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Abstract

Observations of Saturn’s distant moon Phoebe were made at far-ultraviolet (FUV) (1100-1900 A) and extreme-ultraviolet (EUV) (600-1100 A)
wavelengths by the Cassini Ultraviolet Imaging Spectrograph (UVIS) during the Cassini spacecraft flyby on June 11, 2004. These are the first UV
spectra of Phoebe and the first detection of water ice on a Solar System surface using FUV wavelengths. The characteristics of water ice in the
FUV are presented, and Hapke models are used to interpret the spectra in terms of composition and grain size; the use of both areal and intimate
mixing models is explored. Non-ice species used in these models include carbon, ice tholin, Triton tholin, poly-HCN and kerogen. Satisfactory
disk-integrated fits are obtained for intimate mixtures of ~10% H,O plus a non-ice species. Spatially resolved regions of higher (~20%) and
lower (~5%) H,O ice concentrations are also detected. Phoebe does not display any evidence of volatile activity. Upper limits on atomic oxygen
and carbon are 5 x 10!! and 2 x 10'2 atoms /cmz, respectively, for solar photon scattering. The UVIS detection of water ice on Phoebe, and the
ice amounts detected, are consistent with IR measurements and contribute to the evidence for a Phoebe origin in the outer Solar System rather

than in the main asteroid belt.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Phoebe has intrigued planetary scientists for decades, be-
cause its great distance from Saturn (215 Rs) and highly in-
clined orbit (i = 173°) suggest that Phoebe is likely a captured
object (Pollack et al., 1979; Cuk and Burns, 2004). Scientific
curiosity has centered around the question of Phoebe’s origin:
is it an errant asteroid or was it formed deep in the outer So-
lar System? If captured from the outer Solar System, could
Phoebe be a Chiron-like object, displaying bursts of volatile
activity? Prior to the Cassini flyby, Voyager and ground-based
observations had revealed that Phoebe is primarily composed
of dark carbonaceous material, leading to comparisons with C-
type asteroids (Degewij et al., 1980; Tholen and Zellner, 1983;
Jarvis et al., 1997). With the detection of water ice on the sur-
face (Owen et al., 1999), the main asteroid belt was largely
ruled out as a source for Phoebe. Several lines of evidence point
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to an origin for Phoebe in the distant outer Solar System. Phoe-
be’s VNIR spectrum suggests a primitive composition and a
possible relationship with outer Solar System objects such as
Chiron, Pholus, and Kuiper Belt bodies (Simonelli et al., 1999;
Clark et al., 2005). Johnson and Lunine (2005) showed that
density measurements of Phoebe from Cassini are consistent
with a composition similar to that measured in Kuiper Belt ob-
jects.

This is the first icy object whose surface has been studied
at extreme-ultraviolet (EUV) to far-ultraviolet (FUV) wave-
lengths (600-1900 A). Previous EUV-FUV studies of Solar
System objects have focused on atmospheric emissions (e.g.,
Europa, Ganymede, comets), rather than on the surfaces of
the objects themselves. In this report, we discuss ultraviolet
measurements of Phoebe from the Cassini Ultraviolet Imaging
Spectrograph (UVIS). We also discuss the characteristics of wa-
ter ice at FUV wavelengths, which are critical for understanding
the Phoebe data and have not been widely presented in the lit-
erature. Phoebe’s FUV spectrum is dominated by a distinctive
water ice absorption feature. In these observations, we explore
variations in brightness across the surface and investigate their
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significance. We describe spectral models used to interpret the
reflectance spectra.

2. Observations

The Cassini UVIS (Esposito et al., 2004) uses two-dimen-
sional CODACON detectors to provide simultaneous spectral
and one-dimensional spatial images. Two spectrographic chan-
nels provide images and spectra in the EUV (563-1182 A) and
FUV (1115-1912 A) ranges. The detector format is 1024 spec-
tral pixels by 64 spatial pixels. Each spectral pixel is 0.25 mrad
and each spatial pixel is 1 mrad projected on the sky. The UVIS
has three selectable slits. The high-resolution slit is 0.75 mrad
wide for the FUV channel (1.0 mrad for the EUV channel),
the low-resolution slit is 1.5 mrad wide for the FUV channel
(2.0 mrad wide for the EUV channel) and the occultation slit is
8.0 mrad wide for both the FUV and EUV channels. The high-
and low-resolution slits have spectral widths of 2.75 and 4.8 A,
respectively, in both the FUV and EUV channels, while the oc-
cultation slit has spectral widths of 24.9 and 19.4 A in the FUV
and EUV slits, respectively. The EUV boresight is offset from
the FUV by 1.2 mrad in the spatial dimension and by 1 mrad in
the spectral dimension. The FUV low-resolution slit illuminates
6 spectral pixels, and the EUV low resolution slit has 5. Two-
dimensional spatial maps are built up by using motion of the
spacecraft to scan the UVIS slit across the body. The UVIS in-
strument also includes the hydrogen—deuterium absorption cell
(HDAC); Phoebe measurements made with the HDAC are not
discussed here.

