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Laboratory Measurements 

Experimental conditions. Studies of 
ion bombardment of ices were carried 
out with ice films condensed from the 

Fast Ion Bombardment of Ices and vapor on a C O I ~  metallic substrate. The 
inset in Fig. 1 illustrates the experimen- 

Its Astrophysical Implications tal arrangement. Films from a few hun- 
dred to a few thousand angstroms in 
thickness were grown at  a typical rate of 

W. L. B r o w n ,  L. J. Lanzero t t i ,  R. E. J o h n s o n  about 1000 A per minute. Substrate tem- 
peratures were chosen to be well below 
the effective sublimation temperature for 
the ice being studied, for example, < 160 

Astronomical observations both from tions on the sun produce sporadic out- K for H 2 0 ,  < 110 K for SO2, and < 80 K 
the earth and from spacecraft continue to bursts of solar cosmic rays with energies for C 0 2 .  The base vacuum in the region 
expand the experimental evidence that from tens of thousands to tens of millions of the substrate was less than lop8 torr, 
ices are pervasive constituents of the of electron volts per atomic mass unit. maintained by a combination of turbo- 
solar system (1). Frozen volatiles are Planets with magnetic fields, such as  molecular and cryogenic pumping. The 
found in the polar caps of Earth and Earth, Jupiter, and Saturn, can trap such substrate was beryllium, which had been 
Mars, in the satellites of the giant planets energetic ions in their radiation belts. coated with a 50 A gold layer to serve a s  
(2-4), in the rings of Saturn (4), and in Recognition that the ices are inevitably a marker in measurements of film thick- 
the nuclei of comets (5). The most promi- bombarded by at least some of these ions ness. 
nent is water ice; carbon dioxide ice is led to experiments (10) to measure the The molecular thickness of the films 

after deposition and at  successive stages 
of ion bombardment was monitored by 

Summary, Ices such as water, carbon dioxide, and methane are now known to be Rutherford backscattering, usually with 
pervasive constituents of the solar system and probably of the interstellar medium as 1.5-MeV Hei  ions. Such scattering is 
well. Many of these ices and ice-covered surfaces are exposed to bombardment by due to the low but precisely known prob- 
the energetic ions of space. Laboratory experiments have been carried out to study ability of an incident ion colliding with a 
the effects of such bombardment. Surprisingly efficient erosion of ice layers is nucleus in a nearly head-on collision. 
associated with electronic excitation of the ices by the ions. These results are a The energy of the backscattered ion de- 
challenge to an understanding of the physical processes involved and have implica- pends on the mass of the nucleus with 
tions for a number of astrophysical problems of current interest. which it collided and the amount of ma- 

terial it traversed (losing energy) before 
and after the collision. The most sensi- 

definitely found on Mars (61, and Pluto consequences of such bombardment in tive measure of ice film thickness was 
and probably its companion moon are terms of the erosion and modification of provided by the energy of the backscat- 
covered with methane frost (7). Volcanic ice layers and the formation of molecular tered helium ions from the gold marker 
10 has sulfur dioxide frost deposits (8). fragments and more complex molecules, layer under the ice. This gave a thickness 
Particulate grains in the interplanetary It  is well known that energetic ions sensitivity of - 10A.  The backscattered 
medium can be ice o r  ice-covered (9). incident on more conventional solids re- helium ions also directly revealed heavy- 
Indeed, except for the near proximity of sult in the ejection of atoms and mole- atom constituents of a film, such as  
individual stars, frozen volatiles may be cules. The experiments conducted to carbon, oxygen, and sulfur, giving an 
the dominant surface constituents of in- date have produced a number of sur- independent measure of the molecular 
terstellar grains and other solid, cold prises. These have been a strong stimu- thickness of the film and a measure of its 
bodies throughout the galaxy. lus to efforts to  understand the physical stoichiometry at  various stages of ero- 

Spacecraft measurements over the mechanisms involved when energetic sion (11). 
past two decades have shown that the ions interact with ices as  well as the Films were bombarded with hydrogen 
solar system is filled with energetic ions, consequences of these interactions for and helium ion beams (and in a f e w  cases 
These ions are primarily hydrogen and some contemporary problems in astro- -- 
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also with oxygen and carbon beams) 
with energies from - 10 keV to 2 MeV. 
Beams about 1 to 2 millimeters in diame- 
ter were defined by collimation. The 
erosion yield Y (molecules lost per inci- 
dent ion) was independent of beam cur- 
rent, and thus erosion occurred as a 
result of individual ions of the beam, not 
through macroscopic heating of the films 
by the total beam (10). 

