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An absorption band at 260 nanometers on the trailing hemisphere of Ganymede, iden- 
tified as the Hartley band of ozone (O,), was measured with the Hubble SpaceTelescope. 
The column abundance of ozone, 4.5 x 1 Oi6 per square centimeter, can be produced 
by ion impacts or by photochemical equilibrium with previously detected molecular 
oxygen (0,). An estimated number density ratio of [03]/[0,] - 1 OW4 to 1 OW3 requires an 
atmospheric density orders of magnitude higher than upper limits from spacecraft 
occultation experiments. Apparently, this 0,-0, "atmosphere" is trapped in Gany- 
mede's surface ice, an inference consistent with the shift and broadening of the band 
compared with the gas-phase 0, band. 

Jupiter's three large icy satellites-Europa, 
Ganymede, and Callisto-orbit within the  
jovial1 magnetosphere. As  a consequence, 
they are continually bombarded by charged 
particles trapped in Jupiter's magnetic field. 
All three satellites are tidally locked to 
Jupiter so that the  same he~nisphere of each 
moon is always pointed in the  direction of 
orbital luotion ( the  leading hemisphere) 
and the  other in the  opposite direction ( the  
trailint! hemlsvhere). T h e  orbital velocities 
of the  satellites are smaller than the  coro- 
tation ~ ~ e l o c i t y ,  so the trailing hemispheres 
receive the largest flux of ions. 

Manv observed leading and trailint! hemi- 
sphere Aichotolnies haveL'been attril3Tlted to 
the preferential irradiation of the trailing 
hemispheres. Two bands of 0, have been 
identified in visible-wavelength spectra with a 
marked increase on Ganymede's trailing 
hemisphere (1 ,  2). Observations in the ultra- 
violet (UV) by the Internatio~lal Ultraviolet 
Explorer (IUE) identified smooth v, 'al~ations - '  

in U V  albedo as a function of longitude for all 
three satellites (3). In addition, a spectral 
absorotion feature centered at 280 nln on 
Europa's trailing hemisphere has been identi- 
fied as SO, ice mixed with the dominalltly 
H,O-ice surface (4-6). The  ratio of the IUE 
sDectrum of Ganvniede's trailing to that of its 
leading 11ernis~l1Lre sho\ved evidence for a 
spectral absorber on Ganymede's trailing 
hemisphere as well (3),  although the ratio 
continued to decrease belo\v 280 nln to the 
limit of adeauate signal near 260 nm. Nelson 
et al. (3) proposed that this abso~-ption might 
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be caused by a combination of SO2 and O 3  
produced by implantation of sulfur and oxy- 
gen ions in the surface of Ganymede. Howev- 
er, the inadequacy of IUE spectra below 260 
nm n~ade  firm identification impossible. LVe 
have used the Hubble Space Telescope's Faint 
Object Spectrograph (FOS) to collect at high 
signal-to-noise ratios data to \vavelengths as 
short as 2 10 nm, allowing us to detect 0, and 
possibly other molecules in Ganymede's U V  
spectrum. 

W e  observed Ganymede in two separate 
orbits with the FOS. T h e  leading hemi- 
sphere was observed o n  25 June 1995 a t  
18:39 and 18:47 U T ,  the  trailing hemi- 
sphere o n  6 July 1995 at 13:36 and 13:44 
U T  (7). W e  calculated the albedo spectra 
(Fig. 1 )  at the observed phase angle by 
dividing out the solar spectrum measured by 
the  SOLSTICE experiment (8). T h e  obser- 
vations were made a t  phase angles of 4.8" 
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Fig. 1. Albedo spectra of Ganymede's leading 
and tralling hemispheres. The high-frequency 
structure results from incomplete removal of solar 
Fraunhofer lines because of small wavelength 
mismatches and variability in the solar lines. The 
uncertainty of the Ganymede spectrum is much 
smaller than this systematic noise. The G190H 
and G270H grating spectra overlap in a narrow 
interval near 225 nm. The G270H spectra are 
higher than the GI 90H spectra by 6 to 10%. We 
take this as an indicator of absolute flux uncertain- 
ty. The broad absorption present in the trailing 
hemisphere spectrum can be seen by comparing 
the relative slopes of the two curves. 

