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Abstract

In this review we provide the data needed to interpret remote spectroscopic studies of O, molecules embedded in the icy surfaces of
outer solar system bodies. O produced by radiolysis has been seen in the gas phase and as the so-called ‘solid O,’ trapped in the icy
surfaces of Ganymede, Europa and Callisto. It may also have been indirectly observed on a number of objects by its radiolysis product, Os.
These observations indicate the importance of O, for understanding the chemical processes occurring on icy outer solar system surfaces.
Therefore, the published absorption spectra of gaseous, liquid and solid O, and of O, embedded in H,O ice are reviewed in some detail.
Particular emphasis has been placed on the presentation of transition probabilities for the various O, spectral series so that their relative

importances can be assessed when they are used for modelling the radiation chemistry occurring in such environments.

© 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Oxygen; Absorption; Reflectance; Ice; Jovian moons

1. Introduction

Water ice is often present on the surfaces of outer so-
lar system bodies (Burns and Matthews, 1986) and there
is increasing interest in the presence of oxygen molecules
(0,) either trapped in such icy surfaces (Johnson and Jesser,
1997; Johnson and Quickenden, 1997) or as an ambient gas
(Johnson et al., 1998). It is well known (Reimann et al.,
1984; Matich et al., 1993; Sieger et al., 1998; Westley
et al., 1995) that O, is formed during photolytic and radi-
olytic laboratory experiments on ice and it is likely (Spencer
et al., 1995; Calvin and Spencer, 1997) that similar O, for-
mation occurs during the radiolysis of the icy surfaces in
the outer solar system by plasma bombardment and during
photolysis by solar UV.

The occurrence of radiolysis and photolysis on the sur-
faces of outer solar system icy moons is confirmed by the
observation (Carlson et al., 1999) of the radiation product,
hydrogen peroxide, in the UV and IR reflectance spectra of
the surface of Europa. Recently, Moore and Hudson (2000)
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showed that the formation of the peroxide at the surface
temperatures of Ganymede and Europa may require O, or
another oxidizer, such as CO,, which is also known to be
present (Carlson, 1999; McCord et al., 1997). The impor-
tance of oxygen in the outer solar system has been con-
firmed by the observations of excited O atoms which are
thought to come from the dissociation of O, on Europa and
Ganymede ( Hall et al., 1995, 1998). It also is suggested
by the observation of a ‘solid form’ of O, on the surface of
Ganymede (Spencer et al., 1995; Calvin and Spencer, 1997).
Recently, Spencer and Calvin (2002) have also reported a
much weaker signal indicating solid O, is present on Europa
and Callisto. Finally, a broad band in the UV, thought to be
associated at least in part with O3 in ice, has been tentatively
identified in the reflectance spectrum of Ganymede (Noll
et al., 1996) and the icy moons of Saturn (Noll et al., 1997).
Since O3 is not a direct product of the photolysis of ice
(Gerakines et al., 1996), but is produced readily from con-
densed O,, the observations suggest that O, may be ubiqui-
tous in icy outer solar system bodies exposed to radiation.
In view of this growing interest in oxygen related signals
from outer solar system bodies we feel it is important to
review the data on oxygen absorption bands. Of particular
interest is oxygen existing in its solid-state or as discrete
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oxygen molecules present in a host matrix. The environ-
ment provided by the host matrices may cause significant
spectral shifts or intensity changes and these are given par-
ticular attention in this review. It is hoped that this review
will assist in the planning of future spectroscopic measure-
ments of the icy surface of outer solar system bodies as
well as encourage a closer look at available remote sensing
data and a re-examination of published fits to the observed
data.

2. The absorption spectroscopy of O, in various
environments

The UV, visible and near-infrared absorption features of
the chromophores contained in icy surfaces of outer solar
system bodies are useful for interpreting remote spectro-
scopic studies of such surfaces. Remote studies are usually
done using reflectance spectroscopy where the observations
show absorption through reduced reflectance at the absorp-
tion wavelength. We will now consider the optical absorp-
tion features of pure O, and of O, contained in ice.

A large number of absorption bands have been ob-
served for the O, molecule in various conditions and
states. Regrettably, there is a lack of information about
the effect that adjacent H,O molecules have on O, spec-
troscopy, with only a few cases reported in the literature.
Many of the observations of O, absorption bands are
from gas-phase measurements and while they will not
give a true representation of the behaviour of O, em-
bedded in water ice, they provide a reasonable starting
point for such work. A summary of the gas-phase O, ab-
sorption bands is presented in Table 1. When there are
high concentrations of O,, such as found in liquid and
solid O,, absorption bands can be altered and additional
bands can be induced (Landau et al., 1962). It has been
suggested that the well-established O, present ( Spencer
et al., 1995; Calvin and Spencer, 1997) on the icy surface of
Ganymede may exist as a solid. Hence the present review
includes the spectroscopic characteristics of solid forms of
O, and these are summarised in Table 2.

