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SUMMARY PROGRESS 

The non-thermal generation of tenuous atmospheres within the Jovian and 
Saturnian systems depends critically on electron and vacuum ultraviolet photon 
interactions with the low-temperature icy surfaces. The composition of these icy surfaces 
exhibits a broad range of impurities ranging from hydrated ionic salts to organic 
compounds. The presence and persistence of specific chemical entities such as minerals 
and salts also have important implications regarding the existence of putative sub-surface 
oceans on Ganymede and Europa. Thus, understanding the sources and compositions of 
their tenuous atmospheres requires knowledge not only of pure ice, but of the interaction 
of ice with soluble and insoluble impurities. 

During the first year of grant NAG5-13234, we acquired infrared reflectance 
spectra of flash frozen acid and brine/ices that yielded essential clues to the surface 
composition of Europa. We then discovered an important relationship between the 
radiolytic production of atmospheric species at ice defects and the trapping of these 
products within clathrate hydrate structures that then become new sources of impurities in 
ice. This relationship is intimately related to the radiation induced production of 
molecular hydrogen and oxygen, two very important species which have been observed 
in the atmosphere of Europa. During the second and third year, we demonstrated 
important relationships between ice porosity, gas trapping and defects that mediate non
thermal production of atmospheric gases about icy bodies. In particular, we have found 
(i) a correlation between quiescent retention of radiolytic generated atmospheric gases 
and the migration of electronic excitations through ice, (ii) made continued progress in 
modeling the kinetics of ice radiolysis and radiation induced defect-mediated processing 
of ice, and (iii) applied this model to understanding near-threshold vacuum ultraviolet 
photon induced production of H2 and O2. 

In summary, we have (i) acquired infrared reflectance spectra of flash frozen acid 
and brine/ices that yield essential clues to the surface composition of Europa, (ii) 
developed important refinements to the model of non-thermal production of O2 on 
Europa, (iii) examined the roles of pores and ice structure on the non-thermal production 
and release of H, H2 and O2 from low-temperature ice and (iv) made significant 
improvements to our experimental apparatus used for electron- and photon-induced 
processes on icy surfaces. 

1 . Infrared Reflectance Spectra of Europa Surface Surrogates. 

The icy moon Europa has been the subject of much scrutiny and recently there 
have appeared dissenting opinions on the interpretation of the near infrared reflectance 
spectra of the non-ice regions on Europa. Features observed in the 1-3 urn region can be 
attributed to overtone and combination bands of water that are perturbed by the presence 
of species other than neighboring water molecules. The non-ice or perturbed absorption 
features in near infrared mapping spectrometer (NIMS) data were initially attributed to 
the presence of heavily hydrated minerals such as magnesium and sodium sulfates from 
an endogenous source. Very good spectral matching was later obtained for sulfuric acid 
hydrates that may be produced by a radiolytic sulfur cycle that depends upon complex 



radiation chemistry. Later work demonstrated that perhaps better agreement with NIMS 
spectra can be obtained when flash-freezing aqueous brines onto a very cold substrate in 
high vacuum [McCord et al., 2002]. It was suggested that the best fit should contain 
sulfuric acid and it was assumed that flash-freezing under high vacuum mimics the 
conditions typical of upwelling in fractures in the icy crust of Europa. This rapid 
quenching/glass forming process also preserves the water structures associated with 
solvated ions. It is precisely these complicated solvation structures formed during the 
flash-freezing of aqueous solutions that give rise to the optical signatures observed in the 
NIMS spectra. Figure 1 shows the spectra obtained for a series of selected flas-frozen 
sulfate bearing salts. 
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Figure 1: Infrared reflectance spectra of flash-frozen sulfate 
bearing salts compared to the NIMS result for a dehydrated region 
of Europa. 

The best match to the NIMS spectra is a mixture of Na2SC>4, H2SO4 and some 
MgSOzj. The data indicates that as much as 40 weight % of N a 2 S 0 4 can be present and 
brackets the geochemical models developed to describe the evolution of Europa. Thus, 
we contend that the non-ice regions are likely comprised of mixtures of solvated salts, 
some of which act as proton sources. 

The general stability of some sulfate salts to damage initiated by ionization and 
electronic transitions was previously investigated by our group and it was shown that 
metal sulfates were found to be especially stable [McCord et al., 2001]. However, 
radiation processing of a frozen brine containing singly-charged Na + might provide a 
source for the atomic Na that has been observed coming off the surface of Europa 
[Brown and Hill, 1996, Johnson, 2000; Cooper et al., 2001]. We are still investigating 
this possibility by examining the absolute yields and velocity distributions of the neutral 
Na desorption products released from electron-beam irradiated flash-frozen brines 
contain Na2SC>4 and H2SO4. 



2 . Molecular Oxygen Precursor Model. 

Understanding how O2 might be formed from low-temperature ice is crucial for 
theoretical and experimental simulations of the surfaces and atmospheres of icy bodies in 
the outer Solar System [Hall et al., 1995; Sieger et al., 1998, and Orlando and Sieger, 
2003]. Molecular oxygen is formed by direct excitation and dissociation of a stable 
precursor molecule, rather than (as has been previously thought) by diffusion and 
chemical recombination of precursor fragments. This precursor may not be unique, 
however, and production of O2 may proceed via branched routes. 

The production of O2 is also dependent upon the temperature and phase of the ice. 
This is shown below in Figure 2. 
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Figure 2: Temperature and phase dependence of O2 production 
during the low-energy electron irradiation of ice. 

We have also correlated the production and release of atomic and molecular 
hydrogen with the production of molecular oxygen. Formation of hot hydrogen 
molecules is associated with production of atomic oxygen and the production of 
hydrogen equilibrated to the ice surface temperature is correlated with the formation of 
thermalized molecular oxygen. Precursor formation is initiated by an electronic excitation 
of ice itself and this initial precursor is likely a trapped O-atom in an oxywater 
configuration. This species is metastable and may act as a precursor to molecular oxygen 
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Figure 3: Temperature and phase dependence of O2 production 
during the low-energy electron irradiation of ice. 

or it may isomerize to form a secondary more thermodynamically stable product. One 
suggestion for this secondary isomerized product is hydrogen peroxide, which has been 
observed in optical reflectance measurements on Europa [Carlson et al., 1999]. We have 
contributed to the development of a solid-state chemical model for the production of O2 
by electronic excitation of ice. This model includes competition with precursor 
destruction and the effect of sample phase. This allows us to put the UV photon, low 
energy electron and fast ion experiments on a common footing for the first time. At low 
temperatures, the formation of the trapped oxygen atom precursor is favored by the 
preferential loss of molecular hydrogen and is quenched by reactions with mobile H. The 
presence of impurity scavengers can limit the trapping of O, leading to the formation of 
oxygen-rich molecules in ice. Rate equations that include these reactions were developed 
and then integrated to obtain an analytic approximation for describing the results of 
experiments on the production and loss of molecular oxygen from ice samples. In the 
proposed model, the loss rate varies, roughly, inversely with solid-state defect density at 
low temperatures, leading to a yield that increases with increasing temperature as 
observed. Cross sections obtained from fits of the model to laboratory data are evaluated 
in light of the proposed solid-state chemistry. 

3 . The Importance of Porosity and Ice Phase on Non-thermal Desorption and 

Planetary Atmosphere Formation. 

The generation of tenuous atmospheres around icy moons by high energy 
radiation is well established. High quality measurements of Europa and Ganymede by 
the Hubble Space Telescope and the Galileo mission combined with careful laboratory 
studies have proven that non-thermal processing of the cold ice surface is responsible for 



much of the tenuous atmosphere surrounding these moons. The latest data from the 
Cassini mission reveals that this processing is not specific to Jupiter's moons, but rather 
is quite general, occurring even in the icy ring system of Saturn. Preliminary infrared 
spectra from this probe has revealed that the moon Enceladus is completely covered by a 
relatively pure and young ice surface, and it anticipated that many more of Saturn's 
moons will be icy. Laboratory measurements until now have concentrated on the 
immediate ejection of gaseous products into the vacuum from direct irradiation of 
photons, electrons and fast ions. An important factor in gas or vapor phase generation of 
atmospheric components is the range of thermal cycling the planetary body undergoes. 
Radiolytic yields have temperature behavior that map either directly or inversely onto the 
hydrogen bonding strength of ice. We have found, however, that an additional source 
term can be a result of gas build up during low temperature phase of the cycle, followed 
by explosive release during the warm phase. So, while radiation exposure often cycles 
with the thermal cycling of a planetary body, the apparent yields can also depend on the 
history of exposure through at least one sidereal day. 
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Figure 4: Post-irradiation release of molecular hydrogen upon 
warming. The plots are (a) crystalline ice, (b) amorphous and (c) 
highly porous amorphous ice. Porous ice exhibits a characteristic 
burst of trapped hydrogen release (80 K) when the internal 
pressure of the "bubble " bursts. 

The yields of trapped molecular products were studied by (a) preparing ice in a 
controlled phase, (b) irradiating the ice with 100 eV electrons at controlled temperature, 
and then (c) perform Temperature Programmed Desorption measurements with a mass 
spectrometer. We have observed molecular hydrogen escape at low temperatures using 
this technique and found that it is released at relatively low temperature, shown in Figure 
4, primarily because the molecules are small enough to fit through small interstices in the 
lattice and between grains in polycrystalline phases. Trapping of these products is an 
indication that the defect sites involved in the radiation chemistry are closely related to 



structural defects that form microscopic pockets, such as clathrates or pores. Highly 
porous ice shows a striking and distinct feature which is the result of gaseous products 
trapped within the pore cavity, that explodes upon warming and expanding. Molecular 
oxygen shows a different result, where it is retained in the ice to much higher 
temperatures (not shown). This is a result of both the larger size the molecule, limiting 
the types of trapping sites possible for it, but also due to differences in the types and 
locations of the defects responsible for its production. This has far reaching implications, 
not only for planetary bodies but also for other warming ices such as interstellar icy 
grains near newborn stars and approaching comets. 

The initial radiation must create excitations at the defect sites responsible, 
however the penetration depth of the radiation used here is much smaller than the 
thickness of the films. This tells us that another mechanism must be at work for the 
transfer of electronic energy though the lattice. This measurement supports our notion 
that long range energy transport can play a significant role in delivering energy to the 
sites where radiolytic activity can ensue. We are continuing the pursuit of mapping out 
the detailed structural origin of these effects using mixed ices. Defect sites can be 
inserted by doping flash frozen salt brines or organic molecules. Altering the nascent 
distribution of defects will modulate the resulting product yields, either amplifying or 
quenching them. 

4. Production of Hydrogen and Oxygen Using Sub-Bandgap UV Photons. 

As we have shown, defects in the ice matrix are the quintessential factor in the 
radiochemistry of icy surfaces. Pure ice possesses an intrinsic defect density, as 
evidenced by its nonzero entropy even at zero K, and can be made very high by control of 
the deposition process. Pure ice has a bandgap of about 7 eV, but exhibits what's known 
as an Urbach tail which tapers off to much lower energy. This tail is the result of an 
inhomogeneous distribution of defects that introduce electronic states within the bandgap, 
thus effectively diminishing it. Photon excitation below the bandgap, therefore, should 
selectively excite the defects of ice while not exciting bulk ice for lack of sufficient 
energy. We have utilized the technique of post-irradiation TPD, described above, to 
improve our sensitivity of detection near threshold by virtue of the storage effect to detect 
these low energy products. 

Figure 5 shows the molecular oxygen TPD of ice irradiated with 6.2 eV photons. 
As stated above, molecular oxygen is trapped in ice until near the temperature of 
sublimation, owing to its increased sticking coefficient over hydrogen. These 
preliminary results indicate that the total cross section for O2 production at low energy is 
dominated by the cross section of these sub-bandgap defect states. More precise 
measurements of this phenomena should allow us to extract quantitative values of cross 
sections and defect density of ice. Once this is established, we will have a benchmark for 
quantifying the degree of defectiveness of the phases of ice and of impurity states therein. 
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Figure 5. Post-irradiation TPD of molecular oxygen created by 
VUV photons at the threshold for production (6.2 eV). The dark 
line shows release of trapped O2, while gray line is the TPD of ice. 

5. Improvements to the apparatus. 

We have two state-of-the art ultrahigh vacuum systems for the measurement of 
absolute cross sections for electron and photon-induced desorption of atomic and 
molecular products from low temperature ice surfaces. We have improved one of these 
systems to 

i.) Allow us to flash-freeze salt solutions while maintaining extremely 
good vacuum conditions, 

ii.) Allow simultaneous measurement of infrared reflection/absorption 
spectra and non-thermal desorption 

iii.) Allow deposition of organic aerosols to simulate photo-induced 
processes that may occur in Titan's atmosphere. 
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The importance of pores in the electron stimulated 
production of D 2 and 0 2 in low temperature ice 
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ABSTRACT 

The effects of porosity and morphology of amorphous and crystalline D 2 0 ices on the electron stimulated generation 
and trapping of D 2 and 0 2 have been studied by post-irradiation thermal desorption. The trapped product yields 
increase from crystalline ice to amorphous ice to highly porous amorphous ice, similar to observed ESD yields. This 
is attributed to the increased number of defects, traps and pores in amorphous ice. Molecular deuterium is released 
in the temperature range from 55 to 105 K for each of the samples, with two notable bursts at 115 and 132 K for porous 
amorphous ice. Low temperature release is associated with diffusion of D 2 through micropores in the ice matrix. Highly 
porous amorphous ice shows a striking spike in the release of D 2 at 80 K which has not previously been observed and 
must be a result of trapping of D 2 within enclosed macropores. The trapped D 2 in macropores may result from trans
port of excitation energy to the pore interface or from transport of D 2 through micropores at lower temperatures during 
T P D , or both. Molecular oxygen is retained within ice until much higher temperatures (>140 K). The release at this 
temperature is at tr ibuted to sintering and diffusion along grain boundaries in crystalline ice. The majority of trapped 
0 2 evolves with the desorption of the ice matrix, suggesting that clathrate hydrates may be important trapping sites. 
Amorphous ice releases a surge of trapped 0 2 at the 160 K amorphous to crystalline phase transition, which is consis
tent with codeposition experiments. Highly porous ice exhibits much higher total yields of oxygen and shows a second 
strong spike in t rapped 0 2 release at 175 K. 
© 2005 Elsevier B.V. All rights reserved. 
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1. Introduction 

Transformations of the structure of amorphous 
ice are tremendously important for the under
standing of physical chemical processes in low 
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t e m p e r a t u r e e n v i r o n m e n t s of in te r s t e l l a r space , icy 
p l a n e t a r y b o d i e s a n d o u t e r so l a r s y s t e m r e m n a n t s 
s u c h as c o m e t s a n d t r a n s - n e p t u n i a n ob jec t s [1 5]. 
Ices in these e n v i r o n m e n t s a re n e v e r p u r e a n d oc 
c u r in c o m p l e x m i x t u r e s w i t h o t h e r a b u n d a n t m o l 
ecules . A special p r o p e r t y of p o r o u s a m o r p h o u s 
ice is its abi l i ty t o t r a p c o n d e n s a t e s o n a n d wi th in 
t h e ice f r a m e w o r k as c l a t h r a t e h y d r a t e s a n d wi th in 
m i c r o p o r e s a n d cavi t ies f o r m e d f r o m l o n g need le 
l ike c rys ta l l i t es [6 -10] . T h e r m a l d e s o r p t i o n exper i 
m e n t s o f gases c o d e p o s i t e d w i t h ice h a v e p r o v e n to 
be e x t r e m e l y sensi t ive p r o b e s of ice s t r u c t u r a l r eo r 
g a n i z a t i o n , a n d s h o w severa l d i s t inc t t e m p e r a t u r e 
r a n g e s of t r a p p e d gas re lease [6,7]. T h i s h a s i m p o r 
t a n t r ami f i ca t i ons for t h e a s t r o p h y s i c s of icy 
g r a i n s , for e x a m p l e , s ince t r a p p e d p r o d u c t s w i th in 
p o r e s c o u l d s ignif icant ly m o d i f y t h e p r e d i c t i o n s of 
o u t g a s s i n g of ices in w a r m i n g p r o t o s t e l l a r r eg ions 
b e y o n d t h e simplif ied sur face a d s o r p t i o n m o d e l . 