and 6.7" for hemispheres centered a t  71" 
(leading) and 255' (trailing), respectively. 
T h e  spectra include features that result 
from variable solar lines, notably the Mg II  
doublet at 280 11111 and Mo I at 285 nm. T h e  
albedos of both the  leading and trailing 
he~nisoheres decrease a t  short ~ v a ~ ~ e l e n g t h s .  
T h e  trailing hemisphere, however, reflects 
less than half the amount of lipht as does 
the leading hemisphere, and the overall 
shape of the  spectra differ. 

T o  remove spectral features shared in 
common by the leading and trailing hemi- 
spheres, we produced a ratio spectrum: trail- 
ing/leading (Fig. 2) .  Because additional ab- 
sorbers are present on the trailing hemi- 
sphere, the  ratio spectrunl can be directly 
compared to laboratory spectra of candidate 
absorbers. T h e  ratio spectrum can be char- 
acterized as a single, very broad absorption 
feature centered a t  258 = 2 11111 with a full 
width a t  half maximum (FLVHM) of at least 
90 nm.  T h e  FLVHM is a lower limit because 
the  balld appears to extend beyond the  
\vavelength interval covered by our data. 

T h e  location of the absorption lnaxinlunl 
coincides with the strong Hartley band of 
0, shifted to a slightly longer wavelength 
and broadened. In  the lahoratorv, the Hart- 
ley band center shifts when 0, is mixed wit11 
other materials; for example, a 6-nm shift to 
260 nnl O C C L I ~ S  when O 3  is dissolved in H,O 
(9) .  Vaida e t  nl. ( 10) found that the FWHM 
of the Hartley band increases in H,O solu- 
tion (46 nm) and 0, ice at 77 K (100 n m )  
compared \vith the 40-nm FLVHM of 0, gas. 
Thus, the shift and broadening of the 0, 
band may be caused by O 3  trapped in 
Ganymede's surface ice. 

W e  estimated the colulnn abundance of 
0, by colnparlng model spectra to the  ob- 
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Fig. 2. Ratio of the spectrum of Ganymede's trail- 
ing hemisphere to that of its leading hemsphere 
(solid h e ) .  The FOS data have been rebinned to a 
spectral resolution of 2.5 nm. Also shown IS a 
model spectrum (dash-dotted line) with an 0, col- 
umn abundance of N = 4.5 x 1015 ~ m - ~ ,  calcu- 
lated as described in the text. The uncertainty of 
the column abundance from the fitting process is 
about ?1.5 x 1015 cm-', but we estimate the 
total uncertainty to be an order of magnitude, 
dominated by the lack of cross sections for 0, in 
ice at the appropriate conditions. 
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served ratio spectrum. W e  attempted to 
reproduce the effects of low temperature 
and close proximity to an  H,O matrix by 
doubling the  FWHhl  of a measured 0,-gas 
cross section to 80  n m  and shiftinir it bv + 6  

L, , 

nm.  W e  then produced a colnparison spec- 
- A r c  truln y = y,e , where yo is a constant 

chosen to allow for additional, wavelength- 
independent darkening of the  trailing 
hemisphere, o is the 0, cross section, and 
N is the  total column abundance of 0, 
encountered by the  photons me detect. 
Solving for N ,  we find a good fit for N - 
4.5 X 1 0 ' " ~ ~  and yo = 0.5. Because we 
lacked measured cross sections for 0, in ice, 
this value should be considered as a n  esti- 
mate good to within a n  order of magnitude. 

