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Dust Moon „at Work“

tering angles !, suggesting the photometric
dominance of micrometer-sized grains (9). To
estimate the phase brightening of Amalthea
ring particles, we removed a modeled Thebe
ring contribution and then derived the
Amalthea ring’s vertically integrated brightness
profile from edge-on image 41660888922. We
next divided that curve through by the
Amalthea ring’s expected profile, where we
consider the ring brightness to vary only be-
cause of the changing line of sight (LOS)
through a model ring, in which grains leave the
source satellite and drift inward at a uniform
rate (see below and Fig. 2). Relative to the
expected profile, the Amalthea ring brightens
by an additional factor of 1.3 as ! decreases
from 1.5° to 1.2°. We attribute this increase to
the intrinsic phase function of the ring grains.
For comparison, this relative-brightness factor
would be unity for 1-"m dust, 2.5 for 10-"m
particles, and about 2 for 50-"m grains (10).
Our measurement is consistent with the
Amalthea ring dust being dominantly com-
posed of particles having a radius of 5 "m.
Although such grains dominate in the Galileo
viewing geometry, many other grain sizes may
be present.

The rate at which mass, Mi, is supplied to
a ring in time t due to impacts at speed v on
an isolated satellite of radius Ri is

dMi/dt # $i YFe Ri
2 (1)

where $i is the mass flux density of hyper-
velocity impactors, Y is the impact yield (the
ratio of ejected mass to projectile mass), and
Fe is the fraction of impact ejecta that is
moving swiftly enough to escape the satellite.
Y depends on the projectile’s specific kinetic
energy and is on the order of 10v2 for v in
units of kilometers per second (11). $i in-
creases close to Jupiter where gravitational
focusing causes collisions to be more fre-
quent and more energetic, elevating yields for
similarly sized impactors. On the basis of
empirical fits to hypervelocity-cratering ex-
periments, the fractional mass ejected above
speed v # (vcrit/v)9/4, where vcrit, the mini-
mum speed at which impact ejecta is
launched, is typically 10 to 100 m s%1, de-
pending on the regolith’s nature (1). For an
isolated satellite, the escape speed vesc & Ri

and is #10 to 100 m s%1 for spheres the size
of the jovian ring satellites (Table 1). Hence,
Fe & Ri

%9/4 and dMi/dt & Ri
%1/4 if vcrit ' vesc.

Thus, counterintuitively, smaller moons pro-
vide more escaped ejecta than larger moons
do. The optimum source has a radius such
that its vesc ( vcrit; for a soft regolith and a
density of 2 g cm%3, this radius is 5 to 10 km,
like that of Adrastea.

Because some of the ring moons reside
within Jupiter’s Roche zone, the loss of im-
pact ejecta will be accentuated [(12); figure 4
in (13)]. We computed the speeds at which
ejecta launched at )45° from the local ver-

tical will escape the jovian ring moons from
four equatorial surface locations (leading, Ju-
piter-facing, trailing, and anti-Jupiter) for ho-
mogeneous, rotationally locked satellites
whose shapes have been measured (14 ). In all
cases, vesc was greatly decreased across most
of the satellite’s surface, because of tidal
effects and nonsphericity (see Table 1). The
effect is largest for the closer-in moons, even
vanishing over portions of Adrastea. Includ-
ing these variations in vesc, dMi/dt is about the
same for Thebe and Amalthea, larger for
Metis, and greatest for tiny Adrastea.

Because the gossamer rings reside deep
within Jupiter’s gravity well and within the
lethal jovian magnetosphere, their microme-

ter-sized grains are rapidly destroyed or
swiftly removed from the system. Lifetimes
for 1-"m particles have been estimated as 102

to 104 years for erosion by sputtering and 104

to 106 years for catastrophic fragmentation
after micrometeoroid bombardment (1, 13).

