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Origin of Saturn’s E Ring: Self-Sustained, Naturally

Douglas P. Hamilton* and Joseph A. Burnsti

Saturn’s diffuse E ring spans the region between 3 and 8 saturnian radii (Rg), has its peak
brightness near the orbit of the satellite Enceladus (3.95 Rg), and is thought to be com-
posed primarily of icy particles 1.0 + 0.3 micrometers in radius. Such particles are shown
to move periodically along highly elliptical paths that cross the orbits of several saturnian
satellites; the resulting energetic collisions of E ring particles with embedded satellites are
capable of sustaining the E ring at its current optical depth. With several reasonable
assumptions, this model naturally selects Enceladus as the primary source of ring.material
and may also provide mechanisms that explain the generation of the unusual amount of
submicrometer dust in the neighboring F and G rings, the excess of OH molecules
observed within the E ring, and the orbital brightness variations of nearby satellites.

The radial distribution, radial extent, and
three-dimensional structure of Saturn’s E
ring (I) are consistent with the orbital
dynamics of micrometer-sized particles in-
jected -at Enceladus (2, 3). Such particles
move along paths that periodically become
highly elliptical, instead of remaining cir-
cular as typically assumed (Fig. 1).

All bodies orbiting Saturn are perturbed
by the planet’s significant equatorial bulge,
which causes elliptical orbits to precess in
space while retaining their size and shape.
Micrometer-sized dust grains are addition-
ally influenced by strong nongravitational
forces, principally electromagnetism and
solar radiation pressure. The former arises
because objects near Saturn_invariably ac-
quire negative electric potentials by sweep-
ing up magnetospheric electrons and ions
(2). Movement of these charged grains
through Saturn’s rotating magnetic field (4)
causes a Lorentz force (2, 3),~the primary
consequence of -which is orbital regression
(that is, elliptic orbits rotate in the direc-
tion opposite to that induced by oblateness;
as before, the orbital size and shape are
unaltered). Finally, small grains are measur-
ably perturbed by solar radiation pressure,
which is directed radially away from the sun
(5); unlike the previously mentioned per-
turbations, radiation pressure induces a pe-
riodic variation in orbital eccentricity. The
amplitude of this eccentricity oscillation is
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inversely proportional to the orbital preces-
sion rate (2).

When all these perturbations act simul-
taneously on E ring grains 1 wm in radius,
precession from oblateness nearly cancels
regression from the Lorentz force, allowing
eccentricities to become appreciable (Fig.
2). The orbits of bigger (and smaller) par-
ticles precess (or regress) rapidly enough
that radiation pressure cannot induce such
large eccentricities (Fig. 2).

Because orbits transform from circles to
ellipses and back again in just a few years
(Fig. 2), micrometer-sized material, even if
introduced on a nearly circular path, swiftly
covers a broad, flattened torus (Fig. 1). The
spatial distribution of grains that have un-
dergone such orbital changes after being

_launched from Enceladus roughly matches
(i) the observed radial profile of the E ring,
(ii) the density peak centered on that sat-
ellite (2), and (iii) the observed vertical
structure (3). This close correspondence
between the model and reality suggests that
Enceladus is the primary source of E ring
material; moreover, the fit to the E ring’s
radial and vertical profiles is further im-
proved if Tethys contributes additional ma-
terial (3).

The E ring shares the region between 3
and 8 Rg with an ensemble of moons that
travel along nearly circular paths (Table 1);
consequently, whenever the orbits of E ring
particles become moderately eccentric,
they cross the paths of these satellites (Fig.
2). Given a satellite of radius R, on a
low-eccentricity orbit at radial distance
a_ ... 2 grain on a “crossing” orbit will
strike the moon with an e-folding colli-
sional time scale




~ i 2 i 2 1/2
Tcol - Tl'(SlI‘l ldust + sin lmoon)

Amoon z Ur T 1
(=) (G)e o

where T_, = 2may, Vg, is the dust grain’s
orbital period, ay,, is its semimajor axis,
Vg 15 its orbital velocity (6), U is the
relative velocity between the moon and the
dust grain, U, is its radial component, and
the orbital inclinations iy, and i . (Ta-
ble 1) are measured relative to the planet’s
equatorial plane. The ratio U /U is nearly
independent of ey, and, to within <20%,
equals one.