W e  also produced models that illcluded 
absorption from SO, ice (5 )  at 280 n m  in 
addition to the a b s o ~ ~ t i o n  from 0,. W e  
deter~nined a n  upper limit of N ( S 0 , )  < 3 x 
1016 cm-'. This limit is less than 20% of the 
amount of SO, observed on Europa's trailing 
hemisphere (6).  For this abundance, the 
model produces a poor fit to the observed 
spectrum, with the band shifted to -268 nm 
and too much absorption between 265 and 
285 nm.  A t  smaller abundances the distor- 
tion of the combined bands is less apparent, 
although SO2 does cause a slight shift in the 
center of the feat~lre to longer a7avelengths. 
S a n e  or all of the shift we observe in the O 3  
band center may be caused by small quanti- 
ties of SO,. 

A n  additional feature in the  ratio spec- 
trum (Fig. 2) not present in the model 0, 
spectrum is centered a t  about 310 nln with 
a FWHM - 30 n m  and a peak absorption 
depth of 8%. T h e  position of the hand 
suggests the strong A-X band of O H ,  which 
is centered at 309 nln in the  gas phase (1 1 ). 
Because O H  is a predicted product of pho- 
tolysis and irradiation of H,O ice (1 2 ) ,  it is 
a reasonable candidate for this band. Hov,- 
ever, the  O H  band in a solid H,O matrix is 
shifted 11 2 )  to 280 nm. 

W e  did not find any evidence in the ratio 
suectrum for HO,  at 230 to 235 nln or for 
H,O,, which peaks a t  a wavelength just 
short of our range (1 2) .  Because H,O, is 
produced in U\'-irradiated laboratory sam- 
ples of 0, in H 2 0  ice (13), it might be 
expected to occur o n  Ganymede. However, 
the source of the red slope in the U V  spectra 
of icv satellites is not f ~ ~ l l v  understood, and 
these two gases c o ~ ~ l d  be contributors (14).  
Laboratorv studies of ice irradiated bv He- 
ions show' a reddening a t  wavelengtll; A < 
500 n m  (5, 15).  Spectra of these satellites at 
~vavelengths shorter than 210 lun c o ~ ~ l d  
identify the presence of these molecules. 

Ozone is surprisingly abundant o n  
Ganymede. T h e  O 2  absorptions observed o n  
Ganymede have been estimated as equiva- 
lent to those of a 20- to 200-kin layer (2)  of 

solid 0 , .  Assuming that visible and UV 
photons traverse the same path length in 
the ice, we find a number density ratio of 
[0 , ] / [02]  -= 4 x lop4,  10 tinles the peak 
ratio in Earth's stratosohere 116). Because , , 

the observed Hartley band results in disso- 
ciation of 0,, the colulnll abundance of 0, 
I I I U S ~  represent a balance between active 
oroduction and destruction of 0, in 
Ganymede's surface. Using our estimate of 
the eauilibriunl ratio of 0, to 0, and the  
oxygen-only Chapnlall reactions (1 7), we 
can eli~nillate the possibility that 0, is 
present in a n  atmosphere above Ganymede's 
surface. For [03]/[0,] >> 1.3 X lo-', the 
ratio of 0, to 0, is given by [0,]/[0,] = 
(lc12J,[hl]/\c13J,) where [hl], the nulnber 
density of nearby molecules able to partici- 
pate in  the  three-body reaction, is ~ ~ n k n o w n .  
Ratios [03]/[0,]  of order 10-' to re- 
quire [MI = 1014 tto 101%cm3. A n  atmo- 
svhere of this densitv was ruled out bv the 
Voyager occultation experiment (18),  
which established a n  upper lilnit of 6 X loS 
c ~ n - ~ .  W e  interpret this unlikely value as 
filrther evidence supporting the hypothesis 
that the 0, we observed is trapped in voids 
in ~ a n y m ~ d e ' s  surface ice. A Inore complete 
analysis of possible reaction paths is required 
to account for reactions relevant at high 
[O,] not included in the Chapnlan model, 
particularly O ( ' D )  quenching of 0,. 