Circumjovian dust grains evolve orbitally
by several processes. Poynting-Robertson (P-
R) drag, due to momentum transferred from
absorbed solar radiation, induces orbits to
spiral inward over the Poynting-Robertson
time TP-R ( 105r years, where r is the particle
radius in micrometers. Plasma drag, which
pushes grains away from the synchronous
orbital radius Rsyn (15), was estimated to have a
characteristic time scale of (20 to 2000)r years
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Fig. 1. (A) A false-color mosaic of Jupiter’s gossamer rings made from four Galileo images
(41608-8922, -8968, -9022, and -9045). Images were obtained through the clear filter (central
wavelength ( 0.611 "m, passband ( 0.440 "m) from within Jupiter’s shadow (scattering angle
! ( 1° to 3°) at an elevation of 0.15°. Images have been reprojected to a common geometric scale
of 400 km per pixel radially and 200 km per pixel vertically. The logarithm of the brightness is
shown to reduce the dynamic range. In order of increasing brightness, the faint exterior gossamer
material is shown in shades of violet, the Thebe ring in blue-red, the Amalthea ring in red-yellow,
and the saturated main ring and halo in black and white. Each color change represents roughly a
10-fold increase in brightness. The two gossamer rings have crosses showing the four extremes of
the eccentric and inclined motions of Amalthea and Thebe; the full crosses are about 10 times as
large as the positional errors of the satellites or ring tips. The top and bottom edges of both
gossamer rings are twice as bright as their central cores (5), although this feature is subdued by the
logarithmic scale. (B) Jupiter’s gossamer ring at a back-scattering phase angle of 1.1° taken at 2.27
"mwith the Keck 10-m telescope on 14 and 15 August 1997, when Earth’s elevation above the ring
plane was only 0.17°. The 0.6* seeing corresponds to a resolution of 1800 km. The main ring, halo,
and both gossamer components (the Amalthea ring inward of 181,000 km and, feebly, the Thebe
ring inward of 224,000 km) are all apparent; hints of gossamer material are also visible further
outward in the Keck data, albeit barely above the noise level, to the frame’s edge at #257,000 km.
About 200 individual 20-s frames, from the east and west ansae, were aligned and summed after
removing any visible satellites to create this image; later, Jupiter’s scattered light was subtracted.
The geometric scale and coloring scheme are similar to those of (A).
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ring particles, we removed a modeled Thebe
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Amalthea ring’s expected profile, where we
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whose shapes have been measured (14 ). In all
cases, vesc was greatly decreased across most
of the satellite’s surface, because of tidal
effects and nonsphericity (see Table 1). The
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vanishing over portions of Adrastea. Includ-
ing these variations in vesc, dMi/dt is about the
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for 1-"m particles have been estimated as 102
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to 106 years for catastrophic fragmentation
after micrometeoroid bombardment (1, 13).
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by several processes. Poynting-Robertson (P-
R) drag, due to momentum transferred from
absorbed solar radiation, induces orbits to
spiral inward over the Poynting-Robertson
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pushes grains away from the synchronous
orbital radius Rsyn (15), was estimated to have a
characteristic time scale of (20 to 2000)r years
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Fig. 1. (A) A false-color mosaic of Jupiter’s gossamer rings made from four Galileo images
(41608-8922, -8968, -9022, and -9045). Images were obtained through the clear filter (central
wavelength ( 0.611 "m, passband ( 0.440 "m) from within Jupiter’s shadow (scattering angle
! ( 1° to 3°) at an elevation of 0.15°. Images have been reprojected to a common geometric scale
of 400 km per pixel radially and 200 km per pixel vertically. The logarithm of the brightness is
shown to reduce the dynamic range. In order of increasing brightness, the faint exterior gossamer
material is shown in shades of violet, the Thebe ring in blue-red, the Amalthea ring in red-yellow,
and the saturated main ring and halo in black and white. Each color change represents roughly a
10-fold increase in brightness. The two gossamer rings have crosses showing the four extremes of
the eccentric and inclined motions of Amalthea and Thebe; the full crosses are about 10 times as
large as the positional errors of the satellites or ring tips. The top and bottom edges of both
gossamer rings are twice as bright as their central cores (5), although this feature is subdued by the
logarithmic scale. (B) Jupiter’s gossamer ring at a back-scattering phase angle of 1.1° taken at 2.27
"mwith the Keck 10-m telescope on 14 and 15 August 1997, when Earth’s elevation above the ring
plane was only 0.17°. The 0.6* seeing corresponds to a resolution of 1800 km. The main ring, halo,
and both gossamer components (the Amalthea ring inward of 181,000 km and, feebly, the Thebe
ring inward of 224,000 km) are all apparent; hints of gossamer material are also visible further
outward in the Keck data, albeit barely above the noise level, to the frame’s edge at #257,000 km.
About 200 individual 20-s frames, from the east and west ansae, were aligned and summed after
removing any visible satellites to create this image; later, Jupiter’s scattered light was subtracted.
The geometric scale and coloring scheme are similar to those of (A).
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Fig. 1. (A) A false-color mosaic of Jupiter’s gossamer rings made from four Galileo images
(41608-8922, -8968, -9022, and -9045). Images were obtained through the clear filter (central
wavelength ( 0.611 "m, passband ( 0.440 "m) from within Jupiter’s shadow (scattering angle
! ( 1° to 3°) at an elevation of 0.15°. Images have been reprojected to a common geometric scale
of 400 km per pixel radially and 200 km per pixel vertically. The logarithm of the brightness is
shown to reduce the dynamic range. In order of increasing brightness, the faint exterior gossamer
material is shown in shades of violet, the Thebe ring in blue-red, the Amalthea ring in red-yellow,
and the saturated main ring and halo in black and white. Each color change represents roughly a
10-fold increase in brightness. The two gossamer rings have crosses showing the four extremes of
the eccentric and inclined motions of Amalthea and Thebe; the full crosses are about 10 times as
large as the positional errors of the satellites or ring tips. The top and bottom edges of both
gossamer rings are twice as bright as their central cores (5), although this feature is subdued by the
logarithmic scale. (B) Jupiter’s gossamer ring at a back-scattering phase angle of 1.1° taken at 2.27
"mwith the Keck 10-m telescope on 14 and 15 August 1997, when Earth’s elevation above the ring
plane was only 0.17°. The 0.6* seeing corresponds to a resolution of 1800 km. The main ring, halo,
and both gossamer components (the Amalthea ring inward of 181,000 km and, feebly, the Thebe
ring inward of 224,000 km) are all apparent; hints of gossamer material are also visible further
outward in the Keck data, albeit barely above the noise level, to the frame’s edge at #257,000 km.
About 200 individual 20-s frames, from the east and west ansae, were aligned and summed after
removing any visible satellites to create this image; later, Jupiter’s scattered light was subtracted.
The geometric scale and coloring scheme are similar to those of (A).
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Ejecta Clouds

Galileo Dust Detector:
Galilean Satellites 

Wrapped in Dust Clouds
(Krüger et al., Nature, 1999)
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Ejecta Clouds

Galileo Dust Detector:
Galilean Satellites 

Wrapped in Dust Clouds
(Krüger et al., Nature, 1999)

Krivov et al., PSS, 2003

Almost Isotropic Clouds 
Composed of Surface 

Ejecta
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Exosphere
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Evidence Lunar Exosphere?

Iglseder et al., 2006, Adv. Space Res.
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Evidence Lunar Exosphere?
• Hiten was the only Lunar orbiter equipped with a dust 

detector (MDC)

Iglseder et al., 2006, Adv. Space Res.
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Evidence Lunar Exosphere?
• Hiten was the only Lunar orbiter equipped with a dust 

detector (MDC)

• Orbit was not favourable for detecting Lunar ejecta 
(Altitude: 10000 km ... 50000 km)

Iglseder et al., 2006, Adv. Space Res.
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Evidence Lunar Exosphere?
• Hiten was the only Lunar orbiter equipped with a dust 

detector (MDC)

• Orbit was not favourable for detecting Lunar ejecta 
(Altitude: 10000 km ... 50000 km)

Iglseder et al., 2006, Adv. Space Res.

Trajectory and dust data are lost!
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Prediction is very 
difficult,

especially about the future

Nils Bohr
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Ballistic Dust Clouds

Spahn, 2001
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Ballistic Dust Clouds

Index of speed distribution

only matters at low altitudes

Spahn, 2001
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Reproduces Cloud Data
Dust clouds of the Galilean moons 177

Fig. 5. The number density of dust as a function of distance from the center of Europa, derived from the data (symbols with error bars) and predicted by the
model (Krivov et al., 2003, lines). Horizontal bars for the data symbols indicate distance bins which were used in processing the data (see text for details),
whereas vertical ones reflect

!
N errors due to a limited number of impacts. Since dust impacts are measured above a certain speed-dependent detection

threshold of the instrument, different flyby speeds imply different minimum mass of the detected grains and therefore should give different dust number
densities. This has been taken into account in the model. Two model curves are shown: for the slowest (E11) and the fastest flyby (E14).

tive approach to calculate noise-free dust impact rates. The
noise removal algorithm applied so far determines whether
each individual class 2 event is most likely a true dust im-
pact or a noise event. Instead, we calculate the average noise
rate measured with the dust instrument and subtract it from
the total counted rate to obtain the dust impact rate. We have
first calculated the total event rate of dust impacts plus noise
with the same technique as before, i.e., from the complete
data sets, without applying our noise-removal scheme. This
gives somewhat flatter power law slopes than those derived
for the noise-removed data set (between "1 and "2). We
have then calculated the fraction of noise events in the class 2
accumulator data with our noise identification scheme dur-
ing a one-day interval centered around each Europa flyby
and calculated the rate of noise events in the counter data by
multiplying the total counted rate with the fraction of noise
events. Typical noise rates are between 0.04 and 0.1 per
minute.We have then subtracted this noise rate from the total
event rate obtained from the entire data sets. The resulting ra-
dial density profiles have power law slopes between "2 and
"4. The theoretically expected value is about"2.5, or more
precisely it is steeper than "2.5 for r ! 5 Rsat (bound grains
dominate) and it becomes flatter, between "2.5 and "2 (es-
caping grains dominate), farther out (Krivov et al., 2003).
Thus, we conclude that the observed radial density profiles
which are somewhat flatter than the expected values may be
due to incomplete noise removal.
We do not investigate variations of the slopes between

individual encounters because of the large statistical uncer-
tainties and the potential unrecognised noise contamination

of the data. Spatial variations with respect to the flyby po-
sition relative to the satellite will be addressed in a future
investigation.
With the impact rate profiles derived for the individual