This review is primarily concerned with the optical ab-
sorption features of O, molecules. However there are also
a number of emission bands that may also be detectable
from icy surfaces. Matich et al. (1993) have observed the
Herzberg emission of O, from UV-irradiated ices in labo-
ratory studies and so it has been proposed by Johnson and
Quickenden (1997) that emission from O, trapped within
the icy surface of an outer solar system body, might be de-
tectable from a probe in orbit above the surface. Remote
sensing by reflectance spectroscopy has of course been used
to examine outer solar system surfaces using ground based
and orbiting telescopes such as the Hubble Space Telescope
and the spectrometers on the Galileo probe. Although emis-
sion features may be important in future studies, the present
paper is confined to the subject of absorptions features and

their possible effects on the reflectance spectra of outer solar
system bodies.

While there have not been many extensive experimental
studies which fully characterise O,/H,O matrices under the
conditions found on outer solar system bodies, we have at-
tempted in this review to present all the reported UV, visible
and NIR electronic absorption bands of O, under a vari-
ety of conditions, but with an emphasis on situations where
O, interacts with water lattices and/or other molecules that
enhance O, absorptions. Many of these absorptions might
generally be considered too weak to be measured from the
surfaces of outer solar system bodies. However the assign-
ment of two bands in the reflectance spectrum of Ganymede
to weak O, absorption bands (Spencer et al., 1995; Calvin
et al., 1996), suggests even such weak bands maybe impor-
tant in telescopic studies. Alternatively, these bands may be
enhanced by the H,O matrix.

The electronic transitions of molecules can be dramati-
cally altered by interaction with an ice lattice, as shown by
the shift of the OH absorption at 309 nm in the gas phase
to 280 nm in ice (Taub and Eiben, 1968). It is hoped that
the present review will not only provide useful information
for those studying O, on the surfaces of outer solar system
bodies, but will also emphasise the need for more laboratory
experiments on the spectroscopy of O, in ice matrices.

The detailed spectroscopic information in the sections that
follow is summarised in Fig. 1. This provides a simplified
overview showing the regions where the various O, spectral
series exist and also indicates the peak oscillator strengths
of each series in order to provide a quantity proportional to
peak heights in optical absorption spectra.

2.1. The Herzberg absorption series

In 1932 Herzberg observed a series of absorption bands
in molecular oxygen between the wavelengths of 240 and
270 nm (Herzberg, 1932). Herzberg assigned these absorp-
tions to the symmetry forbidden transitions of the 43X}
— X 3Zg_ series. This system is designated as the Herzberg
I series. The additional Herzberg II ('S, «— X 3Eg’ ) and
Herzberg 11 (43A, «— X 3Zg_ ) series were observed by
Herzberg (1953) as weak lines amongst the much stronger
Herzberg I lines. A detailed discussion of the identificatory
history of these lines has been provided by Matich et al.
(1993).