Ozone is vroduced bv ion irradiation and 
photolysis o i  0 , .  Alt11~~1gh direct produc- 
tion of 0 ,  bv ion irradiation of ice has not 
been repo-iteh, we estin~ate a time scale t for 
the production of the observed excess 0, 
colurnn abundance from A' = T h e  
n ~ ~ ~ n b e r  of 0, molecules produced per inci- 
dent ion is represented by E and A@ is the 
additional ion flux o n  the trailing hemi- 
sphere. Calvin et nl. (2)  fitted the longitu- 
dinal variation of 0, with a four-to-one mix 
of corotating and hot plasma with average 
ion energies of 1.5 and 30 keV, respectively. 
For a corotation ion flux of 2 X 10' cm-' 
s-', the excess energy flux o n  the trailing 
h e ~ n i s ~ h e r e  is -10' keV c ~ n - ~ '  s-' wit11 a n  
average ion energy of 7 keV. Assuming one 
0, formed per 1 keV deposited [a G value 
(1 9) of 0.11, then E = 7 and t = 10' s, \vhich 
is short colnpared nit11 the age of 
Ganymede's surface. Equilibration time 
scales for O3 produced by photolysis of 0, 
are comparably short. 

T h e  ~llaintenance of a n  0,-0, equilib- 
rium o n  Ganmnede can be described as a n  
atmospheric brocess, althougll the atmo- 
sphere is a   no st unusual one. Several lines 
of evidence indicate that O 2  (1 ,  2) and O 3  
exist in s~llall voids in Gany~nede's surface 
ice. where 11iirh effective densities can be u 

achieved. Laboratory experi~nellts suggest 
that O atoms diffuse througll a n  ice lattice 
(12) and O2 f o r m  at interfaces. Thus, the 

gas we detect is liltely to be located in 
cracks and bubbles in the  ice rather than in 
individual lattice sites because the  observa- 
tions require the presence of Inore than one 
0, molecule. Some of the 0, and 0, must 
escape from the  ice; a tenuous oxygen at- 
mosphere, similar to the one recently iden- 
tified o n  Europa (20) ,  is liltely (1 9).  

T h e  collcelltratioll of 0, and O2 o n  
Ganymede's trailing hemisphere and SO, 
on Euro~a ' s  indicates that these molec~~les  
are products, either direct or indirect, of ion 
bombardment. Co~npositional and energy 
differences of the inlpacting ions rnay be 
responsible for the difference in  the  compo- 
sition of the irradiation nroducts betlveen 
Gany~nede  and Europa. Io is the  main 
source of heavy ions, ~naillly S and 0, in the  
jovian magnetosphere, ~ v i t h  Europa being a 
snlaller source of O ions. A t  Europa, the  
ratio of S / O  ions in the  satellite orbit plane 
is 0.6 to 0.8 (21,  22) ,  and the O/He ratio is 
1.5 (22).  A t  Ganymede, the  ion density is 
lower, the ratio of S/O decreases by a factor 
of 2, and the  O/He ratio decreases by a 
factor of 5 (22) .  Thus, the fraction of S in 
the  heav-v-ion flux is reduced bv an  order of 
magnitude a t  Ganymede relative to that a t  
Europa. If implanted S ions are ultimately 
responsible for the  for~nation of SO, o n  
Europa, this decrease may explain the  ab- 
sence of SO, o n  Ganymede. 

O n  the other hand, the presence of 0, on 
Ganylnede but SO, on Europa may reflect 
differellces in the conlposition of the surface 
ices of these two satellites rather than in the 
co~nposition of the plasma. In particular, ELI- 
ropa may contain a higher abu~ldallce of sulf~lr 
in its surface ices than does Ganymede. Eu- 
ropa has been thermally processed to a greater 
extent than has Ganymede, and Europa's 
higher density i~ldicates that a greater fraction 
of its initial inventory of water has been lost. 
Io represents an even more extreme exalnple 
of thermal processing, one where the next 
lnost volatile component after water ice, sul- 
f~lr,  is a major surface component. T h e  albedo 
spectra of Ganylnede and Europa drop at 
~vavelengths shorter than A - 600 nm, but 
they differ in detail. T h e  spectra of both the 
leading and trailing hemispheres of Europa 
can be matched ~v i th  a spectrum of lnixed 
sulfur co~npounds ( I ) ,  so the su l f~~r  may be 
endogenic. 