Quadrupole mass spectrometry was 
used to measure the molecular species 
ejected from the films during ion bom- 
bardment. It was also used in some cases 
to examine the fragments and new mole- 
cules formed in the films by ion bom- 
bardment and released from the films 
during subsequent thermal heating in the 
absence of ion bombardment (12). 

Experimental results. Figure 1 shows 
the erosion yield of H 2 0  ice bombarded 
with hydrogen ions (11). The erosion 
yield peaks at - 100 keV and falls rapid- 
ly at lower and higher energies. Also 
shown is a calculation of the expected 
loss of H 2 0  from conventional ion sput- 
tering, that is, sputtering due to the for- 
mation of collision cascades initiated in 
the ice by scattering of the incident ions 
from the nuclei of the ice atoms (13). 
Such a process is well understood and is 
known to be responsible for the loss of 
material in ion bombardment of metallic 
and semiconducting materials (14). The 
ices studied are all electronic insulators 
and it is clear that the material erosion 
from ices has a different origin. 

The peak of Y in Fig. 1 occurs at an 
energy close to the maximum in the 
electronic stopping power of protons in 
ice (11). The electronic stopping power 
of an incident ion, (dEldr),, is the energy 
given up by the ion to ionization and 
excitation of the electrons of the material 
per unit path length of the ion. The data 

Fig. 1. Erosion yield as a func- 
tion of the energy of hydrogen 
ions. (Inset) Schematic outline 
of experimental arrangement. 

of Fig. 2 show clearly that electronic 
processes and not nuclear collisions con- 
trol the erosion of the ice films. This is 
true for all of the ices we and others have 
examined: H 2 0  (10,11,15-18), C 0 2  (17, 
19), SO2 (20), NH3 (19), CH4 (19), Ne 
(19), Ar (19, 2 0 ,  Kr (19), Xe (18, 22), N2 
(23), Hz (241, and 0 2  (19). Electronic 
processes have been found to lead to 
material erosion from other insulating 
solids, particularly the alkali halides (25) 
and also from less ionic insulators such 
as UF4 (26), LiNb03 ( 2 3 ,  and Al2O3 

high electronic stopping powers. 
Figure 2 shows the dependence of Y 

for HzO ice on the electronic stopping 
power of hydrogen, helium, and heavier 
ions (10, 11). It includes the data of Fig. 
1, which are very well ordered to a single 
line by this plot. The dependence of Yon 
(dEldx), is not linear, however. It varies 
approximately as ( d E l d ~ ) , ~ .  A similar 
approximately quadratic dependence has 
been found at low temperature for all the 
ices that have been studied. The data for 
helium ions in Fig. 2 fall around the line 
defined by the hydrogen ions, with de- 
partures that are qualitatively under- 
stood (28). Figure 2 also contains two 

the absence of ion bombardment. As 
experimental measurements typically re- 
quire hundreds to thousands of seconds, 
a practical upper limit for the tempera- 
ture corresponds to an equilibrium vapor 
pressure of - lo-' torr, at which subli- 
mation would result in a loss of - 0.1 
monolayer per second. The material loss 
due to normal sublimation has been sub- 
tracted from the few data points for 
which it is significant. All the curves in 
Fig. 3 show a temperature-independent 
region at low temperatures. At higher 
temperatures, three different types of 
behavior are evident. Argon is the sim- 
plest, showing an abrupt increase in Y at 
about 25 K. It has been suggested that 
this indicates a bombardment enhance- 

points for carbon and oxygen ions (10) at 
1.5 MeV and a set of points obtained by 
Cooper and co-workers (16) with fluo- 
rine ions at energies up to 25 MeV. As 
for helium, there are systematic depar- 
tures of the fluorine data from the hydro- 
gen line, but the magnitude of Y for this 
set of data is still in rough agreement 
with the quadratic dependence defined 
by the hydrogen results. However, the 
results for heavy ions suggest a steeper 
than quadratic dependence of erosion 
yield on (dEldx), at large stopping pow- 
ers. This regime of high-energy heavy 
ions is rarely encountered in astrophysi- 
cal situations, and thus we will focus on 
the region of lower (dEldx),. 