Europa encounters we can now calculate the spatial density
of dust in the environment of this satellite. We first divide
bin by bin the impact rate by the spin-averaged detector
area to obtain fluxes (m"2 s"1). Then we divide these fluxes
by the mean impact velocity (spacecraft velocity relative to
the moon) for a given flyby. This results in mean number
densities (m"3) in the various distance bins. Note that the
slope of the number density is the same as that of the im-
pact rate, because both the spin-averaged detector area and
the mean impact velocity are assumed to be constant (inde-
pendent of distance) for any individual flyby. The result is
shown in Fig. 5. The number densities show a clear increase
towards Europa and the average slope is "2.02 ± 0.63. It
is remarkable that the variation in the derived number den-
sities from encounter to encounter is relatively small. Since
the closest approaches of Galileo at Europa occurred at dif-
ferent longitudes and latitudes of Europa, it indicates that
the dust distribution around this moon does not show strong
spatial or temporal variations.
We have also checked alternatives for the origin of the

dust impacts detected in the close vicinity of the Galilean
satellites other than the impact-ejection mechanism (Krüger
et al., 2000). Gravitational capture of the grains by the satel-
lites can be dynamically ruled out. Electromagnetic interac-
tions seem to be too weak, in particular at Europa and Cal-
listo which do not have their own magnetic fields. Although
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Figure 1. Images based on the combined cubes used for this analysis. Each of the three panels corresponds to a subset of the pixels from the combined cubes 1, 2,
and 3 from left to right. These cubes were obtained at mean ranges of 131,700, 139,500, and 158,300 km, respectively. The red, green, and blue colors correspond to
2.37, 1.70, and 0.88 µm, respectively. The dark disk of Enceladus is silhouetted against the background E ring, while the images have been rotated by 90! for display
purposes to position the lit southern crescent and plume at the bottom of the images.

the field was determined by finding the brightest pixel at short
wavelengths in a slice of the image bisecting the moon and
the plume. The effective minimum altitude for each row i from
the edge of the frame was then computed using the following
formula (note we take the southernmost row to correspond to
i = 0):

Altitude = (jlimb " i) # Range # 0.25 # 10"3, (2)

where “Range” is the distance between the spacecraft and the
moon (131,700 km, 139,500 km, and 158,300 km for combined
cubes 1, 2, and 3, respectively) and jlimb is the pixel number of
the limb, which is taken to be 7 for combined cubes 2 and 3, and
8.5 for combined cube 1 (because rows 8 and 9 are comparably
bright in this cube). Note that a half-pixel uncertainty in the
pointing will correspond to a 15–20 km systematic uncertainty
in the altitudes.

Figure 2 shows some sample spectra of the plume at four
altitudes derived from combined cube 1 (all the plume spectra
derived from this analysis are presented in the Appendix). The
most obvious feature in all of the plume spectra is a dip near 3
µm. This corresponds to the strongest water ice absorption band
in the near-IR and demonstrates that the particles in the plume
are composed primarily of water ice. No narrow features have
been identified in these spectra that could be attributed to non-
water-ice contaminants in the plume at this time. Furthermore,
thermal emission from the plume particles—assuming they are
less than 500 K—would produce a steeply rising spectrum at
long wavelengths. No such rise can be seen in the data, so we will
assume here that the observed light is entirely due to scattering
of solar radiation by ice-rich particles.

Outside of the 3 µm band, the spectra are rather featureless,
but there are systematic variations in spectral slopes with wave-
length and altitude that can potentially constrain the distribution
and dynamics of the plume particles. In particular, compar-
ing the brightness measurements over a range of wavelengths
should constrain the particle size distribution at different alti-
tudes in the plume, and particle density variations with altitude
can be translated into estimates of the velocity distribution of
the particles launched from the surface. The remainder of this
paper describes the techniques we have used to derive informa-
tion about the velocity distribution of the particles in the plume
from the spectral data.

3. BACKGROUND: HOW THE VELOCITY
DISTRIBUTION DETERMINES PLUME SPECTRA

Before discussing the specific methods we have applied to
retrieve velocity information from spectral data, it is useful
to first describe how the velocity distribution function of the
particles at the surface determines the spectral properties of the
plume. This will both introduce the notation system used in this
paper and clarify several assumptions behind the analysis.

3.1. From Surface Velocity Distribution to Plume Density

Since VIMS does not resolve individual jets, these data can
only constrain the total rate of particles launched from the
surface

!
f (vo, s)dvods, where vo is the radial component of

the velocity at the moon’s surface and s is the size (radius) of
a particle. The function f specifies the distribution of particle
velocities as a function of particle size. The primary goal of this
analysis is to constrain f because this function can, in principle,
be compared with predictions from various physical models for
the origin and acceleration of the particles (e.g., Schmidt et al.
2008).

Given the low optical depth of the plume, it is reasonable
to assume that after the particles leave the surface they follow
purely ballistic trajectories. In this case, the density of the plume
versus height above the surface is determined entirely by f .
Furthermore, since the VIMS data discussed here only detect
the plume up to altitudes of 300 km above the moon’s surface (or
550 km from the moon’s center), which is well inside Enceladus’
Hill sphere radius of 1440 km, we can assume that the moon’s
gravity dominates the particle trajectories. Conservation of
energy then requires that the following quantity is a constant
along any particle’s trajectory:

v(r)2 " 2GME

r
, (3)

where r is the particle’s distance from the moon’s center, v(r)
is the radial component of the particle’s velocity, G is New-
ton’s constant, and ME is the mass of Enceladus (GME = 7.21
km3 s"2 from Jacobson et al. 2006 and Rappaport et al. 2007).
We can, therefore, relate the radial component of the particle’s
velocity at a given radius v(r) to the radial component of the par-
ticle’s velocity when it is launched from the moon’s surface vo:

1752 HEDMAN ET AL. Vol. 693

Figure 2. Sample spectra of the plume derived from four altitudes or rows in the combined cube 1. The data are shown as the points with error bars. To improve S/Ns,
these spectra have been rebinned by a factor of 4 in wavelength. All these spectra show a clear absorption band at 3 µm due to water ice. Outside this band, there are
variations in the overall slope of the spectra that are sensitive to the particle size distribution in the plume. The black curves are the best-fit model spectra derived using
the procedures discussed in the text, while the colored curves are scaled spectra for the same best-fit size distributions computed using Mie theory for spheres (red)
and for irregular shape models 3 (green) and 5 (blue) from Pollack & Cuzzi (1980). The shaded regions are not included in this fit.

v(r)2 = v2
o !