The transitions in all of the Herzberg series are electric
dipole forbidden and are thus very weak. This is shown by
the very small oscillator strengths in Table 1. However, the
Herzberg electronic transitions are important with regards
to the photochemistry of O,. The A-X, c—X and A'-X ab-
sorption bands converge at 242 nm at which molecular O,
dissociates to produce O(*P) atoms, which in turn can react
with other O, molecules to produce ozone (Oz). While this
is not the dominant photo-dissociation channel for produc-
ing Os, it does contribute to its overall production.
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Table 1
Spectroscopic absorption data for gas-phase O,
Transition Wavelength/nm Oscillator Integrated Method/state Ref.
(vibronic band strength absorption
in parentheses) cross-sections
(cm? cm~!
molecule™")
a'lAy — X384 Fourier transform Smith and
Near-infrared 1269 (0,0) 120 x 1017 107 x 102 spectrometry/gas Newnham (2000)
Atmospheric 1065 (1,0) 1.70 x 10~!2 150 x 10=>*  phase, 75% ,
oxygen 0, :25% N,
200 K, 760 Torr
b'YE — X3%g Fourier transform Newnham and
Atmospheric system 762.1 (0,0) 242 x 10710 2,14 x 10—22 spectrometry/gas Ballard (1998)
688.4 (1,0) 170 x 10-" 150 x 10-2  phase, 21% O, :
79% N, 300 K,
760 Torr
Ay —X3%y 292.6 (2,0) 6.78 x 10~ 6.00 x 10—26 Fourier transform Merienne et al. (2000)
Herzberg 11 system 286.6 (3,0) 226 x 10713 2,00 x 10~%  spectrometry/gas
281.2 (4,0) 531 x 1071 470 x10~% phase, 100% O,
276.1 (5,0) 9.94 x 1013 880 x 10=% 293 K, 20-750 Torr?*
271.2 (6,0) 1.67 x 1012 148 x 10~24
267.3 (7,0) 252x 10712 223 x 10~
263.5 (8,0) 350 x 1012 3.10 x 10~
260.0 (9,0) 452 x 10712 4,00 x 10-2
256.9 (10,0) 531 x 1012 470 x 10~
254.1 (11,0) 633 x 10712 560 x 10—
251.6 (12,0) 735 x 10712 6.50 x 10~
249.4 (13,0) 644 x 10712 570 x 10—
247.6 (14,0) 6.78 x 1012 6.00 x 10—
246.0 (15,0) 6.67 x 10712 590 x 10—
244.7 (16,0) 5.09 x 1012 450 x 10~
243.8 (17,0) 4.07 x 1012 3.60 x 10~
243.1 (18,0) 226 x 10712 2,00 x 10=%
242.7 (19,0) 9.49 x 10~13 840 x 10~%
ABA - X35, 277.1 (2,0)° 278.2 (2,0)4 384 x 10713 340x 1072 Fourier transform Meérienne et al. (2000)
Herzberg 111 system®  271.6 (3,0)° 272.7 (3,0)¢ 1.15x 10712 1.02 x 1072*  spectrometry/gas
266.6 (4,0)° 267.7 (4,0)4 2.68 x 10712 237 x10=2*  phase, 100% O,,
262.0 (5,0)° 263.0 (5,0)4 524 x 10712 4.64 x 10— 293 K, 20-750 Torr?
257.9 (6,0)° 258.9 (6,0)¢ 872x 10712 772 x 10—
254.2 (7,0)¢ 255.1 (7,0)¢ 12210~ 1.08 x 102
250.9 (8,0)° 251.8 (8,0)¢ 158 x 10~ 1.40 x 102
248.1 (9,0)¢ 248,9 (9,0)¢ 173 10°1 153 x 10-2
245.7 (10,0)° 246.5 (10,0)  1.79 x 10—!'  1.58 x 10—23
243.9 (11,0)° 244.6 (11,0)4 135 x 10~ 1.19 x 1023
2427 (12,0)¢ 2433 (12,0)8 697 x 10712 6.17 x 10~2#
AT - X338, 285.6 (0,0) 836 x 10~'* 740 x 10726 Fourier transform Merienne et al. (2000)
Herzberg 1 system 279.5 (1,0) 8.02x 10713 7.10 x 107%%  spectrometry/gas
273.8 (2,0) 373 x 10712 330 x 10~ phase, 100% O,
268.6 (3.0) LIl x 10~ 982 x 10~%* 293 K, 20-750 Torr?
263.8 (4,0) 251 x 1071 222 x 1023
259.4 (5,0) 509 x 10~ 450 x 10-3
255.5 (6,0) 836 x 10~ 740 x 10—2
252.0 (7,0) 122 x 10719 108 x 10—
248.9 (8,0) 1.57 x 10710 139 x 102
246.4 (9,0) 1.79 x 10710 158 x 10—
244.4 (10,0) 1.64 x 10710 145 x 102
243.0 (11,0) 9.15x 10~ 810 x 10—
By — X%, 202.6(0,0) 345 %x 10710 305 x 10~22 Conventional Ackerman et al. (1970) and
Schumann-Runge 199.8 (1,0) 390 x 107%  3.45x 10721 spectroscopy/gas Fugol et al. (1976)
system 197.2 (2,0) 238 x 1078 2,10 x 10=2°  phase, 100% O,
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Table 1 (continued)

Transition Wavelength/nm Oscillator Integrated Method/state Ref.