Figure 3 shows the temperature de- 
pendence of the erosion yield of HzO 
(15-18), C02 (17, 19), SOz ( I  7, 20), and 
Ar (21) for million-electron-volt He+ 
ions. The highest measurement tempera- 
ture in each case is set by sublimation in 

Fig. 2. Erosion yield for water ice at liquid 
nitrogen temperature as a function of (dEl 
d*),, the electronic energy loss of hydrogen, 
helium, oxygen, carbon, and fluorine ions. 
(0, ., A, and V) data from (11, 15); (0) data 
from (22); (0) data from (16). 

ment of normal sublimation a few de- 
grees below the temperature at which 
sublimation alone limits the measure- 
ments (21). The H 2 0  and SO2 curves 
show a temperature-independent region 
at low temperatures with a continuous 
rise to the sublimation limit. For C02  
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there are two sharp steps upward in Y at 
about 40 and 50 K. We associate the low- 
temperature region in all four cases with 
a direct ejection process (17, for which 
several possible models are discussed in 
the next section. The temperature de- 
pendence for H 2 0 ,  C 0 2 ,  and SO2 we 
associate with diffusion of or reactlon 
between molecular fragments formed in 
the ice films as  a result of intramolecular 
bond breaking due to the ionization pro- 
duced by the incident ions (15, 17). In the 
case of H 2 0  ice, the major constituents 
involved in the high-temperature in- 
crease of Y are H 2 0  and O2 molecules, 
the products of radiolysis in the ice (29). 

The formation of new molecules from 
the bombardment of mixed ices has also 
been observed. One interesting case is 
that of a mixed ice of H 2 0  and COz, 
deposited from a 50:50 molecular mix- 
ture of the two gases. To  identify new 
species that might be produced and to 
reduce the background in the quadrupole 
mass spectrometer, D2I60 and i 3 C ' x 0  2 

were used. New molecules were ob- 
served when the mixed ice layer, bom- 
barded at 9 K, was subsequently heated 
to temperatures at  which sublimation of 
D 2 0  occurred relatively rapidly (12). 
Figure 4a shows the results in this case. 
Several masses were monitored during 
this experiment but only mass 33, corre- 
sponding to isotopically labeled formal- 
dehyde, D ~ " C ' ~ O ,  is represented in Fig. 
4a. The sublimation peaks of mass 20 
('D2I60) and mass 48 ( ' * C ' ~ O ~ )  observed 
in the warm-up of a mixture of 2 D 2 i 6 0  
and '2C1802 without bombardment are 
shown in Fig. 4b. In Fig. 4b the sharp 
sublimation peak of C 0 2  at the low- 
temperature edge of the D 2 0  peak indi- 
cates that the C 0 2  is held in the H 2 0  ice; 
a C 0 2  film alone would rapidly sublimate 
at - 80 K. The peak of mass 33 in Fig. 
4a indicates that formaldehyde, formed 
by bombardment, behaves similarly (12). 

The net production of formaldehyde 
(integral of curve 1 in Fig. 4a) is - 5 
molecules per incident I .5-MeV helium 
ion. The total number of ionization 
events for a He' ion passing through the 
- 1000 A film is - 100. Thus the proba- 
bility of formation of a formaldehyde 
molecule, instead of simple recombina- 
tion of the ion pairs to reform the original 
molecules, is quite high. We also mea- 
sured formaldehyde of mass 35, 
2D2'3C'80, which was less abundant by a 
factor of about 3 than mass 33. This 
indicates that the fragmentation of both 
D 2 0  and C 0 2  molecules, required to 
produce mass 35, is less favorable than 
the reaction of a C ion, produced from 
C 0 2  by the beam. with D 2 0  to form 
D2C0.  

5 NOVEMBER 1982 

Models of the Erosion Process 

Temperature-dependent erosion. The 
temperature-dependent part of the ero- 
sion of ice films seems to be associated 
with radiation chemistry in the ices; ion- 
ization by a passing ion breaks bonds in 
the molecular solid and thus provides the 
opportunity for new bonds to  form (29). 
At very low temperatures the new mole- 
cules may be unable to escape from the 
ice and hence unable to contribute to  
erosion of the ice layer. If the radiation is 
carried out at higher temperatures the 
molecules have higher diffusivities and 
are more likely to  react and escape from 
the film (19). The gradual increases in 
erosion yield with temperature for SO2 
and H 2 0  (Fig. 3) involve activation ener- 
gies between 0.06 and 0.3 eV. In H 2 0 ,  
these activation energies are comparable 
with those for free radicals that play an 
important role in radiation biology. 
However, the products leaving the film 
are not radicals, suggesting that second- 
ary reactions take place. The steps in the 
yield curve for C 0 2  (Fig. 3) suggest that 
two distinct new molecules are formed 
with low activation energies for diffusion 
(= 0.01 eV), perhaps CO and 0 2 .  Fur- 
ther, after irradiation of C 0 2  at  a low 
temperature, as  the sample is slowly 
heated without further radiation, there is 
additional material loss. This suggests 
that the exiting molecules are stored in 
the C 0 2  at a low temperature and be- 
come mobile and escape as  the tempera- 
ture is raised. 