The grain-moon collision time scales in
Table 1 are very rapid: Enceladus, im-
mersed in the heart of the E ring, can sweep
up the extant ring in about 20 years. With-
out a recent supply of new material, the E
ring should have lost more than half its
particles in the interval between its discov-
ery (7) in 1966 and the Voyager flybys in
1981. Because it is unlikely that the E ring
is disappearing so quickly, a mechanism

Fig. 1. The saturnian system. The
E ring (stippled) is external to the
optically thick A and B rings and
encompasses the orbits of four
major saturnian satellites: Mimas,
Enceladus, Tethys, and Dione
(Table 1). For clarity, we show
only Enceladus’ path (the circle of
radius &0, ~ 3.95Ag) and that of
an E ring grain that originated on
Enceladus (ellipse with semimajor
axis ay, = 3.95 Ry and ellipticity
€4ust = 0.5). The turning points A
(apocenter) and P (pericenter) of
the particle’s orbit are located at
distances ay, (1 + ey, and
ague(1 — €que) from Saturn. The E
ring particles cross the orbit of
Enceladus at the points |, and I,
and can venture within the radial
distance of the opaque main rings
only by flying above or below
them.

that continuously replenishes the ring must
exist. In contrast, a burst of activity in the
distant past—through volcanism (8), gey-
sers (9), or large impacts (10)—is incapable
of accounting for the E ring observed today:
Whatever process creates E ring particles
must be occurring now.

Grain-moon collisions are common-
place, happen continuously, and because of
highly eccentric dust orbits, are quite ener-
getic. The relative speed between a particle
traveling on a low-inclination, arbitrarily
sized eccentric orbit and a moon moving
along a circular, nearly equatorial path is
about

Veol = €Vmoon (2)

where v, the orbital speed of the moon,
is roughly 10 km/s (Table 1). This simple
expression is accurate to about 10% for
particle orbits of all sizes and shapes, as long
as the collision does not occur near an
orbital turning point (Fig. 1). Owing to the
large eccentricities of E ring grains, colli-
sion velocities often surpass 5 km/s, a value

Table 1. Orbital and physical properties of saturnian satellites within Saturn’s E ring (27): orbital
semimajor axes, eccentricities, and inclinations; satellite radii and densities; escape speeds from

= 2GM,

moon

/R

moon’

satellite surfaces (V2

escape

where M is mass and G is the universal gravity

constant) and circular orbital speeds (V2,,0n = GMsawrn/@moon Msawm = 5.688 x 102 g); and the
results from Eq. 1. The densities of the leading and trailing Lagrangian companions of Tethys
(T+,T-) and the leading companion of Dione (D+) are unmeasured.

8 oon i R, P v, v, T

Name (B Gmoon  (degrees)  (km)  (gomd) (kS (kms)  (years)
Mimas 3.08 0.02 1.53 195 117 0.16 14.3 200
Enceladus 3.95 0.00 0.02 250 1.24 0.21 12.6 19
Tethys 4.89 0.00 1.09 525 1.26 0.44 11.4 98
Telesto (T+) 4.89 0.00 0.00 12 (1.0 0.009 11.4 17,000
Calypso (T—) 4.89 0.00 0.00 12 (1.0 0.009 1.4 17,000
Dione 6.26 0.00 0.02 560 1.44 0.50 10.0 19
Helene (D+) 6.26 0.01 0.20 16 (1.0 0.012 10.0 51,000
Rhea 8.74 0.00 0.35 765 1.33 0.66 8.5 120
*Assumes, for illustrative purposes, that iy, = 0.1° and ay,¢ = 8meon-
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far in excess of satellite escape velocities
(Table 1). These hypervelocity impacts
send an amount of mass greatly exceed-
ing that of the impactor (1!1) into circum-
saturnian orbit where the ejected material
merges with the E ring.

Because micrometer-sized impacts add
material to the E ring, the ring may sustain
itself with these collisions. However, only a
small fraction of the collisional ejecta is
composed of the dynamically favored, mi-
crometer-sized grains. Grains that fall out-
side this special size window never attain
the high eccentricities necessary for the
most energetic collisions (Fig. 2); instead,
they eventually encounter their source sat-
ellite in low-velocity collisions that liberate
little or no mass. Thus, a self-sustaining E
ring requires that, on average, the collision
of a micrometer-sized grain must eject at
least one micrometer-sized fragment.