(vibronic band strength absorption
in parentheses) cross-sections

(cm? cm~!

molecule ™)
194.8 (3,0) 9.90 x 108 8.75 x 10=20 300 K,
192.4 (4,0) 321 x 1077 2.84 x 10— various pressures
190.3 (5,0) 8.52 x 1077 7.53 x 1071°
188.2 (6,0) 191 x 10—¢ 1.69 x 1018
186.4 (7,0) 3.81 x 10~¢ 337 x 10718
184.7 (8,0) 6.68 x 1076 591 x 10718
183.1 (9,0) 1.06 x 1073 939 x 1018
181.6 (10,0) 1.57 x 1073 1.39 x 10~V
180.4 (11,0) 2.09 x 1073 1.85 x 10~
179.3 (12,0) 2.53 x 1073 224 x 10717
178.3 (13,0) 2.88 x 1073 2.55 x 10~V
177.5 (14,0) 3.03 x 1073 2,68 x 10717
176.8 (15,0) 292 x 1073 2.58 x 10~V
176.3 (16,0) 2.59 x 1073 229 x 10717
175.9 (17,0) 223 x 1073 1.97 x 10~V
175.6 (18,0) 1.83 x 1073 1.62 x 10717
175.3 (19,0) 1.44 x 1073 1.27 x 10~V

2The Herzberg I bands were measured predominantly at low pressures to prevent possible interference from Herzberg II and III lines. Herzberg
II and III bands can only be measured at higher pressures because they are much weaker transitions than the Herzberg I transitions.

bAlthough the A’3A, state should produce 3 sub-bands due to spin—orbit coupling, it was found that the = 3 sub-band only accounted for
ca. 10% of the integrated absorption cross-section for each vibrational level and has thus been omitted from this table. The relevant data was
also incomplete due to the difficulty of detecting such a weak series of lines. Oscillator strength and integrated absorption cross-sections are

calculated as the sum of the €2 =1,2,3 bands.
¢() =1 band.
dQ) =2 band.

Ozone has recently been tentatively assigned to a band ob-
served in the reflectance spectra of a number of icy satellite
surfaces (Noll et al., 1996, 1997). If stable quantities of oxy-
gen on outer solar system bodies are exposed to high-energy
radiation, then this pathway will produce Os.

0, +hv— 0+0, (1)

040, — 0s. (2)

Although many of the O, bands are weak, O3 absorption
bands in the UV are relatively strong. Ozone is not a pri-
mary radiation product of water ice and cannot be produced
without the presence of O,, thus O3 may act as a “tracer”
molecule to diagnose the presence of O, molecules on outer
solar system bodies. It is evident that an understanding of
this process and a determination of the extent to which O,
dissociation in the Herzberg continuum occurs on outer so-
lar system bodies, is of importance.

Gas phase experiments (M¢rienne et al., 2000) have
shown that the A—X bands in the Herzberg series are ca.
an order of magnitude larger than the c—X and A’-X tran-
sitions. However, this trend is not seen in perturbed O,
systems where a single O, molecule’s electronic orbitals
are slightly altered by the interaction of a nearby molecule,
as is especially the case where the O, is embedded in a
host matrix. The breakdown of optical selection rules by a

solid-state matrix results in the enhancement of the A’-X
transitions (Goodman and Brus, 1977; Slanger and Cosby,
1988). The normally dominant gas phase A—X bands are
observed to be very weak in comparison with the 4"-X
bands in studies of O; in nitrogen, argon and xenon matrices
(Goodman and Brus, 1977).

A further example of a dramatic perturbation of weak ab-
sorptions is provided by the weakly bound (O; ), gas-phase
moiety. Shardanand (1969) has reported that the absorption
cross-section of the A A, + X%, — X%, + X% tran-
sition of weakly bound (O, ), in the gas phase is 10° times
greater than the corresponding 43A, «— X?3 3, transition
of isolated O,. Thus, it would appear that even a small
interaction from a weakly bound molecule (in this present
case another O, molecule or in the solid-state matrix case
from (N;)x, Ary or Xey) can significantly perturb an O,
molecule, and cause some previously highly forbidden tran-
sitions to become more probable. These absorptions occur
in the same region as the ozone-like features observed from
Ganymede. However, due to the weak nature of these tran-
sitions, it is unlikely that they contribute significantly to the
observed absorption band unless they are perturbed in such
a way as to further enhance their transition probabilities or
unless O, was present in sufficient quantities to overcome its
weak absorption. There is little experimental research on the
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Table 2
Spectroscopic absorption data for gas-phase O,