These results and ideas only sketch 
the broad outlines of the temperature- 
dependent erosion process. There is ob- 
viously a great deal of detail missing; 
both more experiments and a more quan- 
titative theory are needed. 

Temperuture-independent erosion. The 
temperature independence of the erosion 
yields at low temperatures indicates that 
the erosion process is not simple radioly- 
sis. Direct release or ejection of mole- 
cules or atoms occurs from a large num- 
ber of ices, including the rare gas atomic 
solids. A major question is how the elec- 
tronic ionization and excitation energy 
deposited by the incident ion is convert- 
ed into kinetic energy of motion of the 
molecules or atoms. In a metal or semi- 
conductor the electronic energy spreads 
rapidly laterally from the incident parti- 
cle track, by electron motion in the metal 
o r  by electron-hole diffusion in a semi- 
conductor. By the time it is converted 
to motion of the nuclei (for instance, 
heat), the energy density is too low to 
supply the sublimation energy needed to 
eject a molecule from the surface. The 
low mobility of positive charge (28) in 
insulating solids effectively prevents dif- 
fusion of the electronic excitation away 
from the close vicinity of the track. This 
localization of the ion cloud is a dis- 
tinguishing feature of ice films. In addi- 
tion, the ionization energy of an insula- 
tor is much larger than that of a metal 
or semiconductor. The energy is thus 
stored in relatively large units within 
the localized region, particularly when 
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Fig. 3 (left). Temperature dependence of Y for 
HzO, SO2. COz, and Ar ices for helium ions. 2 
The argon points (21) were taken for 0.75- 
MeV Hei: the other ices were eroded by 1.5- 
MeV H e + .  The curves are drawn to guide the 
eye. Fig. 4 (right). Quadrupole spectrom- 140 150 I 6 0  170 180 190 

eter measurements of the evolution of several T(K) 

molecules during warm-up of a mixed film of C 0 2  and H20 .  The curves are drawn to connect 
the data points. (a) Evolution of mass 33 formaldehyde from a ' 3C 'X0  z- D "0 Ice ' film following 
irradiation at 9 K with 1.5-MeV He+ ions. (b) Evolution of mass 48. 11C'X02, and mass 20. 
Dzl'O, from "C1'O >-D2''0 ice film without radiation. 
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compared with the relatively small inter- 
molecular binding energy of molecular 
ices. 

In general, there are two ways to  con- 
vert electronic energy to kinetic energy 
of motion of lattice atoms and molecules: 
(i) collisions between the free electrons 
and lattice atoms or ions (electron-pho- 
non interactions) and (ii) Coulomb repul- 
sion between insufficiently screened nu- 
clei. The latter may be exemplified by 
excitation of repulsive molecular states 
within a molecule (28, 311) [the analog of 
dissociative recombination in the gas 
phase (3111 or direct repulsion between 
neighboring molecular ions (281, or an 
ion and the electric field of a collection of 
other ions (11, 28, 32). Two models that 
attempt to accoudt for the experimental 
results in the temperature-independent 
regime are discussed below. 

Thertnal spike. In this model all or part 
of the electronic energy deposited by a 
passing ion is considered to be converted 
rapidly and locally to heat. A transiently 
hot cylinder of material is thus associat- 
ed with each ion track (11, 18, 22, 26, 
33). Where this cylinder intersects the 
surface in a hot disk, sublimation can 
occur, as  indicated schematically in Fig. 
5a. The hot cylinder grows larger in 
radius and lower in temperature with 
time due to radial thermal conduction. 
For this picture to give erosion yields as  
large as those measured, the electronic- 
to-thermal energy transfer must occur in 
< lo-" second. If it is slower, radial 
diffusion of the heat produced will never 
allow the disk to be hot enough to subli- 
mate significantly. Such a model is ap- 
pealing because, for an initially narrow 
cylindrical spike, it predicts an erosion 
yield that depends on ( d ~ l d x ) , ~  (11, 331, 
as found experimentally for light ions. 