The pre-flight calibration of the Cassini UVIS instrument
is described by Esposito et al. (2004). Observations of stars
in-flight have allowed for updates to the calibration (tempo-
ral changes have affected in particular the sensitivity of the
instrument at the longest wavelengths of the FUV channel).
The results presented here employ a calibration update based
on Spica observations from 2004 and 2005. The EUV spec-
tra at wavelengths shorter than ~900 A are often affected by
the “mesa,” a feature due to scattered light entering through the
solar occultation port, which causes the signal to appear anom-
alously bright.

On June 11, 2004, as Cassini neared Saturn for orbit inser-
tion, the spacecraft flew by Phoebe. The solar phase angle at
the start of the observation sequence, on the inbound leg, was
~25° and on the outbound portion of the flyby was ~150°.
Distant observations were collected at a range of ~380,000 km
inbound and outbound, and mosaics were executed during the
closer portions of the flyby. The closest observation was per-
formed at a range of ~4000 km, at a solar phase angle of ~42°.
In addition, one full Phoebe rotation was monitored at 687,000
to 950,000 km. UVIS observed Phoebe in the EUV, FUV and
HDAC channels of the instrument. In this report, we present im-
ages, spectra and compositional models to investigate surface
composition and search for gaseous emissions. We focus on
the FUV measurements near closest approach and also present
EUV closest-approach data.

3. Results
3.1. Images

Far-ultraviolet images of Phoebe obtained during the in-
bound and outbound portions of the flyby are shown in Figs. 1
and 2. Images are created by summing signal in three color
bands: long-wavelengths (1800-1900 A), mid-wavelengths
(1600-1800 A) and Lyman-alpha (1216 A). Phoebe is dark at
short FUV wavelengths (<1600 A), and is darker even than the
Ly-a emission of the local interstellar medium, so the body ap-
pears silhouetted against the sky background at 1216 A. This
enables us to detect the entire disk of Phoebe, though it is only
partially illuminated by the Sun. In all of the UVIS observations
of Phoebe, there is a high degree of heterogeneity in surface re-
flectance, with brightness variations up to more than a factor
of 2 across the surface. These brightness variations are attribut-
able to compositional variations (e.g., patchy ice distributions)
across the surface, along with the rugged nature of Phoebe’s
surface, where steep slopes exposed to the Sun appear brighter
in these images.

The highest resolution images of Phoebe, made just prior to
closest approach, are shown in Fig. 3. The FUV brightness of
the surface increases closer to the sub-solar region (off to the
right, out of the image), but beyond changes due to solar illu-
mination, brightness variations across the surface are obvious.
In particular, a bright region is apparent (especially at long-
wavelengths) toward the lower right portion of the image. The
UV-bright region corresponds to an area at ~319° W, 24° S
that also appears bright in visible images (Porco et al., 2005)
and could be a region of higher ice concentration (Clark et al.,
2005). A darker region at the same longitude but north of the
bright region (at ~4° S latitude) corresponds to an area that is
likely in shadow due to topographic variations. Further bright-
ness variations are seen toward the left side of these images
(Fig. 3c): low latitudes are darker than high southern latitudes;
these regions are circled in the ISS image of Fig. 3. The brighter
high southern latitude region corresponds with the rim of the
large crater in the south polar area of Phoebe. Reflectance spec-
tra and compositional modeling of these regions are discussed
in the following section.