Transition Wavelength/nm Oscillator Integrated absorption Method/state Ref.
(vibronic band strength cross-sections
in parentheses) (cm? em~! molecule™!)
a'lAy — X384 1252 (0,0) 2.0 x 1077 1.8 x 101 a-0, 20.6 K Landau et al. (1962)
1056 (1,0) 6.6 x 10—3 59 x 10720
914.9 (2,0) 9.7 x 107 8.6 x 10721
808.9 (3,0) 1.8 x 10~° 1.6 x 10—2!
b'Sf —X3%g 756.4 (0,0) 9.7 x 10~° 8.6 x 10721 a-0, 20.6 K Landau et al. (1962)
a'Ag +alAg — X358, + X35, 627.1 (0,0) 3.9 x 1077 34 x 1071 a-0, 20.6 K Landau et al. (1962)
576.3 (1,0) 43 x 1077 3.8 x 101
531.7 (2,0) 3.1x 108 2.8 x 1020
494.2 (3,0) 6.2 x 107 5.5 % 10721
a'Ag +a' Ay — X35, + X35, 628.1 (0,0) 1.1 x 1077 9.6 x 1020 -0, ~ 35K Landau et al. (1962)
577.4 (1,0) 1.2 x 1077 1.0 x 101
532.5 (2,0) 23 x 1078 2.0 x 1020
494.6 (3,0) 29 x107° 2.5 % 1072
a'lAg +a'Ag — X35, + X35, 629.7 (0,0) 25x 108 2.2 x 10720 7-0, ~ 49 K Landau et al. (1962)
577.7 (1,0) 4.8 x 10~8 43 x 1020
532.8 (2,0) 2.7 % 107° 24 x 10721
a'Ag +b'5F — X355 + X35, 474.8 (0,0) 2.8 x 1078 2.5x 1020 0-05 20.6 K Landau et al. (1962)
446.0 (1,0) 1.6 x 10~8 1.4 x 10—20
419.9 (2,0) 9.0 x 107 7.9 x 10721
397.2 (3,0) 9.7 x 10~10 8.6 x 10~22
a'Ag + 'S — X3 + X387 476.2 (0,0) 84 x107° 7.4 x 10721 p-0, ~ 35K Landau et al. (1962)
447.1 (1,0) 6.8 x 107 6.0 x 10721
a'Ag + blEg -X3%5; +X°%; 477.0 (0,0) 33x107° 2.9 x 10~2! y-0; ~ 49 K Landau et al. (1962)
P'SE +b'8) - X3%g + X35 378.4 (0,0) 1.7 x 10~8 1.5 x 1020 0-07 20.6 K Landau et al. (1962)
360.8 (1,0) 47 x 10~8 4.1 x10=2
343.7 (2,0) 3.1x 1078 2.8 x 10720

absorption bands of solid oxygen or oxygen/water matrices
in this UV region to predict if any such enhancements are
likely to contribute to the recent Ganymede observations.

The effects of a weakly bound H,O molecule on the
Herzberg series of solid state O, are unknown. However,
absorption spectra of O,-saturated liquid water show greater
absorption cross-sections than pure liquid water at wave-
lengths below ca. 250 nm (Heidt and Ekstrom, 1957). Two
processes may contribute to this enhancement.

Firstly, a contribution is proposed from the absorption
of a weakly bound H,O - O, complex. Recent theoretical
studies of this complex (Byers Brown et al., 1992; Byers
Brown, 1995) have shown that it may absorb a photon in
the 200—250 nm region of the UV spectrum (the region of
the Herzberg continuum) via the formation of the charge
transfer complex H,O" - O, . This also overlaps the region
identified as the ozone-like feature on Ganymede. Calcu-
lations have also shown that although H,O - O, is weakly
bound, with a calculated binding energy of 3.0 kJ mol ™!

(Kjaergaard et al., 2002), it may be a significant complex
in the gas phase (Svishchev and Boyd, 1998; Vaida and
Headrick, 2000). However, no literature has appeared on
the existence of such complexes in HO/O; ices. Irradiated
ices containing oxygen and water may well contain stable
H,0 - O, complexes that could potentially be significant in
the chemistry and spectroscopy of such ices.

A second reason may be a relaxation of the selection rules
for the Herzberg bands by complexation of O, with a partner
molecule. The Herzberg bands are forbidden transitions but
the selection rules are indeed relaxed by the formation of
say (O;), or HyO - O,, as previously described. There is
some evidence (Palmer et al., 1996) to suggest that both
the charge-transfer absorption and the activated forbidden
Herzberg continuum absorption may occur simultaneously
in chemical processes in the Earth’s atmosphere.