Because the collisional fragments of in-
terest are similar in size to the projectile and
they must survive intact, spallation (12) is
suggested. A few experiments (13-15), in
which small hypervelocity (2 to 10 km/s)
projectiles collide with icy targets, yield
large, rapidly moving spall fragments.
These experiments, however, give incon-
clusive answers to the issue at hand because
the fastest projectile-sized collisional frag-
ments have speeds similar to Enceladus’
escape velocity.

If a typical collision of a micrometer-
sized E ring grain with an embedded satel-
lite produces more than one micrometer-
sized ejecta fragment, then particles are
added to the system at a rate proportional to
N, the number of ring members. Intragrain
collisions, which occur at a rate ~N? and
(by assumption) lead to catastrophic frag-
mentation and vaporization, eventually
stem this otherwise exponential growth and
stabilize the ring at a particular optical
depth. If the E ring is self-sustaining, gen-
eration by impact must balance loss through
mutual collision. If a typical grain-moon
collision produces only a few new grains,
then at steady state, such impacts and
grain-grain collisions should occur with
roughly similar probabilities; this appears to
be the case for the actual E ring. Put
another way, the known grain-moon and
grain-grain collision rates allow us to esti-
mate the E ring’s steady-state optical depth;
as discussed below, this calculation yields a
number that is within a factor of 3 of the
correct value.

Several independent observations also
lend support to the idea of a self-sustaining
E ring. The albedo patterns of the saturnian
satellites are consistent with the fact that
eccentrically orbiting E ring grains com-
monly strike these moons (16). Further-
more, the fact that Enceladus itself is pho-
tometrically similar across diverse geologic
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zones suggests the presence of a ubiquitous
surface layer of micrometer-sized grains
(17), perhaps as a result of a long history of
sandblasting by E ring material.

Energetic grain-moon collisions are also
indicated by the copious amount of OH
observed in the E ring region, which seems
to be 20 times more than traditional saurces
(for example, micrometeoroid bombard-
ment and sputtering) can supply (18). The
collisions that we have argued are capable
of lofting a micrometer-sized object into
space liberate many times that much mass
in the form of water molecules and tiny
aggregates. The mass flux of E ring grains
onto Enceladus exceeds the interplanetary
flux [taken to be 4.5 x 1077 g/em? per
second (19)] by 10% even after accounting
for the higher speeds of the latter, the E
ring source is still about 100 times more
efficient and may generate the observed
population of OH molecules (20).

0.8
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Fig. 2. History of orbital eccentricities for 0.5-,
1.0-, and 1.5-pm particles evolving under ob-
lateness, electromagnetism, and radiation
pressure (2) as they move about Saturn with
orbital semimajor axes of 3.95 Ag. In each case,
particles are taken to be icy spheres of density
1.0 g/cm® at a potential of —5 V. For 0.5-pm
particles, the effect of the Lorentz force domi-
nates the oblateness and the orbit regresses
too rapidly for radiation pressure to create
substantial eccentricities. For 1.5-um particles,
oblateness dominates, and the orbit precesses
swiftly in the opposite direction with the same
outcome. For particles 1.0 pm in radius, how-
ever, the Lorentz and oblateness precessions
approximately cancel, allowing radiation pres-
sure to greatly perturb the orbital eccentricity; a
single eccentricity oscillation occurs in one
orbital precession period (2). The symbols D, T,
and M identify the orbital eccentricities at which
particles launched from Enceladus will cross
the orbits of the neighboring satellites Dione,
Tethys, and Mimas, respectively.
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Some fraction of E ring material will
interact with the interior G, F, and A rings
of Saturn (21-23). The resulting collisions
deplete the E ring and create many small
ejecta fragments in the target rings. At the
F and G rings, we calculate that the E ring
mass flux exceeds the interplanetary mass
flux by a factor of 10 to 1QQ; for the auter
100 km of the A ring, this ratio drops to 1
to 10. Regions interior to the outermost A
ring are not reached by E ring grains, and so
the interplanetary flux dominates there.