Ices in a s t r o p h y s i c a l e n v i r o n m e n t s , h o w e v e r , 
a r e of ten subjec t t o h i g h e n e r g y r a d i a t i o n b o m 
b a r d m e n t . R a d i a t i o n i n d u c e d d e s o r p t i o n f r o m 
l o w t e m p e r a t u r e w a t e r ice p l ays a c ruc ia l ro le in 
t h e a s t r o c h e m i s t r y of icy p l a n e t a r y sur faces [11 
14], c o m e t s (e.g. , [15]) a n d ice -covered in te r s te l l a r 
g r a i n s (e .g. , [16]). E x c i t a t i o n s f r o m l o w ene rg y sec
o n d a r y e l e c t r o n s c a n m i g r a t e a l o n g the s t r o n g l y 
c o u p l e d h y d r o g e n b o n d i n g n e t w o r k un t i l t hey 
e n c o u n t e r a su r face o r a defect w h e r e t h e y c a n 
loca l ize a n d i n d u c e d i s s o c i a t i o n [17 -19 ] . T h e elec
t r o n i c s t r u c t u r e of ice a t t h e in te r face of l a rge p o r 
o u s cav i t i es in a m o r p h o u s ice m a y r e s e m b l e t h a t of 
t h e free su r face in te r face , a n d t h e r e f o r e it m i g h t be 
e x p e c t e d t h a t E S D p rocesses w o u l d o c c u r t h e r e 
w i t h s imi la r m e c h a n i s m s . N e u t r a l p r o d u c t s f rom 
l o w e n e r g y ( 5 - 2 5 0 eV) e l ec t ron b o m b a r d e d l o w 
t e m p e r a t u r e ice inc lude H ( D ) , H 2 ( D 2 ) , 0 ( 3 P , 
0 2 , H 2 0 ( D 2 0 ) a n d H 2 0 2 ( D 2 0 2 ) a n d p r o g r e s s 
h a s b e e n m a d e in u n d e r s t a n d i n g the i r r espec t ive 
p r o d u c t i o n m e c h a n i s m s [17,20—23]. F o r i n s t a n c e , 
m o l e c u l a r h y d r o g e n w i t h n o n - t h e r m a l t r a n s l a -
t i o n a l e n e r g y d i s t r i b u t i o n s h a s b e e n s h o w n t o or ig
i n a t e p u r e l y f rom exc i ton d e c a y at t h e v a c u u m 
su r face in te r face a n d m o r e r ecen t ly at t he s u b s t r a t e 
in te r face [20,22]. T h e m e c h a n i s m s seem t o invo lve 
ene rgy o r c h a r g e t r a n s p o r t fo l lowed b y r e c o m b i n a 
t i on a n d u n i m o l e c u l a r d i s s o c i a t i o n . M o l e c u l a r 
o x y g e n , h o w e v e r , r equ i r e s a p a i r of w a t e r m o l e 

cules t o f o r m a n d h a s b e e n s h o w n to r e q u i r e a 
m i n i m u m ice film t h i c k n e s s of 2 M L to be p r o 
d u c e d . T h e yields a re a lso affected by the defect 
dens i ty of t h e ice [14 .24-26] . I t h a s been sugges ted 
t h a t m o l e c u l a r o x y g e n is p r e sen t in c o n d e n s e d 
f o r m o n t h e icy sur faces of E u r o p a , G a n y m e d e 
a n d Ca l l i s to , k n o w n t o be p r o d u c e d by rad io lys i s 
f r o m t h e h i g h r a d i a t i o n flux n e a r J u p i t e r [27]. 
H o w e v e r , n o e x p e r i m e n t s h a v e yet to a d d r e s s 
th is issue of 0 2 t r a p p i n g us ing low energy elec
t r o n b o m b a r d m e n t a n d p o s t - i r r a d i a t i o n t h e r m a l 
d e s o r p t i o n . 

I n th is p a p e r , we r e p o r t o u r first resul t s o n a 
p r o g r a m focused o n t h e ro le of p o r e s in s t i m u l a t e d 
r e a c t i o n s w i t h i n l o w t e m p e r a t u r e ice. T o e x a m i n e 
the i n t e r a c t i o n of l a rge scale s t r u c t u r a l con f igu ra 
t ions of a m o r p h o u s ice o n t h e s t i m u l a t e d d e s o r p 
t i on of m o l e c u l a r p r o d u c t s , we h a v e m e a s u r e d 
the yields a n d re lease o f D 2 a n d 0 2 in p o s t - l o w -
en e rg y e l ec t ron b e a m i r r a d i a t i o n t h e r m a l d e s o r p 
t ion s tud ies of p o r o u s D 2 0 ice. 

2. Experiment 

T h e e x p e r i m e n t s we re p e r f o r m e d in a U H V 
c h a m b e r w i t h b a s e p r e s s u r e 1 x 1 0 " 1 0 T o r r , e q u i 
p p e d w i t h a p u l s e d e l ec t ron g u n a n d a q u a d r u p o l e 
m a s s s p e c t r o m e t e r ( Q M S ) . T h e e l ec t ron b e a m h a s 
a typica l c u r r e n t dens i ty of 1 0 1 4 e l e c t r o n s / c m 2 s, 
a n d a b e a m s p o t size of ~ 1.5 m m . T h e e l ec t ron 
b e a m w a s p u l s e d a t 1000 H z , w i t h a pu l se w i d t h 
of 500 JIS a n d w a s r a s t e r e d twice over a n a r ea of 
a b o u t 0.5 c m 2 in 50 m i n . T h i s w a s d o n e to r e d u c e 
t h e effects of s h o r t t e r m sur face c h a r g i n g a n d 
local ized h e a t i n g of t h e ice, whi le d o s i n g e n o u g h 
a r e a t o a v e r a g e ove r spa t i a l i n h o m o g e n e i t i e s a n d 
t o a c c u m u l a t e e n o u g h m a t e r i a l to detec t . T h e inci
d e n t e l ec t ron e n e r g y u s e d w a s 100 eV. T h e g r a p h 
ite s u b s t r a t e w a s m o u n t e d in t h e r m a l c o n t a c t 
w i t h a c o m p r e s s e d h e l i u m c r y o s t a t a n d h e a t e d 
w i t h a res is t ive b u t t o n h e a t e r w h i c h a l lowed 
for t e m p e r a t u r e c o n t r o l f rom 55 to 500 K. T h e 
s u b s t r a t e t e m p e r a t u r e w a s m o n i t o r e d w i t h a 
t h e r m o c o u p l e m o u n t e d to the subs t ra te a n d a c o m 
p u t e r - c o n t r o l l e d f e e d b a c k sys t em d r o v e the t e m 
p e r a t u r e r a m p at a r a t e of 8 K / m i n . D 2 0 w a s u s e d 
t o d i s c r i m i n a t e a g a i n s t s ignal f rom b a c k g r o u n d 
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H 2 0 . P o r o u s a m o r p h o u s sol id w a t e r ( P A S W ) 
s a m p l e s w e r e d e p o s i t e d a t 50 K w i t h a d i r e c t i o n a l 
d o s e r o r i e n t e d a p p r o x i m a t e l y 70° f rom n o r m a l 
inc idence . N o n - p o r o u s a m o r p h o u s sol id w a t e r 
( A S W ) s a m p l e s w e r e d o s e d at 120 K at n o r m a l 
inc idence a n d c rys t a l l ine ice (CI ) s a m p l e s w e r e 
d e p o s i t e d b e t w e e n 150 a n d 155 K . F i l m t h i c k n e s s 
is e s t i m a t e d by c o m p a r i s o n t o p u b l i s h e d T P D d a t a 
a n d is e s t i m a t e d t o be b e t w e e n 50 a n d 100 M L , 
w h e r e 1 M L is def ined a s 1 s e x p o s u r e t o 1 x 
1 0 ~ 6 T o r r D 2 0 v a p o r . T P D s p e c t r a s h o w a signif
i can t s igna l in t h e 4 A M U m a s s c h a n n e l d u r i n g 
d e s o r p t i o n of D 2 0 d u e t o gas p h a s e e l ec t ron 
i m p a c t d i s s o c i a t i o n ins ide t h e Q M S ionizer . T h i s 
p r e v e n t s u s f r o m m a k i n g conc lu s ive s t a t e m e n t s 
a b o u t t he e v o l u t i o n of D 2 f r o m the ice sur face in 
t h e t e m p e r a t u r e r a n g e a b o v e 140 K , b u t h a s n o 
effect o n the d e t e c t i o n of t h e o t h e r p r o d u c t s m o n i 
t o r e d in these e x p e r i m e n t s . 

3 . Results and discussion 

3.1. Evolution of molecular deuterium from 
irradiated D20 ice 

R e s u l t s of p o s t - i r r a d i a t i o n t h e r m a l d e s o r p t i o n 
of D 2 a r e s h o w n in F i g . 1 for (a) c rys ta l l ine , (b) 
n o n - p o r o u s a m o r p h o u s a n d (c) p o r o u s a m o r p h o u s 
ice films g r o w n o n a g r a p h i t e s u b s t r a t e . T h e ices 
were i r r a d i a t e d a t 55 K ; a t e m p e r a t u r e w h e r e d e 
fect m o b i l i t y is l ow , b u t exc i ton a n d e l ec t ron 
mob i l i t y , m o d u l a t e d by h y d r o g e n b o n d s t r eng th , 
is expec ted t o be h i g h . T h e r e is a l a rge ini t ial b u r s t 
of D 2 u p o n c o m m e n c e m e n t of h e a t i n g f rom 55 K 
u p t o 65 K w h i c h is d u e t o p h y s i s o r b e d D 2 resul t 
ing f r o m sur face E S D d u r i n g e l ec t ron i r r a d i a t i o n . 
E x p o s u r e of p o r o u s ice t o D 2 b e l o w 60 K h a s b e e n 
s h o w n t o a d s o r b l a rge n u m b e r s of mo lecu le s , m o r e 
t h a n c a n be a c c o u n t e d for by effective sur face a r e a 
of ice [6]. T h i s impl ies t h e a d s o r b e d mo lecu l e s pen
e t r a t e b e n e a t h t h e su r face t h r o u g h m i c r o p o r e s [6]. 

F o r each of t h e ice films, t h e r e is a g r a d u a l r ise 
in t h e a m o u n t of D 2 r e l eased in t h e t e m p e r a t u r e 
in te rva l f r o m 70 to 95 K , fo l lowed by a d is t inc t 
d r o p w h e r e d e s o r p t i o n is c o m p l e t e by a b o u t 
100 K . A l s o ev iden t is a sma l l s h o u l d e r f ea tu re 
n e a r 100 K p resen t for all s a m p l e s . F o r c o m p a r i -
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F i g . 1. P o s t - i r r a d i a t i o n T P D spec tra o f (a ) D 2 0 d o s e d at 

150 K, (b) D z O d o s e d at 120 K, a n d (c) D 2 0 d o s e d at 55 K. 

I r r a d i a t i o n o f 100 e V e l e c t r o n s o c c u r r e d at 55 K for all s a m p l e s , 

t h e n thermal d e s o r p t i o n o f D 2 w a s m o n i t o r e d . T h e inset b e l o w 

s h o w s t h e T P D o f D 2 a d s o r b e d o n t o g r a p h i t e ( l o w e r curve) a n d 

c o d e p o s i t e d w i t h p o r o u s ice ( u p p e r c u r v e ) . 

son , t h e T P D of p h y s i s o r b e d D 2 o n g r a p h i t e a n d 
c o d e p o s i t e d wi th p o r o u s D 2 0 ice is s h o w n in lower 
p a n e l of F ig . 1. D e s o r p t i o n of D 2 f rom g r a p h i t e 
s h o w s a so l i t a ry p e a k n e a r 73 K a n d is c o m p l e t e 
by 80 K u n d e r these T P D c o n d i t i o n s . T P D f rom 
D 2 c o d e p o s i t e d w i t h D 2 0 s h o w s a n a d d i t i o n a l 
smal l f ea tu re a t 90 K wh ich is cons i s t en t w i th p r e 
v i o u s c o d e p o s i t i o n e x p e r i m e n t s a n d a t t r i b u t e d to 
t h e r e s t r u c t u r i n g of t he a m o r p h o u s ice d u e t o the 
o n s e t of defect m o b i l i t y w h i c h c o u l d a c c o u n t for 
t r a n s p o r t t h r o u g h t h e m a t e r i a l . In this temperature 
range, D2 will not adhere to the outer ice surface, 
nor to any exposed graphite, therefore must origi
nate within the ice. 