!
2GME

ro

! 2GME

r

"
= v2

o ! 2!"(r), (4)

where ro = 248 km is the radius of Enceladus (Thomas et al.
2007) and !"(r) is the difference in gravitational potential be-
tween ro and r.

Provided the plume is nearly in a steady state, then there
is a straightforward relationship between f and the density of
plume particles as a function of height. First, consider particles
launched from the surface with an initial speed greater than the
escape speed vesc =

"
2GME/ro # 240 m s!1. When the plume

is in a steady state, the flux of particles through a given surface
at a distance r from the moon’s center is independent of r. Thus,
for vo > vesc, we can define

descape(r, s)ds =
# $

vesc

f (vo, s)dvo

v(r)
ds =

# $

vesc

f (vo, s)dvo$
v2

o ! 2!"(r)
ds,

(5)

where descape(r, s) is the differential number density of escaping
particles of size s at a radius r. Note this is the differential
number density integrated over the surface of a spherical shell,
so d(r, s)ds has units of length!1 and d(r,s) has units of length!2.

Particles with vo < vesc, by contrast, will reach a maximum
altitude where v(r)2 = v2

o ! 2!"(r) = 0 and then fall back to
the surface. Thus, at a given r only particles launched with a
velocity vo greater than the critical velocity vcrit(r) =

"
2!"(r)

will contribute to this population, and the integrated density
distribution d at a given r of trapped particles will be

dtrapped(r, s)ds = 2
# vesc

vcrit(r)

f (vo, s)dvo$
v2

o ! 2!"(r)
ds; (6)

the factor of 2 in this expression arises because the particles pass
through the given radius twice as they rise and fall through the
plume.
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Figure 1. Images based on the combined cubes used for this analysis. Each of the three panels corresponds to a subset of the pixels from the combined cubes 1, 2,
and 3 from left to right. These cubes were obtained at mean ranges of 131,700, 139,500, and 158,300 km, respectively. The red, green, and blue colors correspond to
2.37, 1.70, and 0.88 µm, respectively. The dark disk of Enceladus is silhouetted against the background E ring, while the images have been rotated by 90! for display
purposes to position the lit southern crescent and plume at the bottom of the images.

the field was determined by finding the brightest pixel at short
wavelengths in a slice of the image bisecting the moon and
the plume. The effective minimum altitude for each row i from
the edge of the frame was then computed using the following
formula (note we take the southernmost row to correspond to
i = 0):

Altitude = (jlimb " i) # Range # 0.25 # 10"3, (2)

where “Range” is the distance between the spacecraft and the
moon (131,700 km, 139,500 km, and 158,300 km for combined
cubes 1, 2, and 3, respectively) and jlimb is the pixel number of
the limb, which is taken to be 7 for combined cubes 2 and 3, and
8.5 for combined cube 1 (because rows 8 and 9 are comparably
bright in this cube). Note that a half-pixel uncertainty in the
pointing will correspond to a 15–20 km systematic uncertainty
in the altitudes.

Figure 2 shows some sample spectra of the plume at four
altitudes derived from combined cube 1 (all the plume spectra
derived from this analysis are presented in the Appendix). The
most obvious feature in all of the plume spectra is a dip near 3
µm. This corresponds to the strongest water ice absorption band
in the near-IR and demonstrates that the particles in the plume
are composed primarily of water ice. No narrow features have
been identified in these spectra that could be attributed to non-
water-ice contaminants in the plume at this time. Furthermore,
thermal emission from the plume particles—assuming they are
less than 500 K—would produce a steeply rising spectrum at
long wavelengths. No such rise can be seen in the data, so we will
assume here that the observed light is entirely due to scattering
of solar radiation by ice-rich particles.

Outside of the 3 µm band, the spectra are rather featureless,
but there are systematic variations in spectral slopes with wave-
length and altitude that can potentially constrain the distribution
and dynamics of the plume particles. In particular, compar-
ing the brightness measurements over a range of wavelengths
should constrain the particle size distribution at different alti-
tudes in the plume, and particle density variations with altitude
can be translated into estimates of the velocity distribution of
the particles launched from the surface. The remainder of this
paper describes the techniques we have used to derive informa-
tion about the velocity distribution of the particles in the plume
from the spectral data.

3. BACKGROUND: HOW THE VELOCITY
DISTRIBUTION DETERMINES PLUME SPECTRA

Before discussing the specific methods we have applied to
retrieve velocity information from spectral data, it is useful
to first describe how the velocity distribution function of the
particles at the surface determines the spectral properties of the
plume. This will both introduce the notation system used in this
paper and clarify several assumptions behind the analysis.

3.1. From Surface Velocity Distribution to Plume Density

Since VIMS does not resolve individual jets, these data can
only constrain the total rate of particles launched from the
surface

!
f (vo, s)dvods, where vo is the radial component of

the velocity at the moon’s surface and s is the size (radius) of
a particle. The function f specifies the distribution of particle
velocities as a function of particle size. The primary goal of this
analysis is to constrain f because this function can, in principle,
be compared with predictions from various physical models for
the origin and acceleration of the particles (e.g., Schmidt et al.
2008).

Given the low optical depth of the plume, it is reasonable
to assume that after the particles leave the surface they follow
purely ballistic trajectories. In this case, the density of the plume
versus height above the surface is determined entirely by f .
Furthermore, since the VIMS data discussed here only detect
the plume up to altitudes of 300 km above the moon’s surface (or
550 km from the moon’s center), which is well inside Enceladus’
Hill sphere radius of 1440 km, we can assume that the moon’s
gravity dominates the particle trajectories. Conservation of
energy then requires that the following quantity is a constant
along any particle’s trajectory:

v(r)2 " 2GME

r
, (3)

where r is the particle’s distance from the moon’s center, v(r)
is the radial component of the particle’s velocity, G is New-
ton’s constant, and ME is the mass of Enceladus (GME = 7.21
km3 s"2 from Jacobson et al. 2006 and Rappaport et al. 2007).
We can, therefore, relate the radial component of the particle’s
velocity at a given radius v(r) to the radial component of the par-
ticle’s velocity when it is launched from the moon’s surface vo:

VIMS  Images of Enceladus
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Figure 5. Profiles of particle density vs. altitude for different sized particles in the plume. The black (diamond), red (triangle), and green (cross) curves are derived
from combined cubes 1, 2, and 3, respectively. The offsets between these curves are likely due to slight errors in the navigation and to errors in the pixel scale. In spite
of these issues, the 3 µm particles clearly have a steeper density gradient than the 1 µm particles. Note that d(r, s) is the total number of particles in a shell of radius r
per increment in size and radius.
(A color version of this figure is available in the online journal.)

height. Between 50 and 300 km above the surface of Enceladus,
the 1 µm particle density declines by only a factor of 2, while
the 2 µm particle density declines by about a factor of 4, and the
3 µm particle density declines by over a factor of 6. Again, the
consistent trends among the different observations indicate that
these data can yield useful information about the distribution
and dynamics of the plume. Specifically, these data indicate that
bigger particles are launched at lower velocities on average than
smaller particles.