There are two major difficulties with 
this model. The first is the time for the 
energy transfer. Fast conversion of 
about 20 percent of the electronic energy 
loss would be sufficient to account for 
the erosion yield observed for several 
different ices (28). It may be that such a 
fraction is available through a fast nonra- 
diative recombination process involving 
repulsive molecular states (30). Alterna- 
tively, it may be provided through free 
electrons scattering with lattice atoms or 
ions (34). Nevertheless, rapid energy 
transfer by such processes remains high- 
ly speculative. The second difficulty is 
the spatial distribution of the electronic 
energy increments converted to heat. 
They must be clbse together in a line to 
justify the cylindrical approximation that 
leads to  a (dEIdx),* dependence. For  
million-electron-volt Ht  ions the spacing 

Fig. 5. Schematic models of the temperature- 
independent erosion process: (a) thermal 
spike; (b) Coulomb ejection. 

between individual ionization events 
along the track is probably too large to  
satisfy this requirement. 

Coulomb repulsion. This model focus- 
es on the macroscopic rddial distribution 
of charge immediately following ttie pas- 
sage of an ion. In the ionization cascade 
initiated by the incident ion, electrons 
are kinetically displaced away from the 
ion's path and create, a t  least momen- 
tarily, a separated charge distribution 
consisting of a shell of electrons sur- 
rounding a core of positive ions, as  
shown schematically in Fig. 5b (35). For 
high (dEldx),, the energy in the space 
charge electric field may be a significant 
fraction of the total energy given up by 
the incident ion (28). 

The sign of the electric field is such as  
to accelerate the positive ions outward, 
as  discussed by Fleischer et al. (35) in 
connection with the formation of damage 
tracks in insulating minerals by high (dE1 
dx), particles. The process has been 
called a Coulomb explosion. At the sur- 
face of an insulating film, there are axial- 
ly outward components of the electric 
field that may produce ejection of parti- 
cles from the surface. Such a model also 
has a (d~ldx) , '  dependence (11, 321, es- 
sentially because the electric field energy 
density i k  proportional to the square of 
the charge density. 

This model also has problems. The 
first is the time duration of the separated 
charge distribution. If the electrons that 
were displaced outward are not immobi- 

lized by being rapidly and deeply trapped 
at their extended radial positions (as they 
are, for instance, in polar liquids), they 
will return to neutralize the positive 
charge before the heavy positive ions 
can be set in motion. However, if the 
free electrons are veiy mobile and do 
return due to the Coulomb field, the 
potential energy that existed in the sepa- 
rated charge configuration will be con- 
verted to kinetic energy of the electrons 
(28). The electrons will then oscillate 
back and forth through the positive ion 
cloud until they lose their energy to 
lattice vibrations (heat) (34). During this 
time, there will still be a net negative 
charge outside the positive ion core, 
tending to accelerate the positive ions 
both radially and toward the surface. 
Whether this is sufficient to provide the 
observed erosion is uncertain. 

The low (dEIdx), regime in this model, 
as well as  in the thermal spike model, 
results in a loss of cylindrical symmetry. 
In this limit for the Coulomb repulsion 
case, the probability of ejection can be 
considered in terms of one ionized center 
acting repulsively on an adjacent center. 
The (dEIdx), dependence in this limit 
remains quadratic because it involves 
the statistics of two ionization events, 
one close to the surface and the second 
close to the first (28). Again, it is difficult 
to make quantitative calculations based 
on this model, although the values of the 
parameters required to explain the ex- 
perimental results do not seem unreason- 
able (11). 

Seiberling et al. (26) proposed that at 
high (dEIdx),, Coulomb repulsion may 
be a way of rapidly converting electronic 
energy to heat. Since this conversion 
depends on (dEIdx),* and the thermal 
spike sublimation yield depends on the 
square of the heat input, t h ~ s  model 
appears to lead to a yield varying as (dE1 
dxle4. Such a model has been suggested 
as  one way of accounting for the high 
values of erosion yield of H 2 0  ice with 
million-electron-volt carbon, oxygen, 
and fluorine ions (Fig. 2) and the erosion 
yield of UF4 (26) and other room-tem- 
perature insulating solids (27). 