T h e re lease of t r a p p e d D 2 f r o m i r r a d i a t e d crys
ta l l ine ice is s h o w n in F ig . 1, p l o t a. T h i s p l o t 
s h o w s t h r e e d is t inc t fea tures w h i c h a re c o m m o n 
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t o all of t h e ices. T h e la rges t p e a k o c c u r s a t 93 K , 
a c c o m p a n i e d by a s h o u l d e r a t 95 K , a n d a sma l l 
c o m p a n i o n p e a k n e a r 100 K . C lose i n s p e c t i o n re 
veals t h a t e a c h of these a re a l so p r e s e n t in the 
T P D of D 2 c o d e p o s i t e d w i t h n o n - i r r a d i a t e d D 2 0 . 
T h e s e f ea tu r e s m a y resu l t e i the r f r o m differences 
in t h e t r a p p i n g sites h o l d i n g D 2 o r f r o m d i s t inc t 
phys i ca l t r a n s i t i o n s of t h e ice. O t h e r e x p e r i m e n t s , 
s u c h as c a l o r i m e t r y [1], h a v e n o t r evea led a n y 
s t r u c t u r a l t r a n s i t i o n s in th is r eg ion . T h u s , a l ikely 
poss ib i l i ty is t h a t t h e r e a re s imi la r b u t sub t ly differ
en t t ypes of t r a p p i n g sites t h a t h a v e different 
s t r e n g t h s o f r e t e n t i o n for D 2 . I t is k n o w n , for in
s t a n c e , t h a t c l a t h r a t e h y d r a t e s c a n f o r m in m a n y 
p o l y h e d r a l m o r p h o l o g i e s , i n c l u d i n g o c t a h e d r a l , 
d o d e c a h e d r a l a n d so o n . 

C o m p a r i s o n of t h e t h e r m a l d e s o r p t i o n of D 2 

f r o m i r r a d i a t e d a m o r p h o u s ice ( A S W ) g r o w n at 
120 K is s h o w n as c u r v e b in F ig . 1. T h e t o t a l 
a m o u n t of r e leased D 2 is m u c h h i g h e r t h a n for 
c rys t a l l i ne ice a n d a l so exh ib i t s a s h a r p p e a k 
a r o u n d 88 K . T h e t o t a l E S D n e u t r a l p r o d u c t 
y ie lds a r e gene ra l l y m u c h h ighe r f r o m a m o r p h o u s 
ice t h a n f r o m c rys ta l l ine . T h i s is a t t r i b u t e d t o in
c r ea sed defect dens i t y a n d a n inc rease in e x c i t a t i o n 
l o c a l i z a t i o n d u e t o d i s r u p t i o n of l o n g r a n g e o r d e r 
in t h e m a t r i x [28]. T h i s e l eva ted defect dens i ty 
m a y a l so p r o v i d e a n inc reased dens i t y of t r a p p i n g 
sites for D 2 w i t h i n t h e m a t r i x . T h e T P D of A S W is 
o s t ens ib ly t h e s a m e as t h a t for C I b u t sca led u p for 
these t w o r e a s o n s . 

T h e p o s t - i r r a d i a t i o n T P D of p o r o u s a m o r 
p h o u s ice ( P A S W ) d e p o s i t e d a t s t eep i nc iden t 
a n g l e a t 55 K is s h o w n in F ig . l c . T h e gene ra l 
a p p e a r a n c e is s imi la r t o t h a t of A S W excep t for 
a n o t h e r d i s t inc t p e a k in yield a t 85 K . A g a i n , t h e 
t o t a l D 2 y ields for th is p h a s e a r e s ignif icant ly 
h i g h e r t h a n e i t he r A S W o r C I . The presence of this 
additional peak can therefore be attributed to the 
presence of large porous volumes that trap D2. 
T h e p r e s e n c e of l a rge p o c k e t s w i t h i n t h e ice, w e 
will cal l m a c r o p o r e s , p r o v i d e s a sur face a r e a w h e r e 
D 2 c o u l d d e s o r b f r o m t h e in t e r io r wal l s a n d re
m a i n t r a p p e d . T h e m a c r o p o r e s r e s p o n s i b l e for th is 
o b s e r v e d p e a k m u s t be fully enc losed a n d h a v e n o 
o p e n p a t h t o t h e v a c u u m in te r face . A t th is t e m p e r 
a t u r e , h o w e v e r , D 2 c a n n o t be p h y s i s o r b e d o n t o t h e 
ice. W i t h i nc r ea s ing t e m p e r a t u r e , t he gas p r e s s u r e 

w i t h i n these p o c k e t s m a y exceed the i r m e c h a n i c a l 
s t r e n g t h a n d b u r s t t h e p o r e . A s d i scussed a b o v e , 
D 2 c a n beg in t o m i g r a t e t h r o u g h m i c r o p o r e s in 
the ice la t t ice n e a r 6 0 - 6 5 K , s o m e of w h i c h e scape 
at t h e v a c u u m in te r face . T h e s e m a c r o p o r e s ac t as 
a n o b s t r u c t i o n t o b o t h the t r a n s p o r t of ene rgy to 
the s u b s t r a t e in te r face , a n d t o t h e diffusion of D 2 

p r o d u c e d a t t h e s u b s t r a t e in te r face o u t t o the v a c 
u u m . Since the sou rce of all D 2 o b s e rv ed is f r o m 
p r e - i r r a d i a t i o n at low t e m p e r a t u r e , it is n o t poss i 
ble t o d i s t i ngu i sh b e t w e e n D 2 w h i c h h a s m i g r a t e d 
t o t h e m a c r o p o r e t h r o u g h the m i c r o p o r e s , o r D 2 

w h i c h h a s f o r m e d f r o m local ized exc i t a t i on at t he 
in t e r io r sur face of t h e p o r e by ene rgy t r a n s p o r t . 
B o t h m e c h a n i s m s a re l ikely t o occur . 

3.2. Post-irradiation release of molecular oxygen 

M o l e c u l a r o x y g e n h a s b e e n o b s e rv ed in o r f r o m 
the icy sur faces of E u r o p a , G a n y m e d e a n d C a l -
l is to . 0 2 is k n o w n to be p r o d u c e d by rad io lys i s 
f r o m the h igh r a d i a t i o n flux n e a r J u p i t e r [27] a n d 
m a y exist t r a p p e d in c o n d e n s e d f o r m . M o n i t o r i n g 
t h e m a s s 32 ( 0 2 ) c h a n n e l d u r i n g p o s t - i r r a d i a t i o n 
T P D resul t s in t h e s p e c t r a s h o w n in F"ig. 2. T h e 
overa l l yields of 0 2 for e a c h type of ice fo l low 
the p a t t e r n of C I < A S W < P A S W . T h e yield for 
c rys ta l l ine ice is s h o w n as t r ace (a) in th is f igure, 
a n d s h o w s the onse t of t r a p p e d 0 2 re lease n e a r 
140 K, w h i c h o c c u r s s ignif icant ly before the T P D 
of the ice, s h o w n in g r a y u n d e r n e a t h . Since 0 2 p r o 
d u c t i o n is c o r r e l a t e d w i t h defect dens i ty , a n d likely 
o c c u r s in the n e a r sur face r eg ion , it s h o u l d a l so be 
preferen t ia l ly p r o d u c e d in i n t e rna l defects such as 
g ra in b o u n d a r i e s . T h e re lease of 0 2 d u r i n g d e s o r p 
t i on of t he ice m a t r i x is a resul t of 0 2 t r a p p e d 
w i t h i n t h e la t t ice . T h i s c o u l d poss ib ly be as a c l a th 
r a t e h y d r a t e , a n d co r r e l a t e s well w i t h o b s e r v a t i o n s 
in c o d e p o s t i o n e x p e r i m e n t s [6]. 

I n c o n t r a s t t o C I , t he resu l t s for A S W (Fig . 2b) 
s h o w the a p p e a r a n c e of a sp ike in yield at 160 K , 
w h i c h t h e n c o n t i n u e s t o evolve in c o r r e l a t i o n t o 
the T P D of the ice. T h i s sp ike fea ture o c c u r s at 
t he well d o c u m e n t e d p h a s e t r a n s i t i o n t o c rys ta l l ine 
ice, a n d is a n o t h e r e x a m p l e of t h e " m o l e c u l a r vo l 
c a n o " [8]. 

H i g h l y p o r o u s ice (F ig . 2c) s h o w s a p a i r of d i s 
t inct sp ikes in yield, t h e first o c c u r r i n g at 1 6 0 K , 
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F i g . 2 . P o s t - i r r a d i a t i o n T P D o f 0 2 f r o m (a) D 2 0 d o s e d at 
150 K , ( b ) D 2 0 d o s e d at 120 K, a n d (c) D 2 0 d o s e d at 55 K. 
I r r a d i a t i o n o f 100 e V e l e c t r o n s o c c u r r e d at 55 K for all s a m p l e s . 
F o r e a c h c u r v e , the c o r r e s p o n d i n g T P D o f the ice m a t r i x is inset 
in the gray s o l i d l ine { n o t t o sca le ) . 

a n d a n o t h e r a t 175 K . T h e s e b o t h c o r r e s p o n d to 
inf lect ion p o i n t s in t h e T P D of t h e ice. T h i s s e c o n d 
b u m p a t h i g h e r t e m p e r a t u r e m a y b e ind ica t ive of a 
g r a d u a l p h a s e t r a n s i t i o n d u e t o t h e p o o r t h e r m a l 
c o n d u c t i v i t y r e su l t ing f r o m t h e p r e s e n c e of p o r e s 
a n d t h e re la t ively s low h e a t i n g r a t e (8 K / m i n ) . 

U n l i k e D 2 , 0 2 is n o t re leased in t h e l o w t e m p e r 
a t u r e r e g i o n be low 120 K . T h i s is well a b o v e t h e 
t e m p e r a t u r e of p h y s i s o r b e d 0 2 o n ice [9], T h e 
effective r a d i u s of t h e o x y g e n m o l e c u l e is m u c h lar 

ger t h a n t h a t of D 2 a n d whi le D 2 is smal l e n o u g h 
to fit t h r o u g h t h e m i c r o p o r e s of ice, 0 2 m a y n o t 
be [6]. T h i s w o u l d p r e v e n t 0 2 f rom p e r c o l a t i n g 
t h r o u g h t h e ice m a t r i x , whi le o x y g e n t h a t is o b 
served by E S D d u r i n g i r r a d i a t i o n , m a y o r i g i n a t e 
in t h e n e a r sur face r e g i o n c lose e n o u g h to e s c a p e 
i n t o t h e v a c u u m . It m a y a l so e scape t h r o u g h 
c h a n n e l s f o r m e d by r a d i a t i o n i n d u c e d d a m a g e . 
E l e c t r o n s t i m u l a t e d d e s o r p t i o n of 0 2 f r o m l o w 
en e rg y e l ec t rons o n ice does n o t s h o w a p r o m p t 
c o m p o n e n t n o r d o e s it f o r m f r o m very t h in 
( < 2 M L ) films [24,26]. S ince p r o d u c t i o n of 0 2 r e 
qu i r e s a b i m o l e c u l a r m e c h a n i s m to p r o v i d e b o t h 
o x y g e n a t o m s , it is l ikely t h a t t h e m e c h a n i s m is 
m e d i a t e d by D - t y p e B j e r r u m defects w h i c h exh ib i t 
f a v o r a b l e o r i e n t a t i o n of ad j acen t w a t e r mo lecu l e s 
for reac t ive s ca t t e r i ng of o x y g e n a t o m s . T h i s l imits 
t h e loca l i ty of p r o d u c t i o n t o h igh ly defect l a d e n 
a r e a s such as p o r e in ter faces o r g ra in b o u n d a r i e s . 

T h e r e is n o o b s e r v e d re lease of 0 2 f r o m P A S W 
at 88 K , w h e r e D 2 s h o w s a p r o n o u n c e d sp ike . If 0 2 

is t r a p p e d w i t h i n t h e m a c r o p o r e s , it is a t a level 
b e l o w o u r d e t e c t i o n l imit . T h i s is r e a s o n a b l e since 
t h e t o t a l E S D yield o f 0 2 a t t h e t e m p e r a t u r e of 
i r r a d i a t i o n of t h e s a m p l e (55 K ) is a t least 10 t imes 
sma l l e r t h a n D 2 . Since 0 2 is n o t f o r m e d d i rec t ly a t 
a n in te r face , b u t j u s t b e n e a t h it, a n d it d o e s n o t 
effectively m o v e t h r o u g h the m i c r o p o r o u s c h a n 
nels , t h e on ly 0 2 t h a t c a n r e a c h t h e m a c r o p o r e is 
t h a t w h i c h i m m e d i a t e l y s u r r o u n d s it. 