3.2. FUV and EUV raw spectra

An average raw spectrum, taken from all pixels on the il-
luminated side of Phoebe during a mosaic just prior to closest
approach (average phase angle = 42°) is shown in Fig. 4a. The
spectrum (average of more than 1200 spectra) is dominated
by an increase in brightness with wavelength at wavelengths
longer than ~1650 A. This is largely due to the increase in
solar irradiance at these longer wavelengths; the presence of
water ice on the surface of Phoebe also contributes to this spec-
tral shape. Shortward of ~1500 A, the spectrum of Phoebe
is very dark. Also plotted in Fig. 4a is a background spec-
trum, which was measured on the night side of Phoebe (av-
erage of ~90 spectra). (We use a nightside spectrum as back-
ground rather than a dark sky spectrum so that we can obtain
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Fig. 1. FUV images of Phoebe during the inbound portion of the flyby
(range ~31,000 km). (Top) Three-color image. Red = Ly-« (1216 A), blue =
1600-1800 A, green = 1800-1900 A. Brightness variations are due to topogra-
phy, solar incidence angle, and possibly due to compositional variations. (Mid-
dle) Long-wavelength FUV image (1700-1900 A) showing solar illumination
across surface. The Sun is illuminating Phoebe from the right. The large crater
(Jason) is apparent toward the top of the image. (Bottom) ISS image taken at
close to the same time as the UVIS image.

a reflectance value at Ly-o. Because the dark-sky Ly-o sig-
nal is higher than the reflectance from the surface of Phoebe,
we cannot subtract off the background and obtain a reason-
able Ly-o albedo. The nightside signal includes RTG noise as
well as reflected Saturn system Ly-«. The contribution from
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Fig. 2. Three-color and long-wavelength images (color scheme as in Fig. 1) of
Phoebe made on the outbound portion of the flyby (range ~22,000 km). The
walls of the large crater Jason are sunlit and relatively very bright at long FUV
wavelengths. An ISS image taken at close to the same time is also shown for
comparison.

interplanetary Ly-«, to both the day and night sides, is negligi-
ble compared to solar Ly-«. Thus the only difference between
the day and night signals is the reflected solar spectrum.) The
background spectrum is displayed to show that Phoebe’s re-
flected solar spectrum, even at the shorter wavelengths where
the signal is low, is above the background level. Overplotted
on the Phoebe spectrum (background subtracted) in Fig. 4b
is the solar spectrum (a model simulation of the predicted in-
strument signal, scaled to match the Phoebe spectrum at the
reflected solar C II line at 1335 A); clearly the spectral fea-
tures in Phoebe’s FUV spectrum are reflected solar features
and not the result of emission due to electronic excitation of
gases.

The average EUV spectrum of Phoebe, obtained by averag-
ing all pixels during the mosaic just prior to closest approach
(~1200 spectra averaged, at an average solar phase angle of
42°), is shown in Fig. 5. The reflected EUV spectrum is com-
pared with the night side spectrum, both of which are simi-
larly contaminated by the “mesa” (Fig. 5a); clearly the primary
spectral features that are present above the background level
in Phoebe’s EUV spectrum (and also not contaminated by the
“mesa”) are the reflected solar O 1975 A and H I 1025 A fea-
tures. The calibrated EUV signal (background subtracted) is
compared with a scaled solar spectrum in Fig. 5b. We calcu-
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Fig. 3. Three-color and long-wavelength (color scheme of Fig. 1) highest-
resolution images of Phoebe (range ~3000 km). The sub-solar point is to the
right of these images. The approximate location of the UVIS slits during the
scan are shown superimposed on an ISS image. The spectra of the regions cir-
cled on the ISS image are discussed in the text.

late a reflectance of ~0.005 at 975 and 1025 A, by dividing the
sum of the signal under the reflected features by the sum of the
signal under the solar flux features.
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Fig. 4. Phoebe average FUV spectrum (a¢ = 42°). (a) Average raw spec-
trum (counts/s) from the dayside (average of 1224 spectra) and nightside
background spectrum (in blue), with sample 1-o statistical error bars shown.
(b) Average calibrated spectrum (kR /A), nightside background subtracted, with
scaled solar spectrum overplotted (in red). The solar spectrum has been scaled
by fitting to the reflected 1335 A C II feature in the Phoebe spectrum.