The models above are discussed in 
more detail by Johnson and Brown (28). 
At this stage, the details of the decay of 
the electronically excited track and the 
transfer of enough kinetic energy to mol- 
ecules to  cause their ejection from a solid 
surface are not clear. Measurements of 
the velocity distribution of the ejected 
condensed gas species and extension of 
the measurements to ejection by incident 
electrons should help to clarify the decay 
and erosion process. 
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Implications and Applications in 

Astrophysics 

The gravitational attraction of a body 
is a major factor determining the net loss 
of ejected material due to ion bombard- 
ment of its surface. Atoms and mole- 
cules will be ejected from a surface with 
a distribution in energy that depends on 
the physical mechanisms of the erosion 
process. [For collision cascade sputter- 
ing of metals this distribution is well 
characterized (14, 36); it is essentially 
unknown for electronically induced ero- 
sion of a condensed gas.] If the energy 
required for gravitational escape from a 
body is much larger than the mean ejec- 
tion energy, then sputtering will predom- 
inantly redistribute material across the 
surface, and the escape fraction will be 
determined by the tail of the energy 
distribution. For small icy objects with 
negligible gravitational attraction, such 
as comets (a few kilometers in diameter), 
planetary ring particles (centimeters to 
meters), and ice grains (tens to thou- 
sands of micrometers), most of the sput- 
tered material will be lost to svace. The 
relevant parameters for several astro- 
physical bodies of interest are given in 
Table 1. 

On a planetary satellite, in addition to 
the gravitational effect, the incident radi- 
ation must reach the surface in order to 
be an altering influence. If a body has an 
intrinsic magnetic field, o r  is immersed 
in the field of another body, the trajec- 
tory of incident ions will be altered so as  
to exclude bombardment of some re- 
gions of the surface for ions lower than a 
certain energy. Areas of preferential par- 
ticle bombardment (37) can also result 
from the interaction of the planetary 
magnetic fields with the intrinsic field o r  
surface conductivity of a moon. This 
appears to occur with the Jovian satellite 
10. Electrons and ions flowing along Ju- 
piter's magnetic field lines are directed 
into the polar regions of the moon (38). 

An atmosphere around a satellite will 
prevent particles with energies lower 
than a certain value from reaching any 
part of the surface. In fact, charged 
particles can produce a self-limiting at- 
mosphere (39): the erosion of surface 
ices by such ions can build up an atmo- 
sphere that will ultimately prevent the 
lower energy particles from striking the 
surface. A balance will result between 
exclusion of the low-energy particles and 
erosion of the surface by the higher 
energy particles at a sufficient rate to 
maintain an atmospheric equilibrium 
(40). 

A molecule o r  atom eroded from the 

Table 1. Escape energies and velocities from the surfaces of various solar system bodies. 

Object Radius Density 
(km) (g/cm3) 

Jovian satellites 
10 1,820 3.5 
Euro pa 1,500 3.5 
Ganymede 2,640 2.0 
Callisto 2,500 1.6 

Saturnian satellites 
Mimas 195 1.2 
Enceladus 250 1 
Tethys 525 1.1 
Dione 560 1.4 
Rhea 765 1.3 
Titan 2,570 1.9 

A-ring object -0.001 - 1  - 
Moon 1,738 3.34 
Earth 6,378 5.5 

Escape 
R 

Escape 

(cm/sec2) energy velocity 
(eV/amu) (mlsec) 

surface of a moon by a charged particle 
can suffer a variety of fates, as  illustrated 
in Fig. 6. It can escape directly o r  can 
strike the surface again (Fig. 6a), de- 
pending on the gravitational attraction of 
the body and the sputtered particle ener- 
gy. If a body has sufficient atmosphere, 
the outgoing sputtered particle will col- 
lide with atmospheric constituents, lose 
energy, and ultimately be absorbed on 
the surface (Fig. 6b). A particle eroded 
from a body can be ionized by solar or 
stellar photons or  by an external plasma 
(Fig. 6c). Such ionized species can es- 
cape from the body, especially if there is 
an externally imposed magnetic field 
(such as  a planetary or interplanetary 
magnetic field). In the case of Jupiter, for 
example, the planetary rotation speed, 
and hence the rotation speed of the plan- 
etary magnetic field, at the orbital loca- 
tions of the large Galilean satellites (Ta- 
ble 1) is greater than the orbital speeds of 

the moons (41). Ionized species that find 
themselves on the planetary field lines 
are thus quickly swept away from the 
moon (42). 