P r e v i o u s m e a s u r e m e n t s of t h e t e m p e r a t u r e 
d e p e n d e n c e of t h e yield of 0 2 by l o w energy elec
t r o n s a n d h i g h ene rgy ions a t low t e m p e r a t u r e s 
s h o w s t r ik ing s imi la r i ty t o t h a t of D 2 [25.29]. W i t h 
t h e e x c e p t i o n of a h y p e r t h e r m a l d i rec t c o m p o n e n t 
of D 2 t h a t is i n d e p e n d e n t of t e m p e r a t u r e [19], th is 
c o r r e l a t i o n is i n t e r p r e t e d as reflecting t h e t e m p e r a 
t u r e d e p e n d e n c e o f t h e e l ec t ron ic exc i t a t i on m e c h 
a n i s m r e s p o n s i b l e for t he p r o d u c t i o n of 0 2 [25]. 
H o w e v e r , t he t r a n s p o r t m e c h a n i s m r e spons ib l e 
for b r i n g i n g the 0 2 p r o d u c t t o t h e surface t o be d e 
t ec t ed in E S D m u s t be c o n s i d e r e d . 0 2 a n d D 2 p r o 
d u c e d in t h e n e a r sur face r eg ion c a n e scape 
w i t h o u t m u c h loss d u e t o t r a p p i n g in p o r e s . D 2 

is k n o w n to be p r o d u c e d a t t h e v a c u u m in te r face 
by a u n i m o l e c u l a r d i s soc i a t i on c h a n n e l t h a t p r o 
d u c e s h y p e r t h e r m a l ejecta , w h e r e a s 0 2 is p r o d u c e d 
in t h e n e a r su r face r eg ion . F o r P A S W a n d A S W , 
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o x y g e n m a y be p r o d u c e d d e e p e r w i t h i n the ice 
film, e i ther a t defect sites o r n e a r t h e s u b s t r a t e / 
ice in te r face as w a s seen for D 2 , [20,26] b u t c a n n o t 
e s c a p e d u r i n g E S D d u e to t r a p p i n g . F ina l ly , t he 
ene rgy r e q u i r e d for p r o d u c t i o n of 0 2 m a y be 
t r a n s p o r t e d i n t o t h e film d e e p e r t h a n the p e n e t r a 
t i on d e p t h of l o w e n e r g y e l e c t r o n s . H i g h en e rg y 
ion b o m b a r d m e n t is k n o w n to c r e a t e d a m a g e 
t r a c k s in ice d u e t o m o m e n t u m d o m i n a t e d sca t te r 
ing [30]. T h e s e t r a c k s c o u l d a l l ow for t he e scape of 
m o r e 0 2 d u r i n g i r r a d i a t i o n by re leas ing t r a p s , a n d 
c o u l d a c c o u n t for s o m e of t he d i s c r epanc i e s in o b 
served 0 2 p r o d u c t i o n b y h i g h ene rgy ions vs low 
e n e r g y e l ec t rons a t l o w t e m p e r a t u r e . 

4. Conclusions 

T h e effects o f p o r o s i t y a n d m o r p h o l o g y of 
a m o r p h o u s a n d c rys ta l l ine D 2 0 ices o n the elec
t r o n s t i m u l a t e d g e n e r a t i o n a n d t r a p p i n g o f n e u t r a l 
m o l e c u l a r p r o d u c t s D 2 a n d 0 2 , h a v e b e e n s tud ied 
by p o s t - i r r a d i a t i o n t h e r m a l d e s o r p t i o n . T h e 
t r a p p e d p r o d u c t y ie lds i nc rea se f rom crys ta l l ine 
ice t o a m o r p h o u s ice t o h igh ly p o r o u s a m o r p h o u s 
ice, s imi la r t o o b s e r v e d E S D yie lds . T h i s c a n be 
a t t r i b u t e d t o t h e i nc rea sed defect dens i ty of a m o r 
p h o u s a n d h igh ly p o r o u s a m o r p h o u s ices. L o w 
t e m p e r a t u r e re lease of D 2 in e a c h case is a s soc i a t ed 
w i t h diffusion of D 2 t h r o u g h m i c r o p o r e s in the ice 
m a t r i x . H i g h l y p o r o u s a m o r p h o u s ice a l so s h o w s a 
s t r i k ing sp ike in t h e re lease of t r a p p e d D 2 a t 80 K 
w h i c h h a s n o t p r e v i o u s l y b e e n o b s e r v e d a n d m u s t 
be a resu l t of t he p r e s e n c e of m a c r o p o r e s . T h e 
t r a p p e d D 2 in m a c r o p o r e s m a y resu l t f rom t r a n s 
p o r t of e x c i t a t i o n e n e r g y t o t h e enc losed v o l u m e 
in te r face r e su l t ing in d i rec t d i s soc i a t i on . M o l e c u l a r 
o x y g e n is n o t r e l eased in t h e s a m e t e m p e r a t u r e 
r a n g e as D 2 , b u t is r e t a i n e d w i t h i n ice un t i l m u c h 
h ighe r t e m p e r a t u r e s (140 K ) . T h i s is a t t r i b u t e d t o 
s in te r ing of g r a i n b o u n d a r i e s a n d t h e re lease of 
c l a t h r a t e h y d r a t e s in t h e la t t ice . A m o r p h o u s ice re
leases a b u r s t of t r a p p e d 0 2 a t t he 160 K a m o r 
p h o u s t o c rys ta l l ine p h a s e t r a n s i t i o n , w h i c h is 
cons i s t en t w i t h p r e v i o u s c o d e p o s i t i o n e x p e r i m e n t s . 
H i g h l y p o r o u s a m o r p h o u s ice exh ib i t s a m u c h 
h ighe r t o t a l yield o f o x y g e n a n d s h o w s a n a d d i 
t i o n a l sp ike in t r a p p e d 0 2 re lease a t 175 K . 
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ABSTRACT 

T h e s u r f a c e c o m p o s i t i o n o f E u r o p a is o f s p e c i a l in teres t d u e to the i n f o r m a t i o n it m i g h t p r o v i d e r e g a r d i n g the p r e s e n c e o f a s u b s u r f a c e 

o c e a n . O n e s o u r c e o f th i s i n f o r m a t i o n is the infrared r e f l e c t a n c e s p e c t r u m . Cer ta in sur face r e g i o n s o f E u r o p a e x h i b i t d i s tor ted H 2 O v ibra t iona l 

o v e r t o n e b a n d s in the 1.5 and 2 . 0 urn r e g i o n , a s m e a s u r e d b y the G a l i l e o m i s s i o n N e a r Infrared M a p p i n g S p e c t r o m e t e r ( N I M S ) . T h e s e b a n d s 

are c l e a r l y the resu l t o f h i g h l y c o n c e n t r a t e d s o l v a t e d c o n t a m i n a n t s . H o w e v e r , t w o interpretat ions o f the ir ident i ty h a v e b e e n p r e s e n t e d . O n e 

e m p h a s i z e s h y d r a t e d sal t m i n e r a l s and the o t h e r su l fur i c a c i d , a l t h o u g h e a c h d o e s n o t s p e c i f i c a l l y ru le o u t s o m e o f the other. It has b e e n 

p o i n t e d o u t that a c c u r a t e c h e m i c a l iden t i f i ca t i on o f the s u r f a c e c o m p o s i t i o n m u s t d e p e n d o n i n t e g r a t i n g s p e c t r a l da ta w i t h g e o c h e m i c a l 

m o d e l s , a n d i n f o r m a t i o n o n the t e n u o u s a t m o s p h e r e s p u t t e r e d f r o m the s u r f a c e . It is a l s o e x t r e m e l y i m p o r t a n t to a p p l y d e t a i l e d c h e m i s t r y 

w h e n in terpre t ing the spec tra l data , i n c l u d i n g k n o w l e d g e o f m i n e r a l d i s s o l u t i o n c h e m i s t r y a n d the s u b s e q u e n t o p t i c a l s i g n a t u r e s o f i on 

s o l v a t i o n in l o w - t e m p e r a t u r e i c e . W e p r e s e n t s t u d i e s o f f lash f r o z e n a c i d and sal t m i x t u r e s as E u r o p a s u r f a c e a n a l o g s and d e m o n s t r a t e 

that s o l v a t e d p r o t o n s , m e t a l c a t i o n s a n d i n o r g a n i c a n i o n s all i n f l u e n c e the s p e c t r a and m u s t al l , c o l l e c t i v e l y , b e c o n s i d e r e d w h e n a s s i g n i n g 

E u r o p a spec tra l f e a t u r e s . T h e s e l abora tory data s h o w b e s t c o r r e l a t i o n w i t h N I M S E u r o p a spec tra for m u l t i - c o m p o n e n t m i x t u r e s o f s o d i u m 

a n d m a g n e s i u m b e a r i n g su l fa te sa l t s m i x e d w i t h su l fur ic a c i d . T h e data p r o v i d e a c o n c e n t r a t i o n u p p e r b o u n d o f 5 0 - m o l % for M g S 0 4 a n d 

4 0 - m o l % for N a 2 S 0 4 . T h i s n e w l y repor ted h i g h e r s o d i u m a n d p r o t o n c o n t e n t i s c o n s i s t e n t w i t h l o w - t e m p e r a t u r e a q u e o u s d i f f erent ia t ion a n d 

h y d r o t h e r m a l p r o c e s s i n g o f c a r b o n a c e o u s c h o n d r i t e - f o r m i n g m a t e r i a l s d u r i n g the f o r m a t i o n a n d e a r l y e v o l u t i o n o f E u r o p a . 

© 2 0 0 5 E l s e v i e r Inc . A l l r ights r e s e r v e d . 
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1. Introduction 

Europa is the subject of intense scrutiny because of the 
possibility that its icy shell may conceal a liquid ocean ca
pable of harboring life (CARR ET AL., 1 9 9 8 ; C H Y B A . 2 0 0 0 : 

C H Y B A AND PHILLIPS, 2 0 0 1 ) . Evidence regarding crustal com
position is limited, but includes sputtered atmospheric con
stituents ( B R O W N , 2 0 0 1 ; BROWN AND HILL. 1 9 9 6 : HALL ET AL.. 

1 9 9 5 ) and near-infrared reflectance spectra of surface re-
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gions from the Galileo NIMS investigation (CARLSON ET al., 
1 9 9 6 ) . Reflectance spectra of certain Europa surface regions 
exhibit highly distorted H 2 O vibrational overtone bands. 
One interpretation is that these suggest endogenic frozen salt 
mineral mixtures with some N A 2 S C > 4 converted to H 2 S O 4 

under irradiation at the surface ( M C C O R D , 1 9 9 8 A ; M C C O R D 

ET AL., 1 9 9 9 , 2 0 0 2 ) . The other proposes that H 2 S 0 4 in ice 
gives the best single-component match to the NIMS spec
tra (CARLSON ET AL., 1 9 9 9 ) . In the former, the salts come 
from the ocean below. In the latter, H 2 S O 4 is from radi
ation processing and sulfur ion implantation in water ice 
from the jovian plasma torus. Hopes of accurate chemical 
identification of the surface material, and extrapolation to a 
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subsurface ocean, will depend on integrating UV, visual and 
IR spectral data (Fanalc el al., 1999), geochemical models 
(Kargel et al., 2000; Spaun and Head. 2001; Zololov and 
Shock, 2001), and information on the tenuous and likely 
sputtered atmosphere (Johnson. 2000: Johnson el al., 2002; 
Leblanc et al.. 2002) in a holistic view. However, interpreta
tion of the reflectance spectra requires knowledge of mineral 
dissolution chemistry and the subsequent optical signatures 
of ion-solvation in low-temperature ice. All plausible models 
of Europa's formation and thermo-chemical evolution indi
cate that the crustal ice is not pure, but rather must contain 
some mineral content remnant of its formation from solar 
nebula solids. 

Europa is a differentiated Moon-sized object, with a sili
cate core, water-rich mantle and ice crust that is subjected 
to strong energy input from Jupiter-induced tidal flexing 
(Carr et a l , 1998; Geissler et al., 1998: Greeley el al., 2004; 
Khurana et al., 1998: Pappalardo et al., 1998). Thus, the lay
ers beneath the icy crust could melt forming a liquid ocean 
which could foster the dissolution of core minerals. Though 
the thickness of the ice remains controversial, it is clear that 
it has been disrupted extensively from below. The materials 
present on the surface of Europa are the products of radia
tion transformations, cryovolcanism, impact and gardening 
events that have occurred over time. In fact, chemical al
teration of the ice has been shown to produce condensed 
hydrogen peroxide within at least some icy surface re
gions (Carlson et al., 1999). Also, an atmosphere composed 
mostly of atomic and molecular hydrogen with some atomic 
and molecular oxygen from radiation processing of surface 
ice is seen (Hall et al.. 1995: Orlando and Sieger. 2003: 
Sieger et al., 1998; Wu et al.. 1978). 

The chemical identity of the surface, when analyzed in 
conjunction with other mission data, can be considered as 
fingerprints of the past geochemical and geophysical activ
ity. The association of the material with the disrupted re
gions on the surface strongly suggests an endogenic origin 
(McCord et al., 1998a, 1998b). Geochemical models sug
gest that salts such as MgSC>4 with N a 2 S C > 4 can be produced 
by low-temperature aqueous alteration of solar nebula ma
terial, as seen in carbonaceous chondrites (Kargel et al., 
2000). This is expected to lead to the formation of M g -
Na-Ca-sulfate rich material, which, due to the presence of 
sulfidic base material, could also form some sulfuric acid 
(Kargel et al., 2000). Typically, salts in natural environments 
occur as mixtures, controlled by their source material, solu
bilities and formation temperatures. The relative abundances 
of these compounds depend upon the planetary condensa
tion and internal Europa evolution temperatures, with lower 
temperatures favoring a relatively high sodium concentra
tion. Some modeling has also been carried out which ad
dresses the role of basic (Marion, 2001} and acidic condi
tions (Marion, 2002) on the freezing of aqueous solutions 
containing sodium and magnesium bearing sulfate salts. 

The Galileo mission's Near Infrared Mapping Spec
trometer (NIMS) returned infrared (IR) reflectance spec

tra (Carlson et al., 1996) exhibiting asymmetric absorption 
bands in the 1-3 urn spectral region (McCord el a l , 1998a, 
1998b). The primary features in this region are attributed to 
water ice overtones that shift in frequency and become asym
metric when ice contains certain types of impurities or when 
water molecules are in confined geometries. The asymmet
ric spectral signatures in the 1-3 um region are concentrated 
on Europa in lineaments and chaotic terrain (McCord et 
al., 1998a, 1998b). We previously demonstrated that rapidly 
frozen brines give better spectral matches to the NIMS non-
ice endmember spectrum than hydrous crystalline minerals 
(McCord et al., 2002). This rapid quenching/glass forming 
process preserves the water structures associated with the 
solvated ions in brine solutions. The complex cation, anion 
and proton solvation structures formed during flash freezing 
of aqueous solutions are possible sources of the perturbed 
optical signatures observed in the N I M S spectra. Thus, we 
undertook studies of flash frozen acid and salt mixtures as 
Europa surface analogs to examine the relative contribution 
of endogenic vs exogenic surface contamination. 