3.3. Upper limits on gaseous species

To determine upper bounds on gaseous species at Phoebe,
we use a much longer (though more distant) pair of observa-
tions on the inbound and outbound portions of the flyby. This
data set was acquired when Phoebe was ~1 spatial pixel in
size. The set of long integrations was flatfielded, smoothed,
and summed to boost the potential signal level. Data in a
nearby row (row 27, well away from Phoebe in row 32) were
processed identically to determine the background. The to-
tal integration time on Phoebe, inbound and outbound, was
10.3 h (37,020 s). The integrated spectrum shows no evi-
dence of oxygen, carbon monoxide or nitrogen emissions that
would be anticipated if volatile activity were present (Fig. 6).
Oxygen emissions at 1304 A are excited by electrons and
resonant scattering of solar photons. To calculate a 2-0 up-
per limit on atomic oxygen column density, we require a de-
tection threshold of 10 counts above background. Given the
UVIS sensitivity at 1304 A and the 37,020 s integration time,
the corresponding detectable intensity (I) is 0.084 Rayleighs
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Fig. 5. (a) Average raw Phoebe EUV spectrum (counts/s) shown plotted against
the average signal from the nightside of Phoebe (in blue), as a background spec-
trum, with sample 1-o statistical error bars shown. (b) Average calibrated EUV
Phoebe spectrum (kR/A), background subtracted, with solar spectrum over-
plotted (in red). The dayside spectrum is greater than the nightside spectrum
only for the reflected solar lines at 1025 and 975 A. These reflected lines are
used to derive an approximate albedo of 0.0055 at 975 and 1025 A.
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Fig. 6. Inbound averaged long-integration (>18,000 s) spectrum of Phoebe
(~1 mrad in size). No emission features are apparent. Phoebe is so small in
this sequence that a reflected solar spectrum is barely detected, at the longest
wavelengths. Pointed out are wavelengths where potential emission features
might be expected but are not seen (OI 1304 A, CI 1561 A, CI 1657 A).

(where 1 Ray = 1 x 10%/47 photons/cm? s sr). The probability
of emission is based on the electron density and solar pho-
ton flux at Phoebe. The more stringent upper bound is derived
by estimating the resonant scattering of solar photons, calcu-
lated from the photon flux at Saturn. The g-factor for solar
photon scattering at Saturn is 1.8 x 1077 s, for a solar flux
at 1304 A of 1.165 x 10'° ph/cm?s, which gives an upper
bound of 5.0 x 10'! atoms/cm?. For resonance scattering of
the solar CI 1657 A and CI 1561 A multiplets, the g-factors
are 4.1 x 1077 s and 1.08 x 1077 s, respectively, giving an up-
per limit on C abundance of (at most) 2 x 10'2 atoms /cm2. In
comparison, the O, column densities at Europa and Ganymede
are ~3 x 1014 cm=2 (Hall et al., 1998); the C and O abun-
dances at Callisto were estimated to have maximum values
of 1 x 1013 and 2.5 x 10'3 cm~2, respectively (Strobel et al.,
2002).

3.4. Reflectance spectra

Phoebe’s UV reflectance spectrum is obtained by ratioing
the raw Phoebe spectrum, with background subtracted, to a so-
lar spectrum. We define reflectance as

r=I1/F=P/(S/m),

where P is the calibrated signal from Phoebe with background
subtracted, in kR/ A. The solar flux is denoted by S, where S =
7 F. For the solar continuum at A > 1500 /°\, we used a modeled
solar spectrum (the output of a UVIS instrument “simulator”
that gives predicted signal count rate; D. Shemansky, personal
communication); for solar emission lines at A < 1600 A, we
used the solar data as measured by SOLSTICE on the SORCE
spacecraft (McClintock et al., 2005) at the appropriate solar
longitude for the day of the Phoebe observations, scaled to
9.01 AU, Phoebe’s heliocentric distance on the day of the ob-
servations.

The average FUV reflectance spectrum of Phoebe is shown
in Fig. 7. For wavelengths longer than 1500 A, we have di-
vided the Phoebe spectrum directly by the solar spectrum model
as described above. The solar flux decreases dramatically be-
low ~1500 A, and in addition, the reflectance of water ice is
very dark at wavelength <1650 A. The combination of these
two effects means that Phoebe does not reflect very much light
at the shorter FUV wavelengths, and as a result, the signal is
extremely low. The resultant reflectance continuum is noisy,
so we choose to create binned reflectance values at the wave-
lengths where Phoebe’s spectrum displays reflected solar lines,
for wavelengths blueward of 1600 10%; because these FUV solar
lines are variable, we used the solar spectrum measured for the
solar longitude corresponding to the day of the Phoebe obser-
vations, from SORCE SOLSTICE (M. Snow, personal commu-
nication). Phoebe’s reflectance spectrum displays an absorption
edge near 1650 A, which is indicative of the presence of water
ice. A broad, weaker absorption band, centered near 1840 A,
is also present. Both features are discussed more, later in this
report.