Like the broad continuum assigned to the H,O, ob-
served at Europa (Carlson et al., 1999), the absorption
of oxygen-saturated liquid water, which is tentatively at-
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Fig. 1. The maximum oscillator strength for each O, absorption series.
This diagram indicates the approximate wavelength range of each ab-
sorption band but it should be noted that the oscillator strength shown
for each absorption series is only the maximum value for that series
and is not necessarily a representative value for all wavelengths in the
band. Tables 1 and 2 should be consulted for more detailed data. (a)
Gas-phase Schumann—Runge series; Fugol et al. (1976). (b) Gas-phase
Herzberg II series; Merienne et al. (2000). (c) Gas-phase Herzberg III
series; Mérienne et al. (2000); (d) Gas-phase Herzberg I series; Meérienne
et al. (2000); (e) «-O, blEg+ + blEg —X3%; +X3%; series; Landau
etal. (1962). (f) f-0y a' Ag+b'Sf —X3Sg +X3%; series; Landau et al.
(1962). (g) p-O, alAg + alAg —X3Eg_ +X3Eg_ series; Landau et al.
(1962). (h) a-O, Atmospheric series; Landau et al. (1962). (i) -O, NIR
Atmospheric series; Landau et al. (1962).

tributed to the absorption of an H,O - O, complex (Byers
Brown, 1995), has a similar trend to increasing absorption
in the far-UV. However the absorption in this region by
O,-saturated liquid water is many orders of magnitude less
than that of H,O, (Heidt and Ekstrom, 1957; Molina et al.,
1977) and therefore may not contribute significantly to the
observed absorption feature.

In H,0/0; ices, such as those proposed to exist on the sur-
faces of some outer solar system bodies, the above Herzberg
series absorptions by O, may be important, not only in
the better identification and characterisation of such ices,
but also in the understanding of their photochemistry. It is
clearly of particular importance to carry out more laboratory
based research on the existence of H,O - O, complexes in
oxygenated and/or irradiated ices.

2.2. The visible atmospheric system of O,

This series, which dates back to the work of Wollaston in
1802 and Fraunhofer in 1817, was first assigned by Mulliken
(1928) to the b'E) — X°%, transitions via the bands
observed in laboratory absorption and atmospheric absorp-
tion measurements. Newnham and Ballard (1998) have re-
cently applied Fourier transform spectrometry to probe the
762.1 nm (0,0) and 688.4 nm (1,0) b—X transitions. Table 1

summarises this data. Unlike many of the other electronic
transitions of O, in which high densities enhance the ab-
sorption cross-sections, there is no such enhancement of the
b'3} «— X°%; bands (Dianov-Klokov, 1966). In fact the
integrated absorption cross-section of solid O, is smaller
than that of gas-phase O, as shown in Table 2, making the
blE;r — X 3Eg’ transition one of the weaker solid O, ab-
sorption series. For this reason, it is unlikely to be of much
significance in the spectroscopy of outer solar system bodies.

2.3. The near-infrared electronic transitions of O,

The a'A, — X 3Eg series of O, was first predicted by
Mulliken (1928) and was first observed by Ellis and Kneser
(1933) in the absorption spectrum of liquid oxygen. Re-
cent work by Smith and Newnham (2000) using Fourier
transform spectrometry has provided highly resolved spec-
tra of the alAg — X3Zg’ (0,0) and (1,0) bands, resulting in
the accurate determination of absolute gas-phase absorption
cross-sections.

The gas-phase a'Ag < X%, 0, spectra consist of ro-
tational fine structure with an underlying absorption con-
tinuum. Smith and Newnham (1999) have shown that
these continua can be deconvoluted into two components,
one component having a linear dependence on the par-
tial pressure of O, (p(0;)) and the remaining compo-
nent having a quadratic dependence. This suggests that
the p(O;)-dependent absorption components are related
to the absorptions by a single O, molecule, while the
p(0,)?-dependent absorption components are absorptions
by an (O;), complex. Smith and Newnham (2000) ex-
perimented with diluting the O, with N, and observed an
increase in the square dependent component with increasing
N, concentration, probably due to absorption by an O,—N,
transient complexes. This may be due to the breakdown of
the selection rules for O, in the presence of Nj.

With increasing density, and thus with greater perturba-
tion from gas-phase conditions, the a' A, «— X 3Eg_ absorp-
tion bands, like many of the O, absorptions, become more
intense (Dianov-Klokov, 1966). As shown in Tables 1 and
2, the (0—0) and (1-0) bands in the solid-state show an in-
crease in intensity of ca. 4 orders of magnitude compared
with those observed in the gas-phase. The integrated absorp-
tion coefficient of the (0-0) a' Ay «— X3Zg band is compa-
rable with the a'Ag + a' Ay — XS, + X*%; 0, absorp-
tions that have been assigned to the 627.5 and 577.2 nm fea-
tures on Ganymede. The (0-0) and (1-0) a'A, — X*%;
bands of O, may contribute to the absorption in the regions
of ~ 1050 and ~ 1250 nm that are observed on a number of
the icy satellites. This is a region where water has two weak
absorption bands (Calvin et al., 1996). However, the effects
of grain size, hydrated minerals (McCord et al., 1999a, b)
and temperature (Grundy et al., 1999) complicate the inter-
pretations of these absorption bands. The possible contri-
bution of O, absorption has not been thoroughly explored
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although Calvin et al. (1996) proposed that O, absorption
in this region might be significant.