2. Experimental 

Infrared reflectance and temperature programmed dehy
dration were performed under low vacuum in a custom built 
chamber. The sample holder was a polished copper plate 
mounted to a rotatable flange which allows measurements 
to be taken both in diffuse and specular reflection. The sam
ple mount was cooled with liquid nitrogen and resistively 
heated to achieve a temperature range of 77^100 K. Spectra 
were obtained using a Bruker Equinox 55 FTIR Spectrome
ter with an externally mounted detector (MCT, Infrared As
sociates Inc.). Infrared measurements were taken in diffuse 
reflection to more accurately base a comparison to the obser
vational spectra from the Near Infrared Mapping Spectrom
eter aboard the Galileo spacecraft (McCord et al., 1998a. 
1998b). 

Salt solutions and acids were mixed in 1:8 mole ratio, 
with varying proportions of H + , N a + , and M g 2 + but con
stant SC>4 2 ~ concentration. The samples were prepared by 
injecting saturated or highly concentrated acid or salt solu
tion doses in multiple aliquots of small volume (10-25 uL) 
onto the cold sample surface through a septum port in the 
chamber. Previous experiments have made use of mixing a 
spectrally inert microcrystalline nucleus (diamond or S i 0 2 ) 
to control grain size and limit optical penetration depth to 
obtain spectra comparable to those of NIMS (Carlson et 
al.. 1999; Dal ton, 2003). The spray technique utilized here 
produces a frosty texture that achieves equally acceptable 
spectral characteristics. The salts and acids used in this ex
periment were obtained from Aldrich and include MgSC>4, 
M g C l 2 , N a 2 S 0 4 , H 2 S 0 4 , HNO3, and HC1. Salt solutions 
were prepared at saturation at room temperature, while acids 
were mixed in 1:8 mole ratio with water. The solutions froze 
instantaneously on contact with the cold copper surface. De-
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hydration was achieved by annealing the samples from the 
dosing point at 100 K up to a temperature adequate for wa
ter sublimation ( ~ 2 2 0 K) but below the crystallization point 
( > 2 5 0 K) of the solutions. This is to simulate the long term 
erosion and thermal cycling of the surface of Europa in the 
vacuum of space. As a result of this dehydration step, the 
absolute concentrations of the salts in the ice are not known. 
All percentages reported here are in terms of mole fractions 
of the salts relative to each other. 

3. Results and discussion 

3.1. The relation of salt hydrolysis to acidity 

Salt solutions, such as Earth's ocean, are generally con
sidered to be of moderate pH since they are the result of 
acid-base neutralization reactions. For example, N a + is not 
capable of undergoing hydrolysis since it is the conjugate 
acid of a very strong base, thereby rendering it an extremely 
weak acid. However, cations such as F e 2 + and M g 2 + have 
large Z 2 / > ratios (where Z is charge and r is the ionic 
radius) and therefore may react with water. Hydrolysis re
leases protons: i.e. M g 2 + + H2O -> M g O H + + H + . The 
proton is highly reactive and quickly forms a hydronium 
(H3O 4*) or Zundel cation ( H s 0 2 + ) . The proton is also the 
primary product of the radiolysis of water ice. Although un
der terrestrial conditions, the hydrolysis of M g 2 + , released 
from the dissolution of MgSCU, is counterbalanced by the 
weak nature of the second proton of sulfate, efficient ion
ization of H S O 4 - has been observed in low-temperature ice 
(Tomikawa and Hitoshi, 1998). The ionization probability 
was seen to increase exponentially with decreasing temper
ature, which should result in net release of solvated protons 
from magnesium hydrolysis over the temperature range typ
ical of the Galilean satellite surfaces. This factor could pro
vide a source term for a spectral signature of acids on an icy 
surface even if the contaminant material is endogenic in ori
gin. 

3.2. Infrared spectra offlash frozen salt and acid solutions 

Fig. 1 shows a series of infrared spectra of flash frozen 
acids and salt brine solutions in the 1.4—2.6 um region. 
For comparison, a NIMS non-ice endmember spectrum 
(McCord et al., 1999, 2002) is also shown. The spectra 
shown in Fig. 1 share a number of common features. Specif
ically, all spectra exhibit strong asymmetric peaks at 1.5 and 
1.95 um and most of the spectra have weak shoulder features 
at 1.58, 1.65, 1.80, and 2.2 urn. The feature at 1.65 mm is a 
distinct indicator of crystalline ice. The first three spectra are 
for flash frozen HNO3, M g C h , and MgSCU and the follow
ing three are for flash frozen H2SO4, Na2SC>4 and the NIMS 
spectrum. The position and width of the 1.95-um feature of 
the NIMS spectra are reproduced well by all species con
taining sulfate anions. This feature can be associated with 

^ H N 0 3 

^ _ M g S 0 4 

MgCI 2 

H 2 S 0 4 

T 1 1 1 1 1 IT ' ITT 1 

NIMS 

T 1 1 1 1 1 R' ' 1 1 1 1 ' 1 ' 

1 . 4 1 . 6 1 . 8 2 . 0 2 . 2 2 . 4 2 . 6 

wavelength (um) 

Fig. I Diffuse infrared reflectance spectra o f selected flash frozen acids 
and salts. The bottom spectrum is the NIMS Europa non-ice endmember 
spectrum (McCord, 1998A. 1998B; McCord ET AL.. 1999. 2002) . Variations 
in the asymmetry o f the 1 .9-2 .4 um band are largely influenced by the na
ture o f the anion- ice interaction, whereas bands in the 1.5-1.8 um region 
are predominantly controlled by the cation and/or the presence o f protons. 
Examining the role o f both the cation and anion is critical in understanding 
these spectral signatures. 

the i>2 + V3 combination band of water, which is known to be 
perturbed by anions with diffuse charge distributions, such 
as S 0 4

2 _ (Cannon et al.. 1994). The perturbations on the 
hydrogen bonded network surrounding the anion are strong, 
resulting in a red-shift in stretch and a blue-shift in bend fre
quencies relative to bulk ice. Indeed, molecular dynamics 
simulations of the liquid phase indicate that the hydrogen 
atoms associated with the first solvation sphere are oriented 
toward the anion (Cannon et al.. 1994). These average mole
cular arrangements are expected to be preserved during the 
flash freezing process. Singly charged anions, such as NO"3~ 
and C I - , show features close to that of the NIMS but careful 
inspection shows discernable and reproducible differences, 
particularly in the 2.2 and 2.09 um shoulder features. 

The asymmetric feature at 1.5 um can be associated with 
the V( + V3 combination band overtone of water and appears 
highly correlated with the presence of localized positive 
charge density. The spectra for material containing magne
sium shows a very weak absorption at 1.80 urn, a feature 
clearly present in NIMS and the spectra for HNO3, H2SO4, 
and Na2SO"4. Thus, we associate the strong 1.80 um feature 
as well as the induced asymmetry of the envelope between 
1.5 and 1.8 um primarily with the presence of protons and 
small cations such as N a + . Although the hydrated proton is 
very mobile and ill defined in the liquid phase, it is immo
bilized in low-temperature ice (Cow m et al.. 1999) . The H + 
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and N a + interact strongly with the surrounding water lead
ing to polarization of the molecules and an elongation of 
the O - H bonds and the hydrogen bonding interactions be
tween the first and second shells is increased. Calculations 
indicate (Lee et a L 2004) that the ion-oxygen distances 
are 2 .3-2.4 A for H+ ( H 2 0 ) „ = i _ 6 and 2.4-2.5 A for Na+ 
( H 2 0 ) „ = i _ 6 - Thus, the overall structures and fundamental vi
brational frequencies associated with these solvated cations 
are very similar (Bauschlicher et al.. 1991). This is essential 
information that has not been taken into account when ana
lyzing NIMS data on the distorted H 2 0 bands on Europa. 

Fig. 1 also shows that the best single-component match 
to NIMS spectra is for H 2 SC>4. Our spectrum is identical to 
that obtained by Carlson et a!. (1999), using a diamond paste 
seeding method. The acids studied here are strong acids and 
are well-known sources of protons in aqueous solution and 
ice. Though it is tempting to suggest that acid mixtures are 
good surrogates for radiation-induced defects in ice, there 
are several significant discrepancies. Substitution of a wa
ter molecule by an acid molecule results in the increase of 
L-type orientational defects and hydronium ions, as well 
as concomitant reductions of D-type defects and hydroxyl 
ions (Takei and Maeno. 1987). The acid molecule also con
tributes its own fully solvated counter-anion, while radiation 
processed ice does not necessarily maintain charge neutral
ity. Thus, local defect configurations and equilibrium con
centrations are not the same as those produced by incident 
radiation. Though H2SO4 produces a good, but not perfect, 
single component spectral match, we must consider multi-
component mixtures that might be better matches and that 
are more consistent with the inhomogeneous spatial distrib
ution of the non-ice material and geochemical models. 

3.3. Infrared spectra offlash frozen salt and acid mixtures 

The compositions of several of the mixtures studied are 
presented in Table I and are relevant to those derived from 
models based on simple low-temperature aqueous dissolu
tion of a primitive chondrite (Fanale et al., 2001; Kargel et. 
al.. 2000). Attempts to match the observed spectra by nu
merical weighted summing of lab spectra of pristine mineral 
samples (McCord et al., 1999) does not take into account 
nonlinear solute interactions with ionic strength, pH or lim
iting solvation volume, especially considering the degree 
of dehydration involved in these experiments. It is there-
Table l 

Relative concentrations in mole-percent o f constituents of flash frozen brine 
solutions that are models for the surface o f Europa. Solution B can be equiv-
alcntly made from N a H S 0 4 rather than equal amounts o f N a 2 S 0 4 and 
H 2 S 0 4 

M g S 0 4 
N a 2 S 0 4 H 2 S 0 4 

A 0.50 0 .10 0.40 
B 0 .50 0.25 0.25 
C 0 .70 0.15 0.15 
D 0.33 0.33 0.33 
E 0 .24 0 .40 0.35 

1 . 4 1 . 6 1 . 8 2 . 0 2 . 2 2 . 4 2 . 6 

W A V E L E N G T H ( [ A M ) 

Fig. 2. Direct comparison o f the diffuse reflectance spectra o f selected flash 
frozen sulfate salt/acid mixtures to the N I M S data (gray line). The top 
spectrum is that of N a H S 0 4 . Spectrum A is a three component mixture 
containing 0.5:0.1:0.4 M g S 0 4 : N a 2 S 0 4 : H 2 S 0 4 , respectively. Spectrum B 
is of a solution with ratios 0.5:0.25:0.25 (open circles). Superimposed on 
spectrum B is the equivalent solution starting from N a H S 0 4 rather than 
equal amounts Na 2SC>4 and H 2 S 0 4 (dark triangles). Frozen samples o f 
the three component solutions give near perfect matches to N I M S data and 
clearly emphasize the role composites play in the surface composition of 
Europa. Each spectrum shows excellent agreement with the N I M S data in 
the 1.9-2.4 um region as a result of the common sulfate anion. The spec
trum labeled C containing 70 mole-percent M g S 0 4 does not fit the N I M S 
data wel l . Solutions B and C also show good agreement with N I M S in the 
2.5 urn region. 

fore necessary to actually mix these components together to 
make a valid assignment. 

To examine the effect of sodium content, we flash froze 
N a H S 0 4 and N a 2 S 0 4 solutions containing H 2 S 0 4 . These 
mixtures may produce a similar chemical composition ex
pected for radiation processed hydrated N a 2 S 0 4 (Carlson 
et al., 2002; Johnson et al., 2002; McCord et al.. 2002). 
Plotted at the top of Fig. 2 is the spectrum of N a H S 0 4 in di
rect comparison to the NIMS non-ice endmember spectrum 
(gray line). Also shown in Fig. 2 are spectra of N a H S 0 4 
and N a 2 S04 : H 2 S04 solutions that contain various amounts 
of MgS04. The spectrum marked A (open circles) corre
sponds to a solution of 50% M g S 0 4 , 10% N a 2 S 0 4 , and 
4 0 % H 2 S 0 4 . This magnesium-rich solution has a notice
ably increased absorption at 1.6 um relative to that for the 
N a H S 0 4 spectrum above, however the absorption at 1.5 ^im 
is still too strong compared to NIMS. There are two spec
tra labeled B; one created from a mixture of MgS04 and 
NaHS04 (open circles), the other an equivalent mixture of 
MgS04 with equal amounts Na 2 S04 and H2SO4 (filled tri
angles). The spectra are in excellent agreement with each 
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Fig. 3. Three-component diagram that brackets the relative concentrations 
of H 2 S O 4 , NA2SC>4, and MgSC>4 that is l ikely present on the surface of 
Europa. The relative positions are determined from the laboratory concen
trations and the gray zone delineates the best fits to the NIMS data. The 
best spectra] matches occur for points B, D , and E. In general, a reason
able match is achieved when the amount of N a S 0 4 is as high as 40 mol%, 
whereas the M g S 0 4 cannot exceed 50 mol% (as indicated by dashed lines). 
Assuming this material is from an endogenous source, this information can 
be used to bracket the geochemical mode ls on the evolution o f the planet 
interior. 

other, indicating that the flash freezing process traps the sys
tem in its fully dissolved state. Spectrum C is rich in MgSC»4 
and matches poorly, whereas there is a near perfect spectral 
match for mixtures B, D, and E to the NIMS data. 

3.4. Comparison of results to astronomical observation 

In Fig. 3 is plotted a three-component diagram for the rel
ative mole fraction of ternary mixtures of MgSC»4, N a 2 S C » 4 , 

and H2SO4, assuming the presence of the minimum number 
of solvation waters. This diagram contains a summary of the 
lab spectra obtained and, with the exception of pure H2SO4, 
no single component spectrum is a reasonable match. The 
quality of fit was determined by the match of the band inten
sities and widths for each of eight spectral features located 
at 1.5, 1.58, 1.65, 1.80, 1.96, 2.09, 2 .1 , and 2.2 um. The 
best fits to the NIMS non-ice material spectrum, which are 
contained within the gray region in Fig. 3, should be indica
tive of the relative concentrations of MgSC»4, NaSC»4, and 
H 2SC»4 in the Europa non-ice material. It should be noted 
that the relative amount of water is very small due to the an
nealing process and should be appropriate for comparing the 
N I M S non-ice endmember spectra. The correlation between 
the spectral features and the cation concentration from our 
data places upper limit concentrations of 50 mol% MgSC»4 
and 40 mol% N a 2 S C » 4 for Europa non-ice material. This high 
N a 2 S C » 4 content is predicted in models of Europa with a rel

atively warm ocean and thin crust (Kargel et ah. 2000). It 
is also consistent with the notion that sputtering of sodium-
bearing salts is the source term for at least some of the Na 
observed in the tenuous atmosphere (Johnson et al., 2002; 
McCord et al.. 2002). It is clear from these data that the 
presence of solvated protons is a necessary but not sufficient 
condition for interpreting the NIMS data. 