Spectral variations are measured across the surface of
Phoebe. In Fig. 8, we present the reflectance spectra of a high
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Fig. 7. Average reflectance spectrum (42° phase). The distinctive water ice ab-
sorption edge near 1650 A is seen. An broad absorption band centered near
1840 A is also apparent.
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Fig. 8. Reflectance spectra of high southern latitude and low latitude regions.
The high latitude region is brighter, particularly at longer wavelengths, than the
low latitude region. These regions correspond with the circled areas in the ISS
image of Fig. 3.

southern latitude region compared with a spectrum from mid-
latitudes (these regions were discussed earlier and pointed out
in Fig. 3c). Because fewer spectra of these discrete regions are
available, the signal is lower compared to the disk-averaged
spectrum. Note that the high latitude region is brighter at the
longer wavelengths and somewhat darker at shorter wave-
lengths, than the mid latitude region. This spectral reversal
indicates that compositional differences are present between
the latitude regions, discussed more below.

4. Spectral models

To understand the shape of Phoebe’s disk-integrated and
disk-resolved spectra in terms of water ice and other possible
materials, and because the FUV characteristics of HO ice and
other species have not been previously well discussed in the lit-
erature, we discuss the FUV scattering properties of ice and the
spectral characteristics of different species. We investigate the
effects of areal and intimate mixture models.

4.1. The spectral characteristics of water ice and other
species at FUV wavelengths

The spectral behavior of water ice has been well studied and
documented at near-IR wavelengths, where ice exhibits diag-
nostic absorption features at, among other wavelengths, 1.5, 2.0
and 3.0 um. The spectral characteristics of water ice at FUV
wavelengths are less well studied. Warren (1984) compiled op-
tical constants (m = n + ik) for HO for the entire EUV—
infrared wavelength range for hexagonal ice. In the FUV, the
data in the Warren compilation include measurements at a vari-
ety of temperatures, between 80 K and near the melting point.
The available data sets are sparse and the compiled dataset in-
cludes interpolations across gaps in the data; no measurements
of water ice optical constants were available for inclusion in
the compilation between 1850 and 4000 A. It is not known
how FUV optical constants respond to temperature variations
and radiolysis. Laboratory measurements of frosts at FUV-
infrared wavelengths have been published (Pipes et al., 1974;
Hapke et al., 1981; Wagner et al., 1987) but not compared
with UV measurements of icy surfaces. Wagener and Caldwell
(1988) used the Warren (1984) optical constants in reflectance
models to compare with FUV observations of Saturn’s rings.

The reflectivity of water ice is dependent upon the imagi-
nary part of the optical constant, k. In the FUV, k undergoes
a dramatic increase shortward of ~1700 A, due to electronic
transitions (Warren, 1984). The increase in k corresponds to an
increase in absorption (decrease in reflectance), where the ab-
sorption coefficient o« = 4mk/A. In the FUV, k becomes even
larger than at IR wavelengths, so that H>O ice is even more
absorbing than in the IR absorption bands. The absorption co-
efficient of H>O ice is shown as a function of wavelength in
Fig. 9a.

To model the reflectance spectrum of water ice and other
materials for comparison with Phoebe, we use the following
formulation, referred to as the radiance factor by Hapke (1993):

_ WMo
s (S CRDLICHY
+ H(u)H (o) — 1]R(). (1)

The radiance factor is the ratio of the bidirectional reflectance
to that of a perfectly diffuse surface illuminated at 0° inci-
dence. The phase angle is given by « while the terms u and
o represent the cosines of the emission and incidence angles,
respectively. The single-scatter albedo w is equivalent to the
scattering coefficient (w = Q) and is determined as explained
below. We use a single-lobed Henyey—Greenstein phase func-

tion (P («, g)) and asymmetry parameters of g = —0.3 for wa-
ter ice and g = —0.4 for non-ice species (after Verbiscer et al.,
1990). The opposition effect term is given as

B
B(a, h) = 0

1+ tan(ee/2)/ b’
where By = S(0)/wp(0). We use

(=142
SO= e
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Fig. 9. (a) Absorption coefficient of water ice at UV-IR wavelengths. (b) Bidi-
rectional reflectance spectra of water ice at grain sizes 0.2—15 um, calculated
for 42° phase angle.