Interestingly, tiny particles are unusually
plentiful in both the F and G rings. The
dustiness of these rings may be augmented
by high-velocity impacts of E ring motes
into the small particle constituents of the F
and G rings. Such collisions are catastroph-
ic and steepen the size distribution. We
suggest that the uniquely steep particle size
distributions of the F and G rings are
determined, in part, by the influx of E ring
grains. Furthermore, the outer few hundred
kilometers of the A ring are brighter than
the ring’s inner parts (23). The additional
flux of E ring particles to the exterior A ring
may increase the albedo of large ring mem-
bers just as impacts may cause the leading
versus trailing albedo differences on the
major saturnian satellites.

To further test the properties of a self-
sustaining E ring, we used a computer simu-
lation containing more sophisticated versions
of the simple ideas discussed above. Our
model included all of the major moons listed
in Table 1; the G, F, and A rings; and seven
discrete particle sizes (0.4 to 1.6 wm in steps
of 0.2 wm). Before running this simulation,
we numerically followed the orbital histories
of grains of all sizes launched from each moon
and recorded their average inclinations, max-
imum eccentricities, and the periods of their
eccentricity oscillations (Fig. 2). These three
parameters were used to approximate the ef-
fects of orbital perturbations and hence served
as the dynamical inputs to our model.

The collisional yield for a hypervelocity
impact into a moon depends only on the
target’s escape velocity and surface proper-

ties and the impactor’s kinetic energy (12).
We assumed that in order to send one
projectile-sized fragment into space, the
impact energy must exceed the kinetic en-
ergy of the escaping fragment by at least a
factor of 200. We further considered that
the mass of the escaping ejecta scaled with
the impact energy, that slightly mare mass
was ejected in the small size bins than in
the large ones, and that intragrain colli-
sions were entirely catastrophic. Finally,
individual collision frequencies and yields
were folded together with dynamical evolu-
tion to calculate a matrix of transition rates
(for example, the rate at which 1.2-um
grains from Enceladus created 0.8-pm
grains at Tethys). The differential equa-
tions governing the population of grains of
given sizes associated with specific moons
were then numerically integrated (24).

The outcome of a typical simulation
(Table 2) shows that, as in the actual E
ring, most particles in the micrometer-
range are localized at Enceladus. Enceladus
is selected as the dominant source for sev-
eral reasons: The nonzero inclinations of its
neighbors substantially reduce their colli-
sion probabilities (Table 1); the larger es-
cape velocities of Tethys, Dione, and Rhea
limit their collisional yields; and Mimas-
derived particles are quickly lost to the A,
F, and G rings. Besides mimicking the
radial structure of the true E ring, our
simulated ring has a mass and a peak optical
depth within a factor of 3 of the observed
values; this agreement reinforces our asser-
tion that intraparticle collisions do in fact
determine these quantities.

The only element of our model that
stands in contrast to observations is the
resulting size distribution, which shows an
excess of submicrometer grains rather than
being roughly monodisperse at 1 wm (1).
Better apparent agreement could be forced
by an adjustment of the parameters, but
without relevant laboratory measurements,
there seems little merit in attempting to
fine tune the model to reduce its output of
submicrometer particles.

Table 2. The final, near steady-state population of a simulated E ring. Each bin was started with a
population of 108 particles of the indicated sizes, and the ring’s population was followed for 500
years of collisional evolution. The most drastic changes in the population occurred over the first 100
years when grain-grain collisions were rare compared to collisions of ring particles with embedded
moons and the G, F, and A rings. The tabulated population has a peak optical depth of about 30%
of the true E ring and a cumuialive cross-sectionai area in ring particies of 1.1 times that of
Enceladus. Although we neglect the Lagrangian companions of Tethys and Dione in this simulation
for simplicity, their contributions may be important.

Moon 0.4 pm 0.6 pm 0.8 pm 1.0 pm 1.2 pm 1.4 pm 1.6 pm
Mimas 9.3x10%2 1.1 x10%2 1.3 x 102" 1.4 x 1020 3.4 x 10° 2.6 x 102° 2.5 x 1020
Enceladus 7.5 x 102 4.3 x 1022 1.1 x 1022 1.4 x 102" 1.5 x 102" 56 x 10° 2.1 x 10%°
Tethys 6.0 x 1022 9.8 x 102" 2.1 x 102" 2.1 x 10'"® 3.8 x 10'® 3.6 x 10'® 7.2 x 10"
Dione 4.9 x 102" 4.0x 1020 59 x 10" 1.1 x10'® 21 x 10" 3.2 x 10" 25 x 102
Rhea 4.7 x 10° 1.6 x 10'® 43 x 10"* 7.7 x 10" 3.2 x 10" 0 0
Total 23x10% 6.4 x10%2 15x10%2 16x10>" 1.8x 10>" 82 x 10%° 4.6 x 10%°
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The relatively large number of small grains
is not unexpected dynamically; it follows
clearly from our ejecta scaling law and from
our assumption that smaller grains are swept
up at roughly the same rate as their more
massive brethren. Furthermore, because a
substantial population of submicrometer dust
is observed in the F and G rings, it might be
expected in the E ring. Nevertheless, the
excess of small particles in the model’s output
disagrees with the most straightforward inter-
pretation (1) of all the observations, namely
that the E ring has an appreciably lower
optical depth in submicrometer particles than
in micrometer grains.