5. DERIVING THE VELOCITY DISTRIBUTION FROM
DENSITY PROFILES

5.1. The Inversion Method: Onion Peeling

As discussed in Section 3.1, the density of particles at any
given altitude is an integral over particles traveling with a
range of speeds. However, since particles must be launched
faster than a certain speed at the surface to reach a certain
altitude, we can use an onion-peeling deconvolution algorithm
somewhat analogous to those used to derive radial profiles of
diffuse edge-on rings (see e.g., Showalter et al. 1987; de Pater
et al. 1999, 2004) to derive the velocity distribution from the

density profile. Starting from the top of the plume, we use the
density of the plume at a given altitude to determine how many
particles were launched fast enough to reach that altitude. The
contribution of these particles to the rest of the profile can then
be computed and removed before using the particle densities
at lower altitudes to determine the number of particles that
were launched at lower speeds. Because this method amounts
to taking the derivative of the density profile, small errors in
the density can be greatly magnified with this sort of iterative
procedure. In the current situation, however, this problem is
ameliorated because particles launched at a particular speed
produce a density profile with a strong peak where they turn
around and fall back to the surface. This means that particles
detected at high altitudes do not contribute as much to the density
at lower altitudes, which improves the stability to this inversion
procedure.

The specific algorithm used for this analysis begins with a
mean density measurement for plume particles of a given size
between radii r1 and r2 from the moon’s center (r2 > r1).
Let us assume that the contribution from all particles with
vo > v2 = vcrit(r2) =

!
2GME/ro " 2GME/r2 has already

been subtracted from the density measurement. Furthermore,
particles must be launched with vo > v1 = vcrit(r1) =

0
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Fig. 2. Energy constraint on the yield Y and parameters u0; ! of the ejecta speed distribution for three speeds of impactors and kinetic energy fractions
(vimp = 10 km s!1, Ke=Ki = 10%, left; vimp = 15 km s!1, Ke=Ki = 20%, middle; vimp = 20 km s!1, Ke=Ki = 30%, right).
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Fig. 3. Geometry of the dust ejection.

because part of Ki is spent for comminution and heating.
The ratios Ke=Ki determined in hypervelocity impact experi-
ments vary from a few percent to several tens of percent (see,
e.g., Asada, 1985; Hartmann, 1985, and references therein)
and are larger for higher impact velocities and for hard sur-
faces. Accordingly, we assign Ke=Ki =0:3 to Ganymede and
saturnian satellites from Enceladus to Rhea, 0.2 to Hyperion
and Iapetus, and 0.1 to Phoebe (Table 2).
Calculations described in Kr!uger et al. (2000) give then

a relation between Y; ! and u0:

Ke=Ki = Y
!

2! !

!

u0
vimp

"2
#

!

u0
umax

"!!2
! 1

$

(! "= 2)

(19)

or

Ke=Ki = 2Y
!

u0
vimp

"2

ln
umax
u0

(!= 2); (20)

where umax is the maximum ejecta velocity, which we take
to be 3 km s!1 in the numerical calculations.
Taking vimp from Table 1, and Y from Table 2, Eqs. (19)

and (20) can be solved for u0. Results for three typical
cases (vimp=20 km s!1, Ke=Ki =30% for Enceladus; vimp=
15 km s!1, Ke=Ki = 30%; vimp = 10 km s!1, Ke=Ki = 10%
for Phoebe) are plotted in Fig. 2. Full sets of parameters for
all satellites, including u0, are given in Table 2.
We now consider the angular distribution of the ejecta.

We assume that the grains are ejected uniformly within a
cone with an opening angle  0 # [0"; 90"] (Fig. 3). Thus,
the distribution of  (the angle between the initial velocity
vector and the normal to the satellite surface at the ejection
point) is

f ( ) =
sin  

1! cos  0
H ( 0 !  ): (21)

n(r, v, �) =
N+

8⇥2

1
r2

1
|ṙ|

1
v2sin�

f(u, ⇤)
����
⌅(u, ⇤)
⌅(v, �)

����

Krivov et al., 2003  Sremcevic et al., 2003, 2005

Include ejectas‘ angular distribution: 
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The Heaviside step function H [ 0 !  (ṽ; !)] is resolved in
a way similar to Eq. (40). Then, integrals over the !nal ve-
locities ṽ are transformed to integrals over the initial veloci-
ties ũ, using ṽ(ũ)=

!

ũ 2 ! 1 + 1=r̃ (Eq. (32)). The limit ũ 1
takes into account the lower limit of the initial velocities ũ 0,
and we assumed that ũ 0¡ 1. Eq. (44) can be obtained either
by inserting the phase space distribution function (37) into
Eq. (41), when integral over the angles ! is trivial because
of the presence of the Dirac delta function, or by taking the
limit  0 " 0 of Eq. (43). The result, Eq. (44), was already
found by Kr"uger et al. (2000), and presented in a form of
the integral over "= r̃!1(1! ũ 2)!1.
For large distances, in practice r̃ ¿ 2, the lower limit is

ũ 1 =
!

(r̃ ! 1)=r̃. Then, using the substitution " = r̃!1

(1! ũ 2)!1 the expression for the form factor for the normal
ejecta case can be written in a closed analytic form

K 0=0
bound(r̃) = F

"

1; 1 +
#
2
;
3
2
;
1
r̃

#

; (47)

whereF[a; b; c;d] is a hypergeometric function (Abramowitz
and Stegun, 1970), given by the following equivalent de!-
nitions:

F[a; b; c; z]

# F[b; a; c; z] # $[c]
$[a]$[b]

"
$

n=0

$[a+ n]$[b+ n]
$[c + n]

zn

n!