The persistent presence of these sulfate minerals depends 
upon their thermal and radiation stability as well as the flux 
into or away from the surface. Dehydration of MgSC»4 and 
N a 2 S C » 4 minerals does not occur on a time frame less than 
several million years at average Europa surface temperatures 
and pressures (McCord et a L 2001). The sulfate ions and the 
associated waters of hydration are also quite stable to ioniz
ing radiation (McCord et a L 2001). Radiation processing of 
frozen brines involves charge-transfer electronic transitions, 
which can neutralize a nearby N a + , leading to the desorp
tion of neutral atomic sodium with a non-thermal velocity 
distribution (Yakshinskiy and Madey, 1999), as observed by 
emission spectroscopy of the Europa atmosphere (Brown 
and Kill, 1996). Sputtering or electronic removal of neutral 
Mg from frozen MgSC>4 solutions is inefficient, since it is 
present as a solvated M g 2 + or M g O H + entity. 

4. Conclusions 

In summary, the NIMS reflectance spectral data of the Eu
ropa non-ice regions can be interpreted well in terms of the 
simultaneous existence of trapped protons and solvated N a + , 
M g 2 + , and S O 4 2 - ions. The source of the 1-3 um spectral 
perturbations in ice are due to the geometric and electrostatic 
reorganization of the local hydrogen bonding networks as
sociated with ion-solvation. Our results show that H + , N a + , 
and M g 2 + have characteristic effects on the spectral profile 
in the 1.5 um band that can be used to estimate relative pro
portions thereof. Surface acidity is indicated by these results, 
and its presence is in addition to, not exclusive of, the pres
ence of other salt cations from an endogenic source. Thus, 
although radiolysis of the europan surface must generate 
trapped protons, low-temperature ion hydrolysis will also 
contribute significantly to the acidity. The relative concen
tration of N a + suggested by our observations is higher than 
previous studies indicated. Comparing this to geochemical 
models of Europa formation implies a relatively cold con
densation from primitive remnant chondrites (Kargel et a L 
2000). 

A europan surface composed of frozen mixed salt brines 
is the most consistent explanation of all available data. This 
includes (i) existing geochemical models, (ii) the distribu
tion of non-ice spectra in the disrupted regions and along 
linea, (iii) the observed radiation-induced sputtering of neu
tral Na, and (iv) the observed ultraviolet absorption bands 
consistent with the presence of an oxide of sulfur. This in
terpretation bridges previous conflicting interpretations, as 
pointed out earlier on less evidence (McCord et al., 2002), 
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and helps provide a generally useful paradigm for assigning 
future spectra. 

Since solvated ions can have very large effects on the 
dielectric properties of the hydration water molecules, tech
niques that are sensitive to variations in the dielectric prop
erties, such as terahertz spectroscopy or radar, should be 
developed for future missions to Europa. The chemical and 
physical effects of high ion content on ice also suggests that 
studies of the electron, ion and photon radiolysis of ice will 
also be strongly influenced by salt contamination. 
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A solid-state chemical model is given for the production of 0 2 by electronic excitation of ice, a 
process that occurs on icy bodies in the outer solar system. Based on a review of the relevant 
available laboratory data, we propose that a trapped oxygen atom-water complex is the principal 
precursor for the formation of molecular oxygen in low-temperature ice at low Alienees. Oxygen 
formation then occurs through direct excitation of this complex or by its reaction with a freshly 
produced, nonthermal O from an another excitation event. We describe a model for the latter process 
that includes competition with precursor destruction and the effect of sample structure. This allows 
us to put the ultraviolet photon, low-energy electron, and fast-ion experiments on a common footing 
for the first time. The formation of the trapped oxygen atom precursor is favored by the preferential 
loss of molecular hydrogen and is quenched by reactions with mobile H. The presence of impurity 
scavengers can limit the trapping of O, leading to the formation of oxygen-rich molecules in ice. 
Rate equations that include these reactions are given and integrated to obtain an analytic 
approximation for describing the experimental results on the production and loss of molecular 
oxygen from ice samples. In the proposed model, the loss rate varies, roughly, inversely with 
solid-state defect density at low temperatures, leading to a yield that increases with increasing 
temperature as observed. Cross sections obtained from fits of the model to laboratory data are 
evaluated in light of the proposed solid-state chemistry. © 2005 American Institute of Physics. 
LDOl: 10 \ 063/1.2 ! 07447] 

I. INTRODUCTION 

Oxygen has been detected in the very thin atmospheres 
on the icy moons of Jupiter, and peroxide and oxygen-rich 
molecules have been observed as trapped species in their icy 
surfaces. The observed 0 2 is primarily a product of the de
composition of ice by energetic ions and electrons trapped in 
the Jovian magnetos p h e r e . , - 4 More recently molecular oxy
gen ions have been detected over the rings of Saturn sugges
tive of an oxygen ring atmosphere produced by ultraviolet 
fUV) photon-induced production of 0 2 in ice. 3 In addition, 
molecular oxygen, hydrogen peroxide, and oxidized sulfur 
and carbon have all been detected as trapped species in the 
icy satellite surfaces. 4 ' 0 At the icy moon Europa, the pro
posed transport of these oxygen-rich species to its putative 
subsurface ocean as a means of sustaining aerobic life 
processes' has excited the astrophysical community. This has 
also motivated us to describe the solid-state chemistry that 
follows the production of electronic excitations in ice. 

In this paper, we summarize the laboratory database for 
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radiation-induced production of 0 2 from ice. We then use 
these results as a guide in describing the physical and chemi
cal processes leading to the formation of molecular oxygen 
by energetic charged particles (e.g., ions), electrons, and ul
traviolet fU V) photons incident on an ice sample. Our goal is 
to characterize the primary physical and chemical pathways 
for the nonthermal production of oxygen in low-temperature 
ice. Quite remarkably, a quantitative model for this was not 
available in spite of laboratory studies that have been earned 
out since the 1950s. Thus, we give a model for the chemical 
pathways at low doses that differs from those models typi
cally suggested to be dominant in water. We show that the 
model is consistent with available data and suggest critical 
experimental tests. 

Following a brief review of the space observations, we 
summarize the principal results of the considerable labora
tory data on the radiolysis and photolysis of ice in order to 
motivate the model. We then describe the generalized rate 
equations for a chemical kinetic model for production of 
molecular oxygen in ice. In this model, trapping at defects 
and percolation from depth play important roles. These equa
tions are then integrated over the depth of penetration of the 
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radiation and simplified to obtain an approximate analytic 
expression for the yield of molecular oxygen from ice that 
can be tested experimentally. This expression also reduces to 
the precursor model of Sieger et al' and Orlando and 
Sieger. 3 Fits of the model to the available data are used to 
extract primary dissociation and reaction cross sections and 
to show the commonality of the results for photon, electron, 
and fast-ion-induced chemistry. We also show that hydrogen 
peroxide ( H 2 0 2 ) or the superoxide ( H 0 2 ) are not necessary 
precursors for oxygen production from a fresh ice sample, 
although they likely become important at higher doses and 
on annealing of the irradiated samples. 8 

II. S U M M A R Y O F S P A C E O B S E R V A T I O N S 

A N D L A B O R A T O R Y S T U D I E S 

Gas-phase oxygen has been observed to be associated 
with the icy bodies in the Jovian and Saturnian systems as 
discussed. 4 In addition, two well-known transitions for inter
acting pairs of 0 2 molecules at 577.2 and 627.5 nm were 
observed in the reflectance spectra of Jupiter 's moons 
Ganymede^ and Europa . 1 0 These bands are associated with 
the 0 2 d imer ," suggesting that molecular oxygen is locally 
dense, likely as an inclusion in the icy surface. 9 ' 1 " Finally, the 
Hartley band of 0 3 has been tentatively identified in the UV 
absorption spectra of certain icy satell i tes. 1 3 Although the 
band shape suggests that additional absorbing species are 
present , ' 4 0 3 trapped within the icy surface is consistent with 
the presence of trapped oxygen inclusions exposed to 
radiation/" 1" This feature is superimposed on a broad UV 
absorption extending from about 0.4 jam to shorter wave
lengths and attributed to another radiolytically produced oxi
dant, H 2 0 2 , which was also identified in the infrared (IR). 1^ 
Consistent with the above, oxygen-rich molecules appear to 
be produced by the radiation processing of ice containing 
sulfur 
( S G 2 and a sulfate) and carbon ( C 0 2 and a carbonate). 6 Be
low we summarize the laboratory data bases showing a few 
of the principal results. 

Although impurities are known to affect luminescence in 
i ce . ' 6 the production of 0 2 by photolysis was inferred via 
luminescence from thick samples of ice formed from purified 
water. 1 ' ' In most other studies, the radiation-induced produc
tion of 0 2 from ice is detected in the gas phase by a quad
r u p l e mass spectrometer (QMS) either after wanning or 
during irradiation as an outgassed species. In the latter ex
periments, the production efficiency is given as a yield, the 
number of 0 2 produced during irradiation of the sample pet-
electron, ion, or photon incident. This is a quantity we will 
calculate below. In such studies, the 0 2 that remains trapped 
in the ice is typically not measured. 

Though some early radiolysis experiments were likely 
affected by impurities, the ion- and electron-beam results 
presented in this paper were carried out in ultrahigh vacuum 
(UHV) with very pure ice samples. Though the techniques 
have been described in detail, we present a brief description 
of the most relevant facts concerning the low-energy electron 
experiments/"' ' Briefly, an UHV chamber (base pressure of 
1 X 1 0 " 1 0 Torr) was equipped with a pulsed low-energy 
( 5 - 2 5 0 eV) electron gun, a cryogenicaliy cooled sample 

holder, and a QMS. The electron beam has a maximum time-
averaged current density of --1 ( ) ' 4 e l ec t rons / cm ' s and a 
typical beam spot size of —1.5 mm. The maximum total 
dose used in the experiments reported here is 

li)^ e lec t rons/cm' which was achieved using pulsed irra
diation over a 100 s interval. The typical pulse width was 
100 /xs and the frequency used was 1000 Hz. The current 
density per pulse never exceeded — 1 0 1 0 electrons / c m ' pulse. 
This is an effective impingement rate of one low-energy 
electron per HP surface molecules. Even after limited pho-
non excitation and secondary scattering, the subsequent heat
ing of the surface during our pulsed electron-beam dosing 
condition is negligible. Since there is a secondary-emission 
yield from ice and holes at the surface are not all neutralized 
by recombination, ' 8 measurable surface charging occurs 
rapidly. 1 A quasisteady state is reached at doses as low as 
•••• 10 K < e lectrons/cm 2 , and then the surface charge changes 
very slowly. Therefore, charging cannot account for the prin
cipal flue nee dependence observed for the 0 2 yield. 

Ice thin films were grown after several freeze-pump-
thaw cycles by controlled vapor deposition on either Pt(l 11) 
or graphite substrates. Note that oxygen was never observed/ 
present in the absence of radiation. The substrates were 
heated resistively which allowed for temperature control 
from 80 to 500 K. The substrate temperature was monitored 
with a thermocouple and a computer-controlled feedback 
system drove the temperature ramp at a rate of 8 K/min . 
Porous amorphous solid water (PASW) samples were depos
ited at 80 K with a directional doser oriented approximately 
70° from normal incidence. Nonporous amorphous solid wa
ter (ASW r) samples were dosed between 110 -120 K at nor
mal incidence and crystalline ice (CI) samples were depos
ited between 150 and 155 K. Film thickness is estimated to 
be between 50 100 ML by comparison to published 
temperature-programmed desorption data. 

The principal dissociation processes in ice lead to H, 
OH. H 2 . and O, but the principal species that escape from an 
irradiated ice sample are those that have the lowest binding 
energies to ice: H 2 , 0 2 . and H 2 0 . That is, surface binding 
and reactive pathways act as filters for the ejecta. Therefore, 
gas-phase 0 2 corning from an irradiated sample in a vacuum 
can be readily detected although decomposition of bulk ice is 
inefficient. 

At low doses the 0 2 yield was found to increase linearly 
with dose until saturation occurs. This dependence has been 
seen in a number of experiments and is shown in Figs. 1(a) 
and 1(b) for a fast heavy ion and low-energy electrons. These 
yields have also been shown to be temperature dependent by 
a number of laboratories using several types of incident ra
diation. As an example, this is shown at saturation for inci
dent 1.5 MeV N e ' and low-energy electrons in Figs. 2(a) and 
2(b). For temperatures < ~- 140 K, the yield of 0 2 and D 2 

produced from vapor-deposited ice samples at low radiation 
doses decreases with decreasing temperature. It has been 
shown repeatedly, over most of the temperature range stud
ied, that the measured yields depend on the total dose and 
not the dose rate, although this has not been tested at the 
higher temperatures shown in Figs. I and 2. Also seen in Fig. 
2(b) is a clear drop in the yield for temperatures above 
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F I G . 1 (a) Rela t ive yields vs fluence (ion l lux X time) for 1.5 MeV N e -

inc idem on D ; 0 ice at 7 K (adapted from Re imann ci al. 1984) (Ref. 21). 
Top panel : D ? 0 yield. Middle panel : D ;, yield. Bottom panel. 0 2 yields. 
Yields at o ther tempera tures exhibi ted similar dependences with the s lope of 
( ) 2 yield v& fluence varying with T. Fit to the O? yield g ives parameters in 
Table I and tits to temperature dependence give act ivat ion energies between 
- -0 .02 eV at the lowest fluences and lowest T to - 0 . 0 7 eV at the highest T 
and highest fluences. (b) Yield of 02 vs fluence of low-energy electrons on 
D I O ice for two electron energies and a number of temperatures (from 
Sieger et cf'.. 1998) (Ref. 2). T h e lines through the data are the tits using Eq. 
(4a) in this text. T h e fits were used to extract the parameters, for low-energy 
e lect rons sjiven in 'fable I. 