This discrepancy may be partially caused
by failings of our dynamical simulation [for
example, by incorrect size distributions for
the ejecta or underestimated loss rates for
submicrometer grains (25)]. Nevertheless,
we believe that a more likely resolution of
this conflict is that submicrometer particles
are present, albeit primarily confined to a
narrow torus around Enceladus’s orbit (Fig.
2). Ground-based measurements of the ring’s
blue spectrum, which are the strongest con-
straints to a narrow size distribution, were
obtained only for a narrow strip of the E
ring. In addition, photometric ratios are
based on single images of localized regions.
Furthermore, Voyager took only three
frames of the E ring’s core, near Enceladus’
orbit, where our model would suggest small
grains should be prevalent; all these images
were obtained near a phase angle of 120° and
accordingly are not diagnostic of particle
size. Under the circumstance where the
particle size distribution varies across the
ring, as our dynamical model predicts, the
photometric modeling technique (1), which
assumed a single size distribution for the
entire ring, may lead to biased results (26).

Qur model shows how dusty rings, such
as Saturn’s E ring, may be self-generating.
High-velocity impacts into satellites sustain
the E ring by generating ejecta, whereas
ring particles are lost in catastrophic grain-
grain collisions. The resulting steady-state
ring has a calculable mass and optical depth
that agree with the measured quantities. In
general, a self-sustaining ring of this type
requires only advantageously located source
satellites of proper sizes and a mechanism
for increasing the relative velocities be-
tween particles and satellites, thereby en-
hancing collisional yields.
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Quantum Cascade Laser

Jerome Faist, Federico Capasso,* Deborah L. Sivco,
Carlo Sirtori, Albert L. Hutchinson, Alfred Y. Cho

A semiconductor injection laser that differs in a fundamental way from diode lasers has
been demonstrated. It is built out of quantum semiconductor structures that were grown
by molecular beam epitaxy and designed by band structure engineering. Electrons
streaming down a potential staircase sequentially emit photons at the steps. The steps
consist of coupled quantum wells in which population inversion between discrete con-
duction band excited states is achieved by control of tunneling. A strong narrowing of
the emission spectrum, above threshold, provides direct evidence of laser action at a
wavelength of 4.2 micrometers with peak powers in excess of 8 milliwatts in pulsed
operation. In quantum cascade lasers, the wavelength, entirely determined by quantum
confinement, can be tailored from the mid-infrared to the submillimeter wave region in

the same heterostructure material.

Most solid-state and gas lasers rely on
narrow optical transitions connecting dis-
crete energy levels between which popula-
tion inversion is achieved by optical or
electrical pumping (I). In contrast, semi-
conductor diode lasers (2), including quan-
tum well lasers (3), rely on transitions
between energy bands in which conduction
electrons and valence band holes, injected
into the active layer through a forward-
biased pn junction, radiatively recombine
across the band gap. The band gap essen-

AT&T Bell Laboratories, Murray Hill, NJ 07974, USA.
*To whom correspondence should be addressed.

SCIENCE ¢ VOL. 264 ¢ 22 APRIL 1994

tially determines the emission wavelength
(4). In addition, because the population
inversion is broadly distributed, in accord
with Pauli’s principle, between bands hav-
ing dispersion with opposite curvature, the
resulting gain spectrum is relatively broad.
These characteristics have profound impli-
cations for the operation of semiconductor
lasers (3).

We report the design and demonstra-
tion, using molecular beam epitaxy (MBE)
(5) and band structure engineering (6), of a
semiconductor injection laser (quantum
cascade laser) that differs in a fundamental
way from diode lasers. It relies on only one

553