after Hapke (1993), and & = 0.01 to represent the angular width
of the opposition surge. This model of the opposition effect
includes shadow-hiding only and does not consider coherent
backscatter; however for our purposes this is satisfactory as we
are modeling the reflectance at ~45° phase, well outside the op-
position surge. For the multiple scattering H functions, which
describe the intensity of radiation scattered by independent
scatterers and represent multiple scattering within a medium,
we use the approximations given by Hapke (2002)

—1
H(M):[l—wu{ro—i-(l_ro'u>ln1+“” ,
2 2

where

l—y
ro—= ——
T 1+,

and

y=+1—w.

Large-scale surface roughness is modeled using Hapke’s for-
mulations for R(G))_(Hapke, 1993); here we assume an aver-
age slope angle of ® = 30°, after Simonelli et al. (1999). The

Hapke approximations provide estimates of effective p and wo
values across the surface for a given average roughness.

The term in Eq. (1) with the most importance for spectral
shape is the single-scatter albedo w. We use Hapke’s formula-
tion where w = Qg and the scattering coefficient Qj is repre-
sented by the formulation (Hapke, 1993)

1 1-8 5
Qs =Se +( —Se)m()- 2
The first term, S., represents the external scattering coefficient;
the approximation

C(n—1)?4k?
(D2 +k?
is a good representation of the more in-depth formulations of

Hansen and Travis (1974) (used by Roush, 1994). S; is the in-
ternal scattering coefficient; we use the approximation

4
nn+1)2
The internal-transmission factor @ is represented by

o= ri +exp(—+~/a(a +5)2D/3)
T 1+ riexp(—vala +5)2D/3)’

where

. 1 —a/(a+s)
Tl Va/la+s)

The term D represents the particle diameter. The s term charac-
terizes the internal path length; we use s ~ le—17, after Roush
(1994). We also use s ~ 1le—17 for the non-ice species.

Fig. 9b displays the bidirectional reflectance of water at dif-
ferent grain sizes, calculated using the Hapke model [Eq. (1)].
Water ice demonstrates a significant decrease in brightness
shortward of ~1700 A; the wavelength of this absorption is de-
pendent upon grain size. Larger grain sizes exhibit the absorp-
tion feature at longer wavelengths, while small grains produce
the feature at shorter wavelengths.

We use Egs. (1) and (2) to determine the reflectance of non-
ice materials as well. We investigate the following candidate
species: ice tholin (produced by irradiation of a 6:1 HyO/C,Hg
mixture) (Khare et al., 1993), amorphous carbon (Zubko et al.,
1996), kerogen (Arakawa et al., 1989), poly-HCN (Khare et al.,
1994) and Triton tholin (an organic solid made from the irradia-
tion of a gas mixture of 0.999:0.001 N,:CHy; after Cruikshank
et al., 2005). Fig. 10 displays the bidirectional reflectance spec-
tra calculated from optical constants for these candidate non-
water ice species. These species are opaque in this wavelength
range and UVIS is insensitive to the grain size; here we assume
5 pm grains.

Use of the Hapke model can result in violations of as-
sumptions of the model when very small (~1 pum) grains are
used with near-IR spectra (Wilson et al., 1994; Poulet et al.,
2002). At NIR wavelengths, the size parameter x, defined by
x = D/, approaches unity for 1 um particles, and many scat-
tering models are not applicable in the geometric optics region
of x ~ 1. However, at FUV wavelengths, x is ~15 for 1 pm

€

Si=1
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Fig. 10. Bidirectional reflectance (calculated for phase angle 42°) spectra of High south latitude region: intimate mixture
non-water ice species. Triton tholin 20% 8 um
Mid latitude region: intimate mixture
particles, putting us well within the geometric optics region. Triton tholin 5% 9 pm
We may therefore use the Hapke model and derive small par-
ticle sizes (if applicable) without being in danger of violating 0.05 T T T T T T T
assumptions. If physical optics starts to take over at x ~ 10, 5% H,0 + Triton tholin
then the smallest particle size detectable is likely ~0.65 um at 0.04 L 0% H20 - Carben i
1900 A. At shorter wavelengths, grain sizes down to ~0.4 um 6% H,0 + Ice Tholir
may be accurately modeled. If we are less conservative about o 3% H0 + Kerogen
estimating where physical optics takes over, then it may be pos- § 0.05F ]
sible to detect particles ~0.2 um in size with these models. *g
W 0.02+
4.2. Mixing models "
o ‘ 0.01F 4
To model Phoebe’s spectra, we investigate both areal and in- : Jx E_ _Jill_ e
timate mixtures models (after, e.g., Roush, 1994; Wilson et al., —_— t] r : 1] __‘. . .