Large bodies. On the Galilean moons, 
erosion of ices by charged particles will 
result primarily in redistribution of the 
ice on the surfaces. In contrast, on the 
moons of Saturn, which have much low- 
e r  gravitational escape velocities (Table 
I),  the eroded species will escape into 
the planet's magnetosphere (43). On the 
earth's moon, the redistribution of any 
frozen volatiles by sputtering by the so- 
lar wind and magnetosphere particles 
(due to electronically induced erosion 
processes) would effectively eliminate 
the possibility of surface water ice in the 
polar regions of that body (44). Howev- 
er, as  illustrated in Fig. 6c, even eroded 
species in ballistic, bound trajectories or 
in an atmosphere can be lost from a 
satellite if the time for their ionization by 

Fig. 6. Schematic illustration of possible fates of material eroded from a surface. depending on 
the gravitational attraction and external environment of the object. (a )  An eroded atom or 
molecule can escape or enter into a ballistic trajectory, depending on its ejection energy'and the 
gravitational attraction of the object; (b) an atmosphere can cause scattering and reimpact of the 
ejected species on the surface; or (c) ionization by solar photons (h i>)  of an ejected species in the 
presence of an externally imposed magnetic field can cause a loss of the species. In practice, 
various combinations of these three conditions can also exist. 
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solar radiation (photons) or by magneto- 
spheric particles is short compared to the 
time between their ejection and their 
return to the surface. 

Results of calculations of the redistri- 
bution of ice across the surface of a 
satellite after sputtering by energetic 
ions are shown in Fig. 7 (43). The distri- 
bution of incident ions was taken to have 
an anisotropy characteristic of those ob- 
served in the vicinity of the Galilean 
satellites (45). (An isotropic incident ion 
flux would, of course, not produce any 
net redistribution of material.) The 
curves in Fig. 7 are labeled by the ratio 
of the effective temperature (expressed 
as an energy) of the ejected particle 
velocity distribution (assumed to be 
Maxwellian) to the satellite escape ener- 
gy. The loss o r  gain of material is mea- 
sured with respect to the "original" sur- 
face. When the energy ratio is sufficient- 
ly large, a significant amount of material 
is lost to space at all latitudes; for a small 
ratio, the primary effect is redistribution, 
with surface thickness increasing at high- 
er latitudes. The net difference in the 
erosion effect between equatorial and 
polar regions is dependent on the anisot- 
ropy of the incident ion flux. Such a 
redistribution effect might contribute, for 
example, to the occurrence of polar frost 
on Ganymede above about 40" in lati- 
tude. Using preliminary velocity distri- 
butions and measured erosion yields, the 

Lat~tude (deg) 

Fig. 7 (left). Relative change in surface height 
as a function of latitude for water ice erosion 
by an ion flux with anisotropy typical of that 
measured in the vicinity of the Galilean satel- 
lites in the Jovian magnetosphere. Fig. 8 
(right). Erosion rate of surfaces of H 2 0  and 
C 0 2  ices as a function of distance from the 
sun for the solar wind and one typical solar 
flare event per year. Also shown are the 
sublimation rates. The dotted enhancements 
on the C 0 2  curves are meant to schematically 
illustrate enhanced erosion at that distance 
because of release of fragments formed by 
irradiation at colder temperatures (greater dis- 
tances). 

net growth of the surface would only 
be of the order of 1 meter over an eon 
(lo9 years), but still could account for 
the maintenance of an observed frost 
estimated to be a few millimeters thick 
(46). 

Sputtered water molecules could form 
the basis for a tenuous atmosphere 
around some of the Galilean moons (39, 
40, 47, 48), particularly if the surface ices 
have temperatures low compared to the 
full-body albedo temperatures of the 
moon (49). Calculations based on parti- 
cle fluxes measured by Voyager 1 (which 
produce erosion by both collision cas- 
cade and electronic processes) indicate 
that an atmospheric column density on 
Ganymede could be as  a high as  - 1014 
H 2 0  molecules per square centimeter, 
which is consistent with upper limits 
established by ultraviolet measurements 
by the Voyager spacecraft (3). Decom- 
position of ice by energetic ions, indicat- 
ed by the production of O2 in sputtering 
experiments at the higher temperatures 
(1 7), could lead to a larger column densi- 
ty on a satellite with a significant ice 
coverage. The O2 produced would not 
condense on a surface with a tempera- 
ture 2 100 K;  such O2 would only be lost 
by ionization or dissociation (48). 

Similarly, the sputtering (by both the 
cold and hot magnetospheric plasmas) of 
SO2 frost deposits on 10, in the polar 
regions and in colder regions away from 
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active volcanoes, could form tenuous, 
localized SO2 atmospheres with densi- 
ties 10" cm-2 (20). Even before labo- 
ratory data were available, sputtering 
was considered to play a role in provid- 
ing material from 10 to the Jovian magne- 
tosphere (42). The sputtered particles are 
probably gravitationally bound, so their 
loss would occur through ionization by 
the Jovian plasma or solar photons and 
then sweeping up by the Jovian magnetic 
field (see Fig. 6c). Such swept-up ions 
may be important in establishing the 
composition and density of the Jovian 
magnetospheric plasma, which is known 
to have significant levels of sulfur and 
oxygen ions (50). 