# $[c]
$[b]$[c ! b]

% 1

0
dt tb!1(1! t)c!b!1(1! tz)!a;(48)

where $["] = ("! 1)$["! 1] is the Gamma function. The
asymptotic limit r " $ for the form factors in two limiting
cases is

K 0=0
bound(r̃)

= 1 +
#+ 2
3

1
r̃
+
(#+ 2)(#+ 4)

15
1
r̃2
+ O[r̃!3]; (49)

K 0=%=2
bound (r̃) = 1 +

#+ 1
3

1
r̃
+

#2 + #+ 7
15

1
r̃2
+ O[r̃!3]: (50)

Expression (49) is a straightforward consequence of Eqs.
(47) and (48), while Eq. (50) can be obtained for instance
by considering Eq. (45) in two intervals and applying substi-
tutions "2=1=(1!ũ 2)! r̃ on ũ% [ũ 1; ũ 2] and "=(ũ !2!1)r̃
on ũ% [ũ 2; 1].
The form factor Kbound is depicted in Fig. 5. It is always

bigger than 1, but approximately after r̃ ¿ 10 it becomes
less than 1.1—the correction to a r̃!5=2 dependence of the
number density is less than 10%. Series expansions (49)
and (50) can be used when r̃ ¿ 2, approximately, but in the
inner region the radial dependence of the number density
deviates from r̃!5=2 markedly (Kbound¿ 1), and one must
use the explicit expressions for Kbound. The increase of the
opening angle  0 decreases Kbound and the number density.
The dependence of Kbound on  0 is smooth and monotonous,

Fig. 5. Dependence of the form factor Kbound on the scaled radius r̃ for
di#erent opening angles  0 (Eq. (43)). Series expansions are also plotted,
meaning that n = 1 is an expansion up to r̃!1. Inset: Dependence of
Kbound on the opening angle  0 for !xed radius r̃ = 10. The coe$cient #
was taken to be # = 2.

and  0=0 and %=2 represent two limiting cases. In the region
where series expansions (49) and (50) work (r̃ ¿ 2), the
opening angle dependence is quite small, but in the inner
region it can become much larger.

3.3.2. Hyperbolic orbits
Here we apply the same procedure as for elliptic orbits,

and therefore do not discuss it in detail. Conditions upon the
velocity coordinates (ṽ; !) are now

ṽ¿ ṽC(r̃) = r̃!1=2; !¡ !C = arcsin
"

1
r̃ṽ

!

ṽ2 + 1! 1=r̃
#

;

(51)

but this time without the symmetric case, since particles
are not bouncing back to the moon from the in!nity. The
number density is expressed as

nunbound(r̃) =
% "

ṽC

% !C

0
n(r̃; ṽ; !)2%v3esc ṽ

2 dṽ sin ! d!: (52)

The result of the double integration is

nunbound(r̃) =
N+

4%r2Mvesc
#ũ#
0r̃

!2c0(#)Kunbound(r̃); (53)

where Kunbound(r̃) is again a form factor, weakly depending
on distance and tending to unity for large r̃, and

c0(#) =
&
%$[(#+ 1)=2]

#$[#=2]
(54)

is a monotonically decaying function of # : c0(1)=1; c0(2)=
%=4; c0(3) = 2=3, etc. The explicit expression for K , written
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as an integral over the initial velocities ũ, is

K 0
unbound(r̃) =

r̃
(1! cos  0)c0(!)

"
! !

1
dũũ "!"2ln

ṽ(ũ) + ũ=r̃
"

ṽ2(ũ)! ũ 2 sin2  0=r̃2 + ũ cos  0=r̃
(55)

and for two limiting cases

K 0=0
unbound(r̃) =

1
c0(!)

! !

1
dũũ "!"1 1

ṽ(ũ)
; (56)

K 0="=2
unbound(r̃) =

r̃
2c0(!)

! !

1
dũũ "!"2 ln

ṽ(ũ) + ũ=r̃
ṽ(ũ)! ũ=r̃

: (57)

Again, integration over the angles is carried out using Eq.
(46), and integrals over the !nal velocities ṽ are transformed
to integrals over the initial velocities ũ. Eq. (56) is a  0 # 0
limit of Eq. (55), or a result of the direct integration of the
phase space distribution function (37), and it was already
found by Kr"uger et al. (2000). Further, making the substi-
tution #= ũ "2 and applying linear transformation formulae
for the hypergeometric function F (Abramowitz and Stegun,
1970), the result is

K 0=0
unbound(r̃) =

#

1! 1
r̃

$"(1+!)=2

! 1$
r̃c0(!)

F
%

1; 1 +
!
2
;
3
2
;
1
r̃

&

: (58)

Series expansions valid for large distances r̃ are

K 0=0
unbound(r̃) = 1!

1
c0(!)

r̃"1=2 +
!+ 1
2

r̃"1 ! !+ 2
3c0(!)

r̃"3=2

+
(!+ 1)(!+ 3)

8
r̃"2 + O[r̃"5=2]; (59)

K 0="=2
unbound(r̃) = 1!

1
c0(!)

r̃"1=2 +
!+ 1
2

r̃"1 ! !+ 1
3c0(!)

r̃"3=2

+
9 + 4!+ 3!2

24
r̃"2 + O[r̃"5=2]: (60)

Eq. (59) can be obtained from Eq. (58), and Eq. (57) after
the substitution # = ũ "2 leads to Eq. (60). The resulting
expansions show quite di#erent behavior from the case of
elliptic orbits. First we notice that the di#erence between
the two limiting cases for the opening angle  0 is small—
the !rst three terms in the expansions are the same. On the
other hand, Kunbound is not as close to unity as Kbound, since
the leading term in the expansions is ˙ r̃"1=2.
The form factor Kunbound is plotted in Fig. 6. As we

expected from series expansions, the dependence on the
opening angle  0 is weak, and Kunbound increases monoton-
ically with  0. The factor deviates from unity by less than
10% for r̃ ¿ 100, as one can expect from Eqs. (59) and
(60), and the series remain in force for r̃ ¿ 5. In the inner
region the dependence on  0 becomes perceptible, giving
Kunbound¡ 1 for small  0 and Kunbound¿ 1 for  0 near "=2.

Fig. 6. The form factor Kunbound. Notation is the same as in Fig. 5. The
!rst three terms in the series expansions are the same (n=1=2 means an
expansion up to r̃!1=2). The form factor Kunbound for  0 = "=2 close to
the moon exceeds unity and is diverging as r̃ ! 1, as series expansions
are not valid in the region close to the surface.

3.4. Summary

In the second part of the model, we found a closed
analytic expression (Eq. (35)) for a phase space (space–
velocity) distribution function, which contains full infor-
mation about the dust cloud around a spherically symmetric
parent body. This result is valid for any mechanism of
dust production. The only assumptions are uniform dust
production from the surface and Keplerian dynamics of the
ejected particles. Number densities, velocity distributions,
dust $uxes and other quantities of interest can be calculated
as integrals of this distribution function.
In particular, we derived the number density of dust

at a given distance r from a satellite: n(r) = nbound(r) +
nunbound(r), where contributions of grains in elliptic and hy-
perbolic orbits are given by Eqs. (42) and (53), respectively.
These expressions contain, as a factor, the dust production
rate from the satellite surface N+, which can be computed
with the aid of Eqs. (10) and (11). They also contain form
factors, Kbound in the !rst case and c0Kunbound in the second,
which weakly depend on r, speed distribution slope !, as
well as the angular distribution of ejecta velocities at the
surface. For the sake of estimates one can safely replace
the form factors with unity. If more accurate calculations
are reqiured, the form factors can be calculated either with
closed-form expressions in special functions (Eqs. (47),
(54) and (58)) or with series expansions (Eqs. (49), (50),
(59) and (60).
Some properties of the radial distribution of the number

density were discussed earlier in Kr"uger et al. (2000). One
of them is that, at a given scaled distance r̃, the density is
lower for larger satellites: Eqs. (42) and (53) give the scaling
n ˙ r"!"1

M . Another !nding is that the number density in
a cloud scales with the distance approximately as r"2:5 for
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The Heaviside step function H [ 0 !  (ṽ; !)] is resolved in
a way similar to Eq. (40). Then, integrals over the !nal ve-
locities ṽ are transformed to integrals over the initial veloci-
ties ũ, using ṽ(ũ)=

!