Grundy et al. (1999) have reported reflectance spectra for
a number of Jovian, Saturnian and Uranian satellites. All of
these spectra show relatively strong absorptions at 1.5 and
2.0 um that are characteristic of water. However, we note
that the spectra of Europa and Ganymede show considerably
greater band depths for the 1.25 pm band than those of all
the other icy satellites examined. Due to the large number
of variables that affect absorption bands in this region, it is
difficult to know the reason for these differences. However,
the possibility that the differences in the 1.25 um region of
the spectra are due to O, absorption must be considered,
along with the possibility they are due to grain size, the
presence of hydrated minerals and temperature differences.

2.4. The Schumann—Runge absorption bands of O,

The Schumann—Runge bands of oxygen are the most ex-
tensively studied bands of molecular oxygen, and arise from
the most intense transitions. These bands occur in the UV re-
gion between 175 and 200 nm as 20 absorption features rep-
resenting transitions from the X33 ¢ ground vibrational state
to the excited B*Y; state, as shown in Table 1. Electronic
transitions to the B3Y; excited state from vibrationally ex-
cited X3 3, states of Oy have also been observed but only
at high temperatures (Hudson and Carter, 1968) and thus
can be disregarded in the present discussion.

The Schumann—Runge system plays an important part in
O, photochemistry. Not only does the Schumann—Runge
absorption continuum result in photodissociation of O, in
the 135—175 nm region to O('D) and O(*P) atoms, but the
B*Y.; state is intersected by the repulsive II, state. This
provides an additional source of O(*P) atoms via predisso-
ciation from a majority of the B*Y upper states ( Krupenie,
1972). Therefore atomic oxygen produced by photolysis
must be accounted for not only by absorption in the Herzberg
(O(*P) + O(*P)) and Schumann—Runge (O(*P) + O('D))
continua, but also by predissociation from the Schumann—
Runge absorption bands that provide an extra source of
O(*P) atoms from absorption in the 175-195 nm region.

The spectrum of the Schumann—Runge region of solid
oxygen (Romand and Granier-Mayence, 1954 ) shows an ab-
sorption continuum in the 150-200 nm region. No vibronic
bands were observed in that work. These workers suggested
that the absorption bands may have been too weak to be ob-
served with the sample thickness used and the resolution of
their equipment may have not been adequate. Observations
using thicker samples were not possible due to diffusion of
the incident radiation.

2.5. Condensed O, dimer absorption bands

These absorption features are currently attracting con-
siderable attention. The so-called O, dimer absorptions

a'Ag +a'Ag — X3Eg’ +X3Z; at 627 and 577 nm have
been assigned to spectral features observed from the surface
of Ganymede (Spencer et al., 1995; Calvin and Spencer,
1997), Europa and Callisto (Spencer and Calvin, 2002).
High-pressure gas phase, liquid and solid phase O, is in-
teresting because at these high densities, double electronic
transitions can occur between a pair of interacting O,
molecules. When this occurs, the wavelength of the absorp-
tion of an interacting O, pair is approximately halved com-
pared with the corresponding single electronic transition of
an isolated O, molecule. Thus, the energy of one photon
appears to be split between two electronic excitations of
two interacting O, molecules.

The phrase “a pair of interacting O, molecules” has been
used here rather than the phrase “an (O,), oxygen dimer”
because of the implication from the latter that high density
forms of O, exist exclusively as stable discrete dimers. Low
temperature, gas-phase studies (Long and Ewing, 1971)
have provided some evidence for the formation of stable
(03),, but clearly the interaction is not sufficient to induce
any significant structural changes in the solid phase, as the
analyses of o, § and y phases of solid O, ( Jordan et al.,
1964; Cairns and Pimentel, 1965) show no evidence for any
discrete dimer molecules.