150 K. This drop has been shown to be related to the amor
phous to cubic phase transition which is manifested by the 
small shoulder on the leading edge of the thermal desorption 
yield (solid line with no symbols) of molecular water / There 
is also a shoulder prominent in the D 2 yield at 170 K that is 
due to reactive scattering in the gas phase. 

The 0 2 yields have also been shown to depend on the 
sample formation temperature and crystal state. ' indicating 
that structure and defects can affect the 0 2 yield. An 0 2 

production "threshold" of —5.3 eV was suggested by the 
photolysis experiments of Mattich ei al/' In the UHV ex
periments a threshold of —6.5 eV (cross section 
— Itr 0 cm ' ) was found using low-energy electrons with a 
similar threshold for O rP,'D) and H. product ions/" As 
seen in Fig. 1(a), D 2 is promptly ejected from D 2 0 ice 
whereas O- is not. However, after an incubation dose, the O . 
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FIG. 2. (a) Yield for D 2 and 0 2 at saturation I steady slate) from 1.5 MeV 
He" on D--.0 ice vs the temperature of the ice (adapted from Brown et a!.. 
1982) (Ref. 39). Inset: D2 yield minus the constant yield at low T vs 1 IkT. 
giving an activation energy of —0.03 eV. (b) Yield for 0 ? and D ? vs tem
perature for incident electrons at saturation (steady state), showing the cor
relation be tween the product ion of D> and 0-. in steady state. Also shown is 
the subl imat ion of the D,0 sample that occurs al the higher temperatures . 
Note the amorphous to cubic phase transition occurs be tween 145 and 
160 K. 

yield and D 2 yields in steady state are correlated, ;"~ as in
dicated in Figs. 2(a) and 2(b). In this way the stochiometry of 
the surface layer is only slightly altered/ ' ' 

The temperature dependencies for the yield of 0 2 from 
ice have been repeatedly interpreted in terms of effective 
activation energies. At temperatures — 4 0 - 120 K, these were 
found to be relatively small ( - 0 . 0 3 eV) [Fig. 2(a)]. Such 
energies are equivalent in size to activation energies for mo
bility of protons or hydrogen in ice and for structural rear
rangements. Finally, for thin samples and penetrating radia
tion, percolation of oxygen from depth can occur so that the 
yields are found to depend on the sample thickness. Since the 
measured yields were also shown to depend on the excitation 
density, sample formation, and temperature, comparisons be
tween experiments have proven to be difficult. 

Hydrogen peroxide and related species formed by inci
dent radiation are not readily ejected into the gas phase, but 
can be detected via absorption bands as trapped species in an 
irradiated ice sample /" Hydrogen peroxide forms via the 
principal dissociation product, OH, and the production yields 
correlate with H? formation." Hydrogen peroxide and/or H 0 2 

have been suggested" as potential precursor species for the 
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formation of 0 2 . However, the fluence dependence observed 
in the QMS experiments suggests that 0 2 can be formed by a 
process that does not involve these species, as describe be
low. In addition, recent matrix isolation studies indicate that 
trapped O can be converted to hydrogen peroxide and hydro
gen peroxide converted into trapped O by incident radiation 
(i.e.. H 2 0 - 0 + / u / > H 2 0 2 : H 2 0 2 + /u ' H 2 0 - 0 ) . ~ 7 In the 
model below, trapped O is the principal species considered 
for formation of 0 2 at low doses. At higher doses, the con
version of hydrogen peroxide to trapped O can provide ad
ditional channels for 0 2 formation that may involve 8 ' 2 8 pairs 
of H 2 0 2 or H 0 2 . Although on a planetary surface the high-
dose results may be more relevant, here we are primarily 
interested in the new channel occurring at relatively low 
doses in order to interpret a number of recent laboratory 
results. Below we construct a chemical kinetic model of the 
production of C)2 and then use this model to interpret a num
ber of experiments. 

111. MODEL FOR FORMATION O F 0 2 

The yield of 0 2 from ice at low temperature increases 
linearly with radiation fluence (flux X time or dose) at the 
low fluences as indicated in Fig. I and is independent of 
beam flux. Quite remarkably, this is the case both for low-
energy electrons that make a single excitation for each im
pact and fast ions that make a density of excitations along 
their path through the solid. At low temperatures, if the beam 
is turned off and later turned back on, the measured yield 
returns to the value it had before the beam was turned off 
indicating that a stable chemical alteration occurred/" 2 ' ' 
Therefore, either the ice is chemically altered before the in
cident radiation produces 0 2 . or 0 2 is produced and trapped 
in the solid and then caused to escape by the subsequent 
radiation. Whereas the former is the case for the low-energy 
electrons, both processes occur for penetrating radiation. 4 It 
is the preferential loss of hydrogen [e.g., Fig. 1(a)] from an 
irradiated ice that enhances the likelihood of forming 
oxygen-rich precursors and the subsequent production of 
molecular o x y g e n / ' 1 Therefore, we consider the chemical 
precursors and the production of 0-> during the irradiation of 
ice. 

The analytic model used by Seiger et air to lit their 
electron data is first reviewed. This is followed by the more 
detailed chemical kinetic model for the radiation processing 
of ice at the low fluences shown in Fig. I. This model is then 
used to obtain cross sections from the available laboratory 
data. 

A. ANALYTIC PRECURSOR MODEL 

In describing their electron irradiation experiments, 
Seiger et al." separated the temperature-dependent precursor 
formation step from the temperature-independent 0 2 produc
tion step. The column density of a precursor species Nn 

formed in ice by incident radiation was calculated using 
cross sections for production a., and destruction a OF the 
precursor. 0 2 is then formed by direct or indirect electronic 
excitation of this precursor described b\ the CROSS section 

<r0,- The model is described by a pair of simple rate equa
tions, one for ;V,, and one for the production rate of oxygen 
dN0 Idt, 

dNfjdt - <Tp<bN - <T<bN,,. (1) 

JN0Jdt = a0^Np. (2) 

Here d> is the radiation flux and N is the column density of 
H 2 0 from which the incident radiation can produce and eject 
0 2 . For low-energy electrons. N is a few monolayers (~-3 
X 10 1 5 H 2 0 / c m 2 ) but /V is much larger for energetic ions. 
Here we write the destruction cross section as tr'=<r'l)+ tr0^ 
where a'n accounts for precursor destruction processes other 
than the formation of 0 2 . 

Solving Fx}. (1) assuming N is nearly constant, the frac
tion of precursors c, in the penetrated column after time / is 

cp = NpIN = [ap/oJ_ 1 - e x p ( - o-0>)]. (3) 

Here <I> = [</>/] is the fluence (flux X time), the number of par
ticles (photons, electrons, or ions) incident on the surface per 
unit area. Using cp in Eq. (2), the 0 2 yield Y at any fluence 
can be written in terms of the yield at steady state, Y 

Y = [<{N0J(ity<t> = cWpN = Y..\ 1 - e x p ( - <T4>)], (4a) 

Yx = [ap(T0MN. (4b) 

Accounting for the destruction of water molecules in the ini
tial column. A7, changes the result in Eq. (4) only slightly. 
Photolysis experiments suggest that the number of dissoci
ated water molecules in steady state is —T0% of the irradi
ated co lumn . - 9 

The form in Eq. (4a) gave excellent fits to the incident 
electron data," as seen in Fig. 1(b). In order to extract both irp 

and <jC ) > from these (its to the yield versus fluence data, it was 
also assumed that the production of 0 2 is the principal pre
cursor destruction process, i.e., tr-~ cr0^ and a'„=0. However, 
other precursor destruction processes can dominate <r, espe
cially for penetrating radiation, as discussed below. 

In the above model the precursor is formed in a single 
excitation event in a fresh ice sample. For low-energy ioniz
ing radiation, hydrogen peroxide, a suggested precursor, is 
formed as a product of two dissociation events in i c e / 5 i.e., 
2 H 2 0 >2H + 2 0 H > H 2 + H 2 0 2 . If it were the principal pre
cursor, the form for the yield in Eq. (4a) could be roughly 
recovered. However, there would be an offset due to the 
two-step precursor formation process, i.e.. Y~r- Y,,{ 1 - e x p ( 
-<T<1>)-AJ , where A is determined by the peroxide formation 
and destruction processes." This would also be the case if our 
proposed precursor was formed in any other process that 
required two excitation events, such as H 2 0 H + OH— * H 
+ H + 0 . Since no obvious offset at low fluences was ob
served, we consider a precursor formed by a single energy 
absorption event. 

B. TRAP DENSITY AND TRAPPED O 

hi Eqs. (!) and (2), the density of trapping sites n, is not 
explicitly included However, trapping sites and porosity 
have been shown to be important for ice chemistry." 
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Although the density of defects, voids, and interfaces de
crease as the formation temperature of the ice increases, the 
efficiency of production of 0 2 is the opposite, increasing 
with increasing T for T< — 140 K. 

We propose that trapped oxygen atoms are the principal 
precursor at low fluences. 0 2 is then formed by the reaction 
of O (or OH) with this precursor or by electronic excitation 
of the precursor complex. Here we describe the kinetics of 
the production of 0 2 by O-atom reactive scattering. This is 
similar to the production of CO- 2 in a C O / H 2 0 ice mixture. ' 1 

A paper describing the role of direct and indirect electronic 
excitations of the precursor is the subject of a separate 
paper."'' 

Following dissociation to H 2 + 0 , which is given by the 
absorption cross section a'd, H 2 is lost from the ice samples 
at the temperatures above - -40 K. The O produced by ions 
or electrons can be in the ground-state or in the excited sin
glet and triplet states. However, the UV absorption below the 
band gap can only produce excited singlet states. These can 
quench in the ice matrix releasing energy but eventually trap. 
The newly formed O produces an oxygen-water molecule 
complex, O- -(HoO),,, which we refer to in the following as 
trapped O, O,. This occurs according to the reaction rate k 0 l , 
and we propose this as a precursor to the formation of 0 2 . 
This precursor might produce 0 2 on excitation, 2" but here we 
suggest that a subsequent radiation absorption can again pro
duce a nonthermal O via H 2 + 0 ( o r ' , ) . The nonthermal O can 
react with Ot within some reaction radius resulting in the 
formation of O . jO + O, > 0 2 j described by k 0 0 r These two 
excitation events give a net production of two H 2 and an 0 2 . 

The principal dissociation channel ( H 2 0 — * H + O H ) , de
scribed by ad, produces a mobile H. It can also react with O., 
described by k i L O n removing trapped O. Nonthermal H and 
O can also be removed by other reactants R [e.g., R + H 

RR{kn RnR); R+O —-> RO{kQj(nK), where R can be a radia
tion product, such as OH. or a contaminant in the ice]. Re
action of a newly formed, mobile and electronically excited 
OH with O, might also produce 0 2 . a process that needs to 
be tested experimentally. We ignore this in the model and 
also initially ignore the conversion of trapped O to hydrogen 
peroxide by an electronic excitation." 

The principal reaction pathways considered for oxygen 
are 

TRAP Q ^ 

AD' t / ^ 3 ^ T V 

HZO + RADIATION > HZ + O > > Q $ 

N > R O 

R (5) 

This leads to a set of rate equations: 

dn0ldr - a'jtbn - kQjiQn, - kORn0nH -•• k0_0ln0n0{, (6a) 

dn0tldt - k0jn,n0 - k 0 0 t n 0 n 0 , - ku 0 . « H W 0 F . (6b) 

dnu/di - tr,i<hn - kHO,nHnni - ^ H , t f N N / ! « - 16c) 

dnaJdt - kOX)ln0n0!. (6d) 

Here n, is the density of species / in the irradiated volume 
and n. is the density of trapping sites. As in Eq. (2). 0 2 

destruction processes are ignored in Eq. (6d), since for low-
energy electrons the newly produced 0 2 can escape from the 
excited near surface layers. For penetrating radiation this 
changes and 0 2 that did not escape can, in principle, be 
dissociated by a subsequent excitation event. In addition, if 
direct excitation of the precursor can produce 0 2 . then the 
term [k0t0ln0n()i\ in Eqs. (6a), (6b), and (6d) is replaced by a 
term like <r0fb n0t. The above equations act in parallel with 
the equations for formation of OH and hydrogen peroxide 
described e l sewhere / 

Integrating the above equations over the depth of escape 
of 0 2 from an irradiated sample, the analytic precursor 
model of Seiger ei al/' is recovered." Therefore, aP, cr', o~0^ 
and a can now be determined in terms of the rate constants 
and primary dissociation cross sections. 

C. Trapped versus newly produced species 

In the solid state the role of defects is critical. Defects 
are produced by sample formation at low-temperatures and, 
for penetrating radiation, defects/damage sites are produced 
by the irradiation itself. Since the newly produced species 
from an excitation event trap in times short compared to the 
time scale of the incident particle fluxes typically used, a 
steady-state background of nonthermal O does not accumu
late. Therefore, the above equations can be solved simulta
neously. That is, there are trapped O and freshly produced O 
that rapidly react or trap. If the density of traps is large, then 
the quantities n H and n;, averaged over the bombardment 
rate, are roughly time independent: dn0/dt~~Q and dn^/dt 
~ 0 . Therefore, only species trapped at defects, pores, or 
grain surfaces are assumed to be present before a subsequent 
impact. This is consistent with the lack of a dependence of 
the 0 2 yield on the incident beam flux at those temperatures 
that have been tested for dose rate effects: < 1 2 0 K. Solving 
Eqs. (6a) and (6c) for nn and nH. which describe the tran
siently mobile O and H. and substituting, Eqs. (6b) and (6d) 
reduce to the rate equations Fxjs. (1) and (2) with O, as the 
precursor. 

Since the density of trapped O n0, is small compared 
with the density of sites at which H can react, then from Eq. 
(6c) / 7 H --\(TdifmlklLRnK\. For a low radiation flux (b, the av
erage value of n H is small. The 0 2 yield Y0 is equal to 
[(dn0Jdr)Ax/d>] with Ax being the 0 2 escape depth. The 
yield can now be written in the form given in Eq. (4a) with 
an analytic expression for the steady-state yield Y.c, 

f > V | / | > y V l - 1 + {{q - 1) - [iq - 1 ) : + M P 5 ; / 4 ^ . 