ũ 2 ! 1 + 1=r̃ (Eq. (32)). The limit ũ 1
takes into account the lower limit of the initial velocities ũ 0,
and we assumed that ũ 0¡ 1. Eq. (44) can be obtained either
by inserting the phase space distribution function (37) into
Eq. (41), when integral over the angles ! is trivial because
of the presence of the Dirac delta function, or by taking the
limit  0 " 0 of Eq. (43). The result, Eq. (44), was already
found by Kr"uger et al. (2000), and presented in a form of
the integral over "= r̃!1(1! ũ 2)!1.
For large distances, in practice r̃ ¿ 2, the lower limit is

ũ 1 =
!

(r̃ ! 1)=r̃. Then, using the substitution " = r̃!1

(1! ũ 2)!1 the expression for the form factor for the normal
ejecta case can be written in a closed analytic form

K 0=0
bound(r̃) = F

"

1; 1 +
#
2
;
3
2
;
1
r̃

#

; (47)

whereF[a; b; c;d] is a hypergeometric function (Abramowitz
and Stegun, 1970), given by the following equivalent de!-
nitions:

F[a; b; c; z]

# F[b; a; c; z] # $[c]
$[a]$[b]

"
$

n=0

$[a+ n]$[b+ n]
$[c + n]

zn

n!

# $[c]
$[b]$[c ! b]

% 1

0
dt tb!1(1! t)c!b!1(1! tz)!a;(48)

where $["] = ("! 1)$["! 1] is the Gamma function. The
asymptotic limit r " $ for the form factors in two limiting
cases is

K 0=0
bound(r̃)

= 1 +
#+ 2
3

1
r̃
+
(#+ 2)(#+ 4)

15
1
r̃2
+ O[r̃!3]; (49)

K 0=%=2
bound (r̃) = 1 +

#+ 1
3

1
r̃
+

#2 + #+ 7
15

1
r̃2
+ O[r̃!3]: (50)

Expression (49) is a straightforward consequence of Eqs.
(47) and (48), while Eq. (50) can be obtained for instance
by considering Eq. (45) in two intervals and applying substi-
tutions "2=1=(1!ũ 2)! r̃ on ũ% [ũ 1; ũ 2] and "=(ũ !2!1)r̃
on ũ% [ũ 2; 1].
The form factor Kbound is depicted in Fig. 5. It is always

bigger than 1, but approximately after r̃ ¿ 10 it becomes
less than 1.1—the correction to a r̃!5=2 dependence of the
number density is less than 10%. Series expansions (49)
and (50) can be used when r̃ ¿ 2, approximately, but in the
inner region the radial dependence of the number density
deviates from r̃!5=2 markedly (Kbound¿ 1), and one must
use the explicit expressions for Kbound. The increase of the
opening angle  0 decreases Kbound and the number density.
The dependence of Kbound on  0 is smooth and monotonous,

Fig. 5. Dependence of the form factor Kbound on the scaled radius r̃ for
di#erent opening angles  0 (Eq. (43)). Series expansions are also plotted,
meaning that n = 1 is an expansion up to r̃!1. Inset: Dependence of
Kbound on the opening angle  0 for !xed radius r̃ = 10. The coe$cient #
was taken to be # = 2.

and  0=0 and %=2 represent two limiting cases. In the region
where series expansions (49) and (50) work (r̃ ¿ 2), the
opening angle dependence is quite small, but in the inner
region it can become much larger.

3.3.2. Hyperbolic orbits
Here we apply the same procedure as for elliptic orbits,

and therefore do not discuss it in detail. Conditions upon the
velocity coordinates (ṽ; !) are now

ṽ¿ ṽC(r̃) = r̃!1=2; !¡ !C = arcsin
"

1
r̃ṽ

!

ṽ2 + 1! 1=r̃
#

;

(51)

but this time without the symmetric case, since particles
are not bouncing back to the moon from the in!nity. The
number density is expressed as

nunbound(r̃) =
% "

ṽC

% !C

0
n(r̃; ṽ; !)2%v3esc ṽ

2 dṽ sin ! d!: (52)

The result of the double integration is

nunbound(r̃) =
N+

4%r2Mvesc
#ũ#
0r̃

!2c0(#)Kunbound(r̃); (53)

where Kunbound(r̃) is again a form factor, weakly depending
on distance and tending to unity for large r̃, and

c0(#) =
&
%$[(#+ 1)=2]

#$[#=2]
(54)

is a monotonically decaying function of # : c0(1)=1; c0(2)=
%=4; c0(3) = 2=3, etc. The explicit expression for K , written
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as an integral over the initial velocities ũ, is

K 0
unbound(r̃) =

r̃
(1! cos  0)c0(!)

"
! !

1
dũũ "!"2ln

ṽ(ũ) + ũ=r̃
"

ṽ2(ũ)! ũ 2 sin2  0=r̃2 + ũ cos  0=r̃
(55)

and for two limiting cases

K 0=0
unbound(r̃) =

1
c0(!)

! !

1
dũũ "!"1 1

ṽ(ũ)
; (56)

K 0="=2
unbound(r̃) =

r̃
2c0(!)

! !

1
dũũ "!"2 ln

ṽ(ũ) + ũ=r̃
ṽ(ũ)! ũ=r̃

: (57)

Again, integration over the angles is carried out using Eq.
(46), and integrals over the !nal velocities ṽ are transformed
to integrals over the initial velocities ũ. Eq. (56) is a  0 # 0
limit of Eq. (55), or a result of the direct integration of the
phase space distribution function (37), and it was already
found by Kr"uger et al. (2000). Further, making the substi-
tution #= ũ "2 and applying linear transformation formulae
for the hypergeometric function F (Abramowitz and Stegun,
1970), the result is

K 0=0
unbound(r̃) =

#

1! 1
r̃

$"(1+!)=2

! 1$
r̃c0(!)

F
%

1; 1 +
!
2
;
3
2
;
1
r̃

&

: (58)

Series expansions valid for large distances r̃ are

K 0=0
unbound(r̃) = 1!

1
c0(!)

r̃"1=2 +
!+ 1
2

r̃"1 ! !+ 2
3c0(!)

r̃"3=2

+
(!+ 1)(!+ 3)

8
r̃"2 + O[r̃"5=2]; (59)

K 0="=2
unbound(r̃) = 1!