If the intensities of the dimer absorption bands were
proportional to the number of dimers present in a sample,
then one would expect greater band intensities at lower
temperatures where the dimers would be more stable.
Dianov-Klokov (1966) however has shown that at a con-
stant density (1.17 g cm~3) the dimer absorption bands
increase in intensity by a factor of between 1.41 and 3.14
times over the temperature range 80—250 K. This supports
the notion that under these conditions, a collision pair of
O, molecules is predominantly the main absorbing species.
A similar trend is observed for the three solid phases of O,
but this kinetic model is not applicable to the rigid struc-
tures in O, crystal lattices. The densities of o-, - and y-O,
(Roder, 1978) are similar enough to not account for the dif-
ferences in absorption cross-section, so it is likely that the
differences in the crystal structure for the phases of solid O,
affect the degree of activation of these forbidden transitions.

Each phase has a particular band shape. The analysis of
the 577 and 627 nm bands observed from Ganymede by
Spencer et al. (1995) showed that the features were most
like that of -O,. While it is clear that $-O, cannot exist at
the temperatures on the surface of Ganymede ( Orton et al.,
1996), if other bands in this dimer series could be detected
it might be possible to determine the state in which O; is
present within Ganymede’s surface.

A recent measurement of the reflectance spectra from
0, co-deposited on a cold substrate with H,O shows
slight shifts in the (O;), band positions and changes in
the band shapes (Vidal et al., 1997; Baragiola and Bahr,
1999). These have been used to suggest that the observed
oxygen is not trapped in ice, but this position has been
questioned (Johnson, 1999).
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Very recent work (Calvin et al., 2002) has shown that the
band strengths of the absorptions of liquid O, are strongly
dependent on temperature and density. While previous work
(Landau et al., 1962; Vidal et al., 1997; Baragiola and Bahr,
1999) does not provide a precise spectral match in terms
of band position, depth and shape, the systematic approach
of making laboratory measurements on O, under various
conditions (e.g. at different temperatures and densities, as
a solid or liquid, and with impurities such as H,O and/or
0O;) provides the best approach for understanding the
high-density O, spectral features of Ganymede, Europa and
Callisto.

3. Summary

Because a number of the icy satellites of the giant plan-
ets are embedded in an intense radiation field, the radia-
tion products of ice should be seen in or near the surface
ice of such satellites. Indeed, a number have been seen.
One such product is molecular oxygen, the focus of this pa-
per. Based on the ratio of the transitions among the ground
state multiplets of atomic O, O, has been suggested to be
present in the gas phase at Europa and Ganymede (Hall et
al., 1995), as predicted due to radiolysis of ice (Johnson et
al., 1982). In addition, O(' D) has been seen in the equatorial
regions of Ganymede (Brown and Boucher, 1999). How-
ever, gas-phase molecular oxygen has not been identified
directly because of its low column abundances and its weak
absorbance at those wavelengths where the solar radiation is
most intense as seen in Table 1. A column abundance of the
order of a few times 10'3 O,/cm? has been estimated for the
gas phase over the surface of Europa, the net absorbance in
the Schumann—Runge system would be of the order of 1%
at the shortest wavelengths.

Based on laboratory measurements of the matrix pertur-
bations on the absorption cross-section, O, is more easily
observed as O, in the surface ice. However, although these
bands have much larger absorbances, they still require con-
siderable column abundances to be seen in reflectance in
the near UV, visible and NIR. In spite of this, a ‘solid’
form of O, has apparently been seen at Ganymede, Europa
and Callisto. Based on the band positions, the form of O,
appears to most closely resemble 5-O,. This is surprising
because the expected temperature differs significantly from
that for -O, and indeed at the nominal surface tempera-
tures solid O, is not stable. However, the band shapes dif-
fer from that of f-O,, therefore, the observed O, is likely
to be either trapped in ice or adsorbed on grains in the
regolith. Additional laboratory studies are required on the
production of these bands in a number of likely environ-
ments.

In the short term, indirect detection of gas-phase O, may
remain the best possibility for further studies of the pro-
duction of O, by radiolysis and photolysis. McGrath et al.
(2000) have observed the intensities of the ground state mul-

tiplet of O across the surface of Europa and have noted cor-
relations to spatial variations in the surface geology. Such
can be used to look for the O, source regions. Alternatively,
since the formation of O3 indicates the presence of O,, O3
can be used as a tracer molecule via the observation of the
strong Hartley band absorption (Noll et al., 1996). For in-
stance, using the rate equations (Johnson and Quickenden,
1997, as corrected in Johnson, 1999) a ratio O3/0; ~ 0.01
is expected due to photolysis alone. Although such studies
are less satisfactory than direct detection of O,, they pro-
vide strong motivation for further observation and labora-
tory studies. This is particularly so since the ozone-like band
differs from pure Oj, possibly due to the presence of other
impurities (Johnson, 2001) or to perturbations like those de-
scribed here.
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