T h e  Hartley band of 0, is intrinsically 
much stronger than the t\vo weak bands of 
0, found in Ganymede's spectrum (1 ,  2) 
and therefore is a more sensitive indicator of 
the presence of 0 ' - 0 ,  systelns in other icy 
satellites. Saturn's satellites Rhea, Dione, 
and Tethys are known to have surfaces dom- 
inated by water ice (23) and trailing hemi- 
spheres that sllolv sy~nnletric dark regions 
centered o n  the antaDex of orbital motion 
(24),  suggestive of alteration b\- magneto- 

SCIEKCE VOL 273 19 JULY 1996 



spheric ion irradiation. Xlagnetospheric Ion 
densities are conlparahle to dens~ties founil 
near Europa and Ganyinede (19).  Thus, 
these satellites are good candidates for 
searches for O1 absorption that nvill test the 
rallge of environmental conditions under 
n,hich OL-O3 sj;stems can be formed. 

Bodies n-it11 icy surfaces are, by far, the 
illost numerous objects in the solar svstem. 
Other planetary systems are also, probahly, 
dominated by icy objects. Gan\imede is a 
a7orlii with a diaineter 400,b the ilialneter of 
Earth where an aburtdance of O j  has been 
prod~~ced,  t h r ~ ~ ~ g h  an inorganic process, 
that is a not insignificant fraction of that in 
Earth's atmosuhere. Searches for Earth-like 
planets harboring life sinlilar to life on  our 
planet that rely on the detection of 0; (25) 
will have to take this process into account. 
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Self-Assembled Smectie Phases in Rod-Coil 
Block Copolymers 

J. T. Chen, E. L. Thomas," C. K. Ober," G.-p. Mao 

Rod-coil block copolymers are self-assembling polymers that combine the phys~cs of 
orientational ordering of rodlike polymers and the microphase separation of coil-coil 
block copolymers. Several new solid-state morphologies were observed In a series of 
anionically synthesized model poly(hexy1 isocyanate-b-styrene) rod-coil d~block co- 
polymers examined by transm~ssion electron microscopy and selected-area electron 
diffract~on. The rod-coils formed smectic C-like and 0 - l ~ke  morphologies with domain 
sizes ranging from tens of nanometers to almost 1 m~crometer. Both structural and 
or~entational changes were found for increasing rod volume fractions. In addition, 
some morphologies exhibited spontaneous long-range orientational order over many 
tens of micrometers. 

In recent years, much work has focused on 
the morphology and phase behavior of 
block copolymers. The simplest copolyil~ers 
are AB diblock copolymers, which are made 
LIP of two cheinically distinct blocks co- 
valently bonded together to form a single 
chain. Because of the l l l ~ ~ t ~ l a l  repulsion of 
dissill~ilar lnonolners and the constraint im- 
posed by the connectivity of the A block 
with the B block, coil-coil diblocks (both 
blocks flexible) exhibit a wide range of 
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'To v,!holn correscondence should be addressed 

microphase-separated ~norphologies ( 1  ). 
The parameters that determine the mor- 
phology of a given block copolymer (2 )  are 
the Flory-Huggins interaction parameter, 
xA8; the total degree of polymerization, 
N = N, ' NB; and the volu~ne fraction 
(composition) of the A component, f,. The 
parameter xiB is a measure-of the incorn- 
patibility between the A and B polylners 
and is inversely proportional to temperature. 

Rodlike holnopolyiners have also been 
extensivelv studied. In contrast to flexible 
homopoly,.mers, which obey Gaussian chain 
statistics and ha1.e persistence lengths of 
- 1 nm, rodlike polymers have nearly linear 
chain conforlnations and large persistence 
lengths ranging from 10 to 100 nm. The  
inherent chain stiffness of rodlike polymers 
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