Small bodies. The spectacular A and B 
rings of Saturn are the best known mani- 
festations of small ice particles in the 
solar system (4). Measurements by the 
low energy charged particle instrument 
on Voyager showed that the Saturnian 
magnetospheric particle fluxes de- 
creased strongly in intensity in the vicini- 
ty of the faint E ring and the moons 
Dione and Tethys (51). If the particle 
losses measured by Voyager were pri- 
marily due to collisions with the moons 
and the E ring (rather than, for example, 
wave-particle interactions), then the 
sputtering of ices from these objects 
could be a local source (52) of the heavy- 
ion plasma observed by a Pioneer 11 
experiment (53) and a determinate of the 
lifetime of the E ring (- lo5 years for 10- 
pm particles without replenishment). On 
the other hand, sputtering of ice particles 
on the A ring by energetic ions in Sat- 
urn's magnetosphere does not appear to 
play a role in producing the hydrogen 
atmosphere found around the ring (52, 
54, 5 9 ,  as originally proposed (56). 

Icy bodies in interplanetary space in 
the solar system-for example, grains, 
comets, and the recently discovered mi- 
nor planet Chiron-can be eroded by 
solar flare particles and the solar wind 
(electronic erosion process). The erosion 
rate (Ar per year) is shown in Fig. 8 as  a 
function of radial distance from the sun 
for water ice eroded by the solar wind 
(taken to be 10 protons per cubic centi- 
meter a t  1 astronomical unit with an 
energy of - 1 keV) and one "typical" 
solar particle event per year (with a flux 
of about 10" > 100-keV particles per 
square centimeter) (19,577. Although the 
average helium-to-hydrogen ratio in so- 
lar flares is only - 0.03 (58), the erosion 
from solar flare helium ions is compara- 
ble to the effect of the more abundant 
hydrogen ions because of the much larg- 
er dE1dx of the helium ions. 

Particle erosion effects dominate the 
mass loss process for 20-pm grains in the 
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inner solar system (57, 59, 60) and for 
objects of all sizes beyond about 7 AU 
(19). However, even over an eon, the 
loss from solar wind sputtering is insig- 
nificant at large distances-for example, 
- 1 mm at 30 AU (about the distance of 
Neptune and the aphelion of Halley's 
comet) for a water ice body. This thick- 
ness loss could increase by a factor of 10 
or more for a body covered with C 0 2  or 
CH4, which have much higher erosion 
yields than H 2 0  (19). Under high-speed 
solar wind stream conditions, ion sput- 
tering and sublimation can produce com- 
parable water ice loss rates in a comet as 
close as  at - 5 AU (61). 

The growth, alteration, and erosion of 
grains in the interstellar medium are of 
great interest in astrophysics, as  are the 
possible relations between processes on 
grains and the multitude of molecular 
cloud complexes seen throughout the 
galaxy (62). The possible alteration of 
the surface layers of "pristine" comets 
is also a topic of considerable impor- 
tance (19). In view of recent results on 
molecule formation in the irradiation of 
ice mixtures (12, 63) (Fig. 4), perhaps the 
most important effect of ion irradiation 
of comets, minor planets such as  Chiron, 
and interstellar grains is the alteration of 
the surface and subsurface (to the depths 
of penetration of the ions, a few tens of 
micrometers). Alterations in the surface 
composition would affect the nature of 
the spectra of a comet as  it approached 
perihelion. Although such charged-parti- 
cle irradiation experiments are just be- 
ginning, the initial results suggest that 
complex molecules can be formed on 
interstellar grain surfaces-molecules 
that are extremely difficult to  form in 
gas-phase reactions. Ultraviolet irradia- 
tion forms such molecules (64) but the 
relative importances of ultraviolet- and 
ion-induced molecular formation is not 
known. In addition, the mechanisms of 
removal of such newly formed molecules 
from the grain surfaces require further 
study. 

In summary, laboratory experiments 
to date have provided initial physical 
data needed for the investigation of a 
wide range of astrophysical problems 
involving ices in space. Applications to  
astrophysics will become even more 
quantitative as  information on the veloci- 
ty and species distributions of the eject- 
ed particles become available. 
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