1
c0(!)

r̃"1=2 +
!+ 1
2

r̃"1 ! !+ 1
3c0(!)

r̃"3=2

+
9 + 4!+ 3!2

24
r̃"2 + O[r̃"5=2]: (60)

Eq. (59) can be obtained from Eq. (58), and Eq. (57) after
the substitution # = ũ "2 leads to Eq. (60). The resulting
expansions show quite di#erent behavior from the case of
elliptic orbits. First we notice that the di#erence between
the two limiting cases for the opening angle  0 is small—
the !rst three terms in the expansions are the same. On the
other hand, Kunbound is not as close to unity as Kbound, since
the leading term in the expansions is ˙ r̃"1=2.
The form factor Kunbound is plotted in Fig. 6. As we

expected from series expansions, the dependence on the
opening angle  0 is weak, and Kunbound increases monoton-
ically with  0. The factor deviates from unity by less than
10% for r̃ ¿ 100, as one can expect from Eqs. (59) and
(60), and the series remain in force for r̃ ¿ 5. In the inner
region the dependence on  0 becomes perceptible, giving
Kunbound¡ 1 for small  0 and Kunbound¿ 1 for  0 near "=2.

Fig. 6. The form factor Kunbound. Notation is the same as in Fig. 5. The
!rst three terms in the series expansions are the same (n=1=2 means an
expansion up to r̃!1=2). The form factor Kunbound for  0 = "=2 close to
the moon exceeds unity and is diverging as r̃ ! 1, as series expansions
are not valid in the region close to the surface.

3.4. Summary

In the second part of the model, we found a closed
analytic expression (Eq. (35)) for a phase space (space–
velocity) distribution function, which contains full infor-
mation about the dust cloud around a spherically symmetric
parent body. This result is valid for any mechanism of
dust production. The only assumptions are uniform dust
production from the surface and Keplerian dynamics of the
ejected particles. Number densities, velocity distributions,
dust $uxes and other quantities of interest can be calculated
as integrals of this distribution function.
In particular, we derived the number density of dust

at a given distance r from a satellite: n(r) = nbound(r) +
nunbound(r), where contributions of grains in elliptic and hy-
perbolic orbits are given by Eqs. (42) and (53), respectively.
These expressions contain, as a factor, the dust production
rate from the satellite surface N+, which can be computed
with the aid of Eqs. (10) and (11). They also contain form
factors, Kbound in the !rst case and c0Kunbound in the second,
which weakly depend on r, speed distribution slope !, as
well as the angular distribution of ejecta velocities at the
surface. For the sake of estimates one can safely replace
the form factors with unity. If more accurate calculations
are reqiured, the form factors can be calculated either with
closed-form expressions in special functions (Eqs. (47),
(54) and (58)) or with series expansions (Eqs. (49), (50),
(59) and (60).
Some properties of the radial distribution of the number

density were discussed earlier in Kr"uger et al. (2000). One
of them is that, at a given scaled distance r̃, the density is
lower for larger satellites: Eqs. (42) and (53) give the scaling
n ˙ r"!"1

M . Another !nding is that the number density in
a cloud scales with the distance approximately as r"2:5 for
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Angular Distribution can be Deduced from Density Profile
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How About the
Impactor Flux?
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1985: Interplanetary Dust @ 1 AU

• Cumulative mass flux on plate 
spinning orthogonally to 
ecliptic plane

• based on spacecraft data and 
lunar crater size distribution

Grün et al., Icarus,1985 Taylor, Adv. Space Res.,1995

• derived from radio meteors data

• mean speed: ~ 17 km/s
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Mass Distribution @ 1 AU

• Spatial mass density:

• Grün flux and Taylor 
speed distribution

• the largest fraction of 
the IDP mass is in 
particles of mass 
10-11kg to 10-4kg
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Isotropic Impactor Flux - 
Really?

Sremcevic et al., (2003, 2005)
Tuesday, June 26, 12



Induced Dust Cloud Anisotropy
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Induced Dust Cloud Anisotropy
• Anisotropic impactor flux causes 

anisotropic ejecta clouds:
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Induced Dust Cloud Anisotropy
• Anisotropic impactor flux causes 

anisotropic ejecta clouds:

• Anisotropy provides information 
about the directionality of the 
impactor flux
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Induced Dust Cloud Anisotropy
• Anisotropic impactor flux causes 

anisotropic ejecta clouds:

• Anisotropy provides information 
about the directionality of the 
impactor flux

• Example: Ejecta cloud of the Jovian 
moon Europa:
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Induced Dust Cloud Anisotropy
• Anisotropic impactor flux causes 

anisotropic ejecta clouds:

• Anisotropy provides information 
about the directionality of the 
impactor flux

• Example: Ejecta cloud of the Jovian 
moon Europa:

• generated by IDPs with an 
isotropic speed distribution and  
by  IDPs in retrograde orbits

Sremcevic et al., PSS 53, 2006
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Cloud Anisotropy

Sremcevic et al., PSS 53, 2006
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Cloud Anisotropy

• Moon „magnifies“ weak 
impactor streams

Sremcevic et al., PSS 53, 2006
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Cloud Anisotropy

• Moon „magnifies“ weak 
impactor streams

• Acts as an large area dust 
detector

Sremcevic et al., PSS 53, 2006
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Cloud Anisotropy

• Moon „magnifies“ weak 
impactor streams

• Acts as an large area dust 
detector

• Galactic dust streams should 
appear in LDEX data

Sremcevic et al., PSS 53, 2006
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Ejecta Production Map
(Erosion Map)

!

0.1 1 10 100

Distance from most probable ejection point (km) 

Ejecta detected by LDEX at 100 km altitude

Postberg et al., Plan. Space Sci., subm.
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Ejecta Production Map
(Erosion Map)

!

0.1 1 10 100

Distance from most probable ejection point (km) 

Ejecta detected by LDEX (with trajectory sensor) at 
100 km altitude

Postberg et al., Plan. Space Sci., subm.
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Weakness:
Ejecta Production

M+ = FimpY Ssat

Y =2.85 · 10�8 · 0.0149Gsil

✓
1�Gsil

927
+

Gsil

2 800

◆�1

m0.23
impv2.46

imp

Ejecta mass production:

Ejecta Yield:

Koschny & Grün, 2001
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Ejecta Production

Production Rate of Ejecta > s:

Ke/Ki = Y

✓
vmin

e

vimp

◆2

8
><

>:

��1
3��

⇣
vmin

e

vmax

e

⌘��3
� 1

�
� < 3,

2 ln
⇣

vmin

e

vmax

e

⌘
� = 3

Energy Transfer:
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Lunar Dust Cloud

• Grains > 0.5µm

• 0.1m2 detector

• 100 km orbit:

• 100 000 / 3 month
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CCLDAS Accelerator 
at CU Boulder

3 MV Pelletron 
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