanism during heating of the ice to 38 K. The increasing
column density of ozone is an explicit indication that even af-
ter the irradiation has stopped, the oxygen matrix still stores
oxygen atoms at 11 K. When the electron irradiation stops, the
production of excited oxygen atoms ceases, as well. In the gas
phase, O('D) has a lifetime of about 110 s (Bhardwaj & Haider
2002); in the solid state the lifetime is expected to be on the
order of a few hundred milliseconds (Mohammed 1990), and
after a 3600 s equilibration time at 11 K, all excited oxygen
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atoms have relaxed to their 3P ground state. The question still
remains as to why upon heating a second pathway to ozone
formation exists—generating almost the same amount of ozone
as was generated during irradiation. As indicated earlier, the
formation of ozone is the result of an oxygen atom colliding
with an oxygen molecule. However, steric effects dictate that
not all oxygen atoms released react with the oxygen molecule to
form ozone (Levine 2005). Oxygen atoms failing to enter the
cone of acceptance of the oxygen molecule do not react and
hence can be stored in the matrix at 11 K. At 38 K, which
translates to about 0.003 eV, the oxygen atoms might be able to
overcome the diffusion barrier and collide with a neighboring
oxygen molecule in the correct geometric orientation.

4.3. The Cyclic Ozone Molecule

Besides the bent C,, symmetric structure, electronic structure
calculations predict that a second isomer of ozone should also
exist (Xantheas et al. 1991; Hernandez-Lamoneda et al. 2002;
Siebert et al. 2002). A cyclic isomer holding D5, symmetry was
suggested to be 1.34 eV less stable than the bent ozone mole-
cule. Once the bent C,, structure has been formed, the barrier
to isomerization to the D5, isomer is calculated to be 2.37 eV,
however, the dissociation energy of the bent ozone (1.05 eV) lies
below the energy of the Dj;, structure. Therefore, even if an
ozone molecule formed in the 11 K matrix interacts with a sec-
ond electron via an inelastic energy transfer, the dissociation to
atomic plus molecular oxygen is more likely than its isomeri-
zation to cyclic ozone. In addition, the preferred channel for
atomic oxygen reaction with an oxygen molecule in the solid is
by addition to one of the oxygen atoms to form the C,, structure.
This atom-radical reaction does not have an entrance barrier. In
comparison, the entrance barrier to the D3, structure is estimated
to be at least 2 eV (Xantheas et al. 1991), which is higher than the
predicted translational energy of the suprathermal atoms gener-
ated in reactions (4) and (5). As a matter of fact, the distribution
maxima of the translational energies of O(*P) and O('D) were
predicted to be 0.5 and 1.7 eV, respectively (Cosby 1993). This
can explain why the cyclic ozone molecule was not observed.

5. ASTROPHYSICAL IMPLICATIONS

We have demonstrated that when condensed molecular oxygen
is subjected to irradiation from energetic electrons, the forma-
tion of ozone can be fit by pseudo—first-order kinetics. A similar
process is expected to occur within the apolar ice grains of in-
terstellar clouds via elastic energy transfer processes from the
release of energetic electrons in the track of Galactic cosmic-ray
particles—a process that has been shown to account for 99.9%
of the energy transfer processes from energetic cosmic-ray par-
ticles interacting with low-temperature ices (Kaiser & Roessler
1998). Most importantly, molecular oxygen itself need not be a
major constituent of an ice for ozone to be generated; in fact, any
oxygen-bearing species can potentially act as a precursor to form
oxygen atoms via electronic and nuclear interaction processes of
the cosmic-ray particle with the ices. An example is the irradiation
of carbon dioxide, which has already been shown to generate ozone
(Bennettetal. 2004). Here, the temporal evolution of ozone could
be fit with a consecutive reaction scheme. The first reaction would
be the recombination of two oxygen atoms within the matrix by

O(CP) +0(P) = 02X %)), (8)

followed by the addition of a third oxygen atom to generate ozone
as given in reaction (6). However, in this case we must also con-
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Fic. 7.—Fit of ozone (solid line) and inferred molecular oxygen (dashed
line) column densities according to egs. (10) and (9), respectively, after carbon
dioxide ice was subjected to 5 keV electrons at 0.1 pA for 60 minutes (data
from Bennett et al. 2004).

sider the formation of the oxygen molecule itself. Here we were
able to fit the data using the consecutive (A — B — C) reaction
scheme, where we formally consider A as a carbon dioxide trimer,
[(CO,);], in the matrix. Upon irradiation, the latter decomposes to
a complex B, [(CO)3...0...0,] or [(CO);,...(CO,)...0,], where
two oxygen atoms have already combined to form molecular
oxygen via equation (8) within the matrix cage of the complex, and
finally the third oxygen atom combines to form ozone by reaction
(6) to form a formal complex C, [(CO)s. . .O3]. Thus, the temporal
evolution of the oxygen and ozone species column densities can
be fit using the following two-step consecutive pseudo—first-order
kinetics (Steinfeld et al. 1999, p. 26):

kb

ky — ky (e = ™), ©)

[0:](1) =

ko
k — Kk

kl —kyt
10
) D)

where k; represents the reaction rate of reaction (8) and k, is
the rate of reaction (6). Figure 7 represents the best fit of the
ozone profile from a carbon dioxide ice, where b = (2.2 £ 0.1) x
10'® molecules cm™2, k; = (1.7+0.1)x 1074 s7\ and Kk, =
(4.3 +£0.2)x 1073 s~!. By investigating the reaction mecha-
nisms, we are able to extract additional information about in-
termediates we cannot observe in our experiment, in this case
the case of oxygen formation within the carbon dioxide matrix
(Fig. 7). We can investigate the relative rates of k; and k,. Once
oxygen molecules are formed, they can quickly react to form
ozone; consequently, it might be possible to observe ozone within
solar system ices, even though molecular oxygen itself is unde-
tectable. These results may help to explain why model simu-
lations of ozone within the Martian atmosphere fail to be able to
reproduce the observed column densities, as these models are
based only on gas-phase photochemical reactions (Lefévre et al.
2004), whereas it is well known that carbon dioxide ices are
present and therefore subject to irradiation on the planet’s sur-
face (Litvak et al. 2004). It is well known that molecular oxygen
is a product from experiments studying the effects of irradiation
of water (Orlando & Sieger 2003; Zheng et al. 2006). However,

ekt 4

[03](1) = b(l
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ozone has not yet been observed in these systems, perhaps be-
cause oxygen atoms cannot diffuse through a matrix, indicating
that neighboring oxygen molecules may be required to gener-
ate oxygen, which may not be sufficiently abundant within pure
water ices—conversely, hydrogen atoms can diffuse through the
matrix, making additional reactions with molecular oxygen pos-
sible, which may also impede ozone formation. It is also inter-
esting to note the possible relevance of the additional thermal
pathway observed in the present experiments, which may be of
some relevance to the Jovian satellites, where localized tidal heat-
ing effects could prompt the formation of ozone from trapped
molecular and atomic oxygen species within the ice. Thus, it is
evident that in order to elucidate the formation of ozone within
the more diverse chemical compositions and temperatures of our
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solar system, further studies need to be carried out that emphasize
how such effects could change the formation rates and pathways
to form ozone.

This material is based on work supported by the National
Aecronautics and Space Administration through the NASA
Astrobiology Institute under cooperative agreement NNA04C-
CO8A issued through the Office of Space Science. We would
also like to acknowledge funding from the Particle Physics and
Astronomy Research Council (PPARC). We are also grateful to
Ed Kawamura (University of Hawaii at Manoa, Department of
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