1994; Cruikshank et al., 1998). Areal (also referred to as spatial
or checkerboard) mixing models presume that the distribution
of materials observed on a surface is segregated. For Phoebe,
we limit the number of species in the model to two:

r=X*Ri+Y %R,

where X and Y are the amount of coverage by each species
(X +Y =100%) and R; and R, are the modeled spectral re-
flectances of each of the species (H,O ice and one non-ice
species). For non-H,O ice species, we used the materials shown
in Fig. 10: kerogen, poly-HCN, ice tholin, Triton tholin and car-
bon.

Intimate mixture models represent a surface composed of
different species mixed on a very small scale (i.e., grains are
intimately mixed, rather than segregated regions of different
materials). We follow the formulation of Hapke (1993) in de-
termining the single-scatter albedo and phase correction for the
intimate mixtures

Y X 04/ (pi Di)
Yicl Xi/(piDyp)
Yoic1 XiQsiPi/(pi Di)
Yicl Xi/(piDy)
where each mixture model has m components; X; is the mass
fraction and p; is the density of each component.

P=

1100 1200 1300 1400 1500 1600 1700 1800 1900
wavelength, A

Fig. 11. Areal model fits to Phoebe average reflectance spectrum: best-fit HyO
mass fraction, for each of the 5 non-ice species used in this study.

4.3. Model results

Areal and intimate mixtures were computed as a function of
mass fraction of H>O ice (65 fractions between 0% and 75%),
using different grain sizes for H>O ice (42 grain sizes between
0.2 and 500 um), to obtain a minimum x 2 value using each non-
ice species. We use a grain size of 5 um for the non-ice species.
Mixture model results are shown in Table 1.

The areal mixture models to Phoebe’s average reflectance
spectrum (Fig. 11) suggest that, regardless of the non-ice mate-
rial, the best-fit is obtained with ~5-6% H»O ice. The best-fit
HO0 ice grain size is <1 um. The intimate mixture models
(Fig. 12) result in best-fit water ice amounts in the 7-10% range,
with HO grain sizes of 7-9 um. The intimate mixtures tend to
simulate the shape of the H,O ice absorption feature slightly
better than the areal mixtures; none of the models simulates
the apparent absorption feature near 1840 A (this is discussed
more later). There is not a significant distinction between the
non-ice materials in this wavelength range; the intimate mix-
ture model with Triton tholin appears to produce the best fit
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Fig. 12. Intimate mixture models using best-fit amounts of water ice and
non-water ice species. The fits are similar, though the Triton tholin model
seems to best simulate the slope change (water ice absorption band) in the
1600-1700 A region. None of the models simulates the apparent absorption
feature near 1840 A.
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Fig. 13. Sample intimate mixture model fits to the disk-resolved areas on
Phoebe shown in Figs. 3¢ and 8. The high southern latitude region is shown
in black and the mid-latitude region is shown in red. The high latitude region
requires a greater amount of water ice in the intimate mixture model than the
mid-latitude region, due to the stronger water ice absorption band. However,
the scatter in the data is great enough that precise H,O ice amounts cannot be
determined.

over the entire wavelength range, particularly in the region of
the H>O ice band. The only other published spectral model of
Phoebe’s spectrum is that of Owen et al. (1999), who modeled
a ground-based VNIR spectrum with ~3% H»O ice using an
intimate mixture model. Our results indicate somewhat more
water ice is present; this could be due to differences in spatial
resolution.

We also apply intimate mixture models to the two disk-
resolved regions discussed earlier: a low latitude dark region
and a high southern latitude bright region. The high latitude
region is brighter, particularly at longer FUV wavelengths, de-
spite its larger phase angle (high latitude average o = 60°;
low latitude average o = 50°). Sample model fits are shown in
Fig. 13, using Triton tholin as the non-ice species. We find that
the high latitude region spectrum can be fit with ~20% H,O
ice, while the low latitude region can be fit with just ~5% H,O

ice; in comparison, the average Phoebe spectrum was fit with
~7-10% H>0O ice. The high latitude region corresponds with
the rim of the large crater in the south pole of Phoebe; rela-
tively fresh water ice is likely exposed there. Variations in the
amount of ice detected in each region will likely vary depending
on which type of non-ice material is assumed, but the relative
difference in H,O ice amounts will remain.