= i.<rJ(r'j)[kOA{n< + % ^ K . O . 4 ^ O . O ^ I I , S % ] (7) 

S~ 0.5[ 1 + nj\n, 4- nR)\. 

We further note that for large n, and small d>, q can be large 
Assuming that q> 1 and that n,>nf{, then Eq, ( 7 ) becomes 
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TABLR I P a r a m e t e r for sample data, tr', is of the order of !()<?• of <rd. 

Radiat ion 

/• 
(eV) 

7 
(K) 

a 
10-" ' c u r 10 ! ' enr-

c'x 

i h R UV . 

H e ' d 

Ne •' 

3 0 - 1 0 0 

- 1 0 

10" 

1 .5X in-

5 0 - 1 2 0 

- 10 

4 0 - 1 4 0 

10 

0 . 8 - 3 

• i l l -

- 1 0 

62 

0.09" 

< 3 5 

0 .02-0 .03 

0.03 1 ' 

U.03 

0.02 0.07 

"Seiger ei at.. 1998 (Ref. 2); precursor formation ( 0 . 5 - 2 . 0 ) \ 1 0 _ I S c m 2 

( 3 0 - 100 eV) proport ional to ( £ - £ . , ) . E„ - 10 eV, A ' ~ 1 0 r ; c m 1 

h Watanabe et al., 2000 (Ref. 29) : saturat ion of yield of D : 0 -o 
X l 0 ' | y c m : . 
AVesdey el al.. 1995 (Ref. 34) : £ a v based on D - O yields, a based on lowesl 
fluence. 

d B r o w n et al., 1982 (Ref 39); based on lowest fluence. 
c Reimann et al.. 1984 (Ref. 21) : <rd based on UiE/dx)fW=92 
X 10' e V c m ? / 2 6 eV 

merits, additional experiments are required. Gerakines et al?* 
also found that peroxide production by 9.8 eV photons satu
rated around 10 1 S photons /cm 2 . In addition, H 0 2 begins to 
increase with fluence at about a few times I 0 ! 7 c m - shortly 
after they begin to detect H 2 0 2 . However, using Lyman-o: 
photons (10.26 eV) West ley 3 4 found that 0 2 formation was 
roughly independent of fluence down to — 10 1 ' photons/cm 2 . 
Therefore, assuming the states accessible at 9.8 eV are simi
lar to those excited by 10.26 eV, H 2 0 2 and H 0 2 exhibit a 
nonlinear dependence on fluence at fluences for which 0 2 

has reached or is approaching steady state. This comparison, 
in addition to the lack of a fluence offset [Eq. (5) J, suggests 
that H 2 0- , and H 0 2 are unlikely the dominant precursors at 
low fluences. However, experiments on the same apparatus, 
at the same temperature and with the same photon energy 
should be carried out. 

The lowest fluence studied by Westley et al?4 also gives 
a lower limit to the precursor destruction cross section, rr. 
This is seen to be of the order of the Lyman-a absorption 
cross section in ice ( — 0 . 9 X 10" 1 7 c m 2 ) . Using 9.8 eV pho
tons at low 7'(12 K) Watanabe et al."9 obtained a cross sec
tion for production of E>2 (Table [) at low fluences that is 
— 10 -20% of the total absorption cross section with signifi
cant uncertainties. This suggests that f.r', — 0 .1 -0 .2 cr̂  in the 
model above, consistent with gas-phase estimates of disso
ciation water molecules to O . Since photodissociation can 
produce an excited O , the role of the excess energy in an ice 
matrix needs to be evaluated. 

B . L O W - E N E R G Y E L E C T R O N S 

For the low-energy electron data, Sieger et alf'} reported 
an 0 2 production cross section of — 2 X 1 0 1 8 c m 2 for 
100 eV incident electron energy. This is of the order of the 
electron impact ionization cross section for H 2 0 , consistent 
with mobile H or mobile protons as the principal destructive 
agents. 

The O T yield versus fluence in these experiments 
was reasonably well fit by the expression in Eqs. (4). Over 
a narrow range of 77. Sieger el al." find V/!7\>— 
Xe\p(-E, ;/A'7') with an activation energy /. (. ( U ' C 
0.03 eV consistent with other estimates of an activation en
ergy. Assuming that IN the low-energy electron experiments 

Y\ [<r'dN"\id ((TjaW^NC 
(8) 

Here the factor I accounts for the competing reactions. The 
result in Eq. (8) is based on the fact that the production of H 
is more efficient than the production of O (i.e., <rd>a'd so 
that the destruction of the precursor, O,, by reaction with H is 
more efficient than the reaction with mobile O to form 0 2 . 
Comparing Eq. (8) with the expression for in Eq. (4b). we 
can write <rp~<r'd, cr0 ~ cr'd and tr — <fn~-<rd. Since mobile H 
and O affect both the numerator and denominator of £. writ
ing kj~[aji'~], where the or, is an interaction cross section 
(square of an interaction length) and vt the mean speed of the 
mobile species, the ratio c~ - [ (Vr 0 0 , ( r H A > ) / ( ( r T T 0 ; * T 0 / ) ] 
X i s the ratio of interaction cross sections times the 
density of reaction sites to density of traps ratio. That is, the 
precursor destruction rate is proportional to the quenching of 
O; by H, which occurs in competition with the loss of mobile 
H by other reactions including recombination to form H 2 0 . 
At saturation, the reaction sites are primarily dissociation 
products. 

It is seen from Eq. (8) that the steady-state yield Y.n 

depends inversely on the density of traps n,. That is, when 
the trap density is high. 0 2 formation requires that a newly 
formed O find a trapped O before it becomes trapped or 
reacts with impurities or other radiation products. Therefore, 
the observed increase in the 0 2 yield with increasing T at 
low doses is related to the change in the trapping density n. 
with increasing temperature of the ice sample. In this model, 
the small activation energy measured (Fig. 2) is related to the 
reorientation of defects leading to a reduction in trap density. 
As the sample formation temperature increases and the den
sity of traps in the bulk decreases, the surface and grain 
interfaces eventually become the dominant t raps /"" ' 2 

Radiation-induced defects/damage become important trap
ping sites for penetrating radiation and thus increases of dose 
can affect the production of molecular oxygen. In addition, 
C)2 production can increase in the presence of oxygen-rich 
impurities, such as C 0 2 or S O ? , since their dissociation can 
also provide mobile O. Such species also act as hydrogen 
scavengers' ' 6 affecting the destruction of O,. 

IV. C O M P A R I S O N O F M O D E L T O D A T A 

The model above is strongly suggested by the available 
laboratory data on the radiolysis and photolysis of ice. Here 
we obtain estimates of ar'j and a such as those given in Table 
1 for a few such experiments. We first consider the data for 
photolysis by —10 eV photons. We then consider the param
eters from the fit to the low-energy electron data and obtain 
parameters for the energetic ion data. 

A . U V P H O T O L Y S I S 

The results of Gerakines et al."'" confirm that H 2 0 2 

forms in ice from two OH after a buildup of trapped OH. 
They monitored the band associated with H >G 1 1 0 / in 
which the HO is bound to water with - 0 . 2 4 eV. Since they 
monitored a subset of the trapped OH seen in earlier e\peri-
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N is about 3 ML i -3 \ 10 1 5 H 2 0 / c m 2 ) , the measured Y.r. 
gives [o~oO-p/o-\~ 1,0.5-2.0) X 10" 1 S c m 2 over the electron 
impact energy range of 30 100 eV. At 1 10 120 K, this ra
tio was found to be proportional to E-E0 for E> E0 

~ 10 eV, again assuming fixed A ; . 2 ' 3 Using the sizes of a and 
Yy then one obtains [apa0J ~ (0 .2 -6 ) X 10 J*' c m 2 . This 
size is consistent with both ( t p and <x0„ being described by 
events of the type H 2 0 >H 2 +O(o^) . That is, they are con
sistent with O being formed for - 1 0 % of the radiation-
induced dissociation events (tr,y~0.1(r r f). 

The cross section for production of O may depend on the 
availability of dangling bonds at interfaces, in pores, or at 
defects, as suggested by a number of authors. However, the 
defect and trap densities are critical, as shown here. The role 
of defects is consistent with the low activation energy and 
differences observed in the electron-induced yield for ini
tially crystalline and amorphous ice.'' At relatively high 7\ 
the density of initially formed traps becomes small and the 
mobility of defects is high, so that the sample surface or 
grain interfaces are the principal trapping sites. For this rea
son, it is important to determine if the yield for T greater than 
— 140 K depends on the incident flux ib, i.e., the dose rate. 
Pulsed radiolysis experiments in thick ice, in which the tran
sients are studied rather than the steady-state yields, are 
required. 

C. INCIDENT IONS: ESCAPE FROM DEPTH 

Even though the shower of secondary electrons pro
duced in a solid by a fast incident ion can result in multiple 
excitations locally, the yield versus fluence for 0 : ? production 
also varies linearly with fluence at low fluences.21 For low 7, 
this yield is also independent of dose rate at low-dose rates 
suggesting 0 2 formation via a chemical precursor. The 0 2 

yield versus fluence in Fig. 1(a) for incident ions at low-
doses can also be roughly lit by the expressions in Eq. (4). 
However, the lit is not as good as it is for the low-energy 
electrons suggesting other effects are important. In addition, 
Y... vs T was shown to have two "plateaus:" one for very low 
doses and one at higher doses with activation energies in the 
range —0.02-0.07 eV. These differences indicate that addi
tional precursors can be formed in the ion track and that the 
ion penetration and escape depth for a newly produced 0 2 

are important. That is, the quantity /V in Eq. (1) is the "depth" 
from which 0 2 formed below the surface can percolate to the 
surface and escape." '"^ Ignoring these differences and fitting 
the data for the incident 1.5 MeV N e ' at 10 K, one obtains 
c r = 6 0 x 10" 1 ( 1 c m 2 . This is comparable to size of the molecu
lar destruction cross section, cr r f ~-30X 10 1 6 c m 2 by these 
ions (Table I). 

At saturation (steady state) a single new event leading to 
an O can lead to the production 0 2 from the steady-state 
density of trapped precursors in the model proposed here. 
Therefore, allowing for changes in sample structure, the 
yield at saturation should be nearly linear in the excitation 
cross section. This is the case for the low-energy electrons. 2 

and it was initially assumed to be the case for the fast 
i o n s . ' ' 1 H o w e v e r . Baragiola el at.,!< showed that for a tem
perature at which decomposition dominates the sputtering of 
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i ce , 3 ' the steady-state yield {Y.rj is proportional to the square 
of the electronic energy deposition per unit path length in the 
solid. If the production and destruction cross sections in YA 

in Eq. (4b) roughly scale with (dE/dx)(. the ratio \(r,}(r0Ja\ 
also varies as UlEldx},.. Therefore, we propose that the quan
tity N in Y„ also varies with (dEldx)„. That is. the depth N 
from which 0 2 can be mobilized to escape depends on the 
excitation density (dE/dx),,. This is consistent with the ob
servation that the 0 2 yield depends on thickness for samples 
thinner than the ion penetration depth. 2 ' "^ Based on the pro
posed model, a description of the percolation depth for es
cape. A'', is required to compare the yields for penetrating 
radiation with those for nonpenetrating radiation. Since the 
defects/damage produced by the ions can affect both the den
sity of traps and the percolation of 0 2 , the low-energy elec
tron and UV photons experiments provide better tests of the 
chemistry for molecular oxygen production. 

V. SUMMARY 

The exciting observations of thin oxygen atmospheres 
and oxidants trapped in the icy surfaces on outer solar sys
tem bod ies ' ° have lead to increased interest by chemists in 
the radiation-induced production of oxygen in ice. Although 
this is a process that has been studied for a half century, quite 
remarkably, no quantitative model existed, in this paper we 
first summarized the principal results of those experiments 
and then give a solid-state chemical model for the production 
of 0 2 in ice at low doses. The model is consistent with the 
available data for formation of oxygen due to electronic ex
citations in ice produced by fast ions, low-energy electrons, 
and UV photons at low temperatures. 

In our model, trapped oxygen atoms are the dominant 
precursor to the formation of molecular oxygen at low radia
tion doses. The proposed rate equations are integrated to ob
tain an analytic model for the fluence and temperature de
pendences of the 0 2 yield. In deriving the analytic model 
from the rate equations, the competition between the forma
tion and destruction processes is accounted for. The role of 
trapping sites and escape from depth for penetrating radia
tion are also accounted for. These are both affected by the 
thermal and radiation histories of the sample. This has al
lowed us to put low-dose data for incident photons, elec
trons, and energetic ions on the same basis for the first time. 

The proposed model suggests measurements that are 
needed to describe the chemical state of the irradiated ice and 
to interpret new laboratory data. For instance, the proposed 
precursor, trapped O, may be detectable. In addition, much 
more data are needed on the production of oxygen by UV 
photons, especially as this process is thought to produce the 
oxygen atmosphere recently observed over Saturn's r ings / 
Studies of possible dose rate affects above - - 1 4 0 K are 
needed to test the limit of applicability of the trapped precur
sor model. Studies of the affect of impurities, such as carbon 
and sulfur species, are needed as these can compete with 
defect sites to scavenge O. Scavenging by impurities is 
known to affect the radiolytic yields. This could have been a 
problem in the earlier experiments but, quite remarkably, 
more recent results, using ultrahigh vacuum and the vapor 
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deposition of purified water samples, give similar results. 
Scavenging by impurities is also of considerable astrophyst
eal interest and has been suggested to be consistent with the 
observation of primarily oxygen-rich carbon and sulfur spe
cies on the icy satellites.'*'0 It has also been suggested^ 9 that 
the direct production of \ \ 2 and the production of the 
precursor'"" / - will be enhanced at the ice surface or at an 
internal surface in a porous sample. Therefore, the correla
tion of the formation temperature and radiation damage with 
the defect density and the formation of trapped O need to be 
studied in detail. Finally, it is also important to describe 
quantitatively the relationship between HL loss and the com
petition between 0 2 and H 2 0 2 formations over a range of 
temperatures and fluences. Such experiments are in progress 
and the model above will provide a framework for interpret
ing new data. More importantly, this model can now be used 
to apply the presently available laboratory data to under
standing the observations of molecular oxygen on icy bodies 
in the outer solar system, an exciting new aspect in planetary 
science. 
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