5. Discussion
5.1. Surface reflectance

A striking difference is seen by comparing the Phoebe FUV
reflectance spectra with FUV reflectance spectra previously
measured of other bodies. In fact, the spectra look more similar
to published spectra of Saturn’s rings (Wagener and Caldwell,
1988) than to FUV spectra of any other previously-measured
Solar System object. Published spectra of icy bodies (e.g., HST
observations of Europa, Ganymede) have often not displayed
the entire FUV spectrum, focusing instead on emission fea-
tures and/or particular wavelengths. This is the first detection
of water ice on a Solar System surface using FUV wavelengths.
Comparisons between Phoebe’s albedo and the albedos of other
bodies measured at discrete FUV wavelengths are complicated
by phase angle differences. Europa’s 1335 A albedo at 2.7°
phase was measured to be 0.015 4 0.005 (Hall et al., 1998);
Ganymede’s albedo at ~1400 A at 8.6° phase was found to be
0.023 £ 0.002 (Feldman et al., 2000); Callisto’s leading hemi-
sphere albedo at ~1400 A was measured at 6.7° phase to be
0.016 £ 0.002 and the trailing hemisphere albedo at 3.5° phase
was found to be 0.02 + 0.002 (Strobel et al., 2002). The albedo
of Ceres was measured at 1621 A at 19.4° phase and a wide
range of values was measured over the rotation of the body
(Parker et al., 2002). Parker et al. used a factor of 2.56 to cor-
rect to 0° phase; not considering that correction, the reflectance
range was measured to be 0.023-0.048. The Phoebe reflectance
of ~0.005-0.01 over the 1200—1600 A range is comparable to
the icy Galilean satellites, considering phase angle and compo-
sitional differences. The Phoebe reflectance is also comparable
with the low end of the Ceres reflectance range measured by
Parker et al. (2002).

We have modeled the FUV reflectance spectra of the sur-
face using Hapke models to explore the possibilities of applying
these models to short wavelengths. Our Hapke models and mix-
ture models are comparable to those used by other researchers
(e.g., Roush, 1994). Owen et al. (1999) used an intimate mix-
ture model to fit a ground-based Phoebe spectrum with a com-
bination of 3% H;O (500 um grains), 0.25% H>O (7 um grains)
and amorphous carbon (900 pm grains). Our model results are
generally consistent those of Owen et al., though our intimate
mixture results generally suggest 10% water ice; this discrep-
ancy is likely not significant and could be due to spatial resolu-
tion differences or spatial variations in water ice abundance. We
also obtain smaller grain sizes than Owen et al. (1999). The dif-
ference in observational wavelength means that the path length
traveled by the light (analogous to grain size) is different. The
500 um H,O grains used in the Owen et al. (1999) model cannot
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be detected at FUV wavelengths because the short wavelengths
probe only the outer portions of such grains.

The intimate mixture model fits to disk-resolved regions are
consistent with VIMS measurements of Phoebe. In particular,
VIMS found relatively high concentrations of H,O ice in the
south polar region (Clark et al., 2005). The UVIS measurement
of more H,O ice in this high latitude region is also consis-
tent with fresh HyO ice being exposed at the rim of the large
crater. The dark low latitude region, where our intimate mix-
ture models find a low amount of water ice, corresponds with
an area that VIMS found to be relatively ice-poor (Clark et al.,
2005).

The non-ice species investigated here do not exhibit partic-
ularly distinctive spectral bands or features, so it is difficult to
pin down which species may or may not be present at Phoebe’s
surface. In fact, it is likely that some variation on a combination
of these species is present. In particular, the kerogen, poly-HCN
and ice and Triton tholin optical constants are dependent on the
exact mixtures measured in the laboratory—and are more than
likely not the exact mixtures present at Phoebe. However, work-
ing with the species at hand, we consider the overall shape of
Phoebe’s spectrum at longer wavelengths; extending our best-fit
intimate mixture models to longer wavelengths places further
constraints on candidate species. Phoebe’s visible spectrum is
gray, similar to C-class asteroids (Thomas et al., 1983). Though
our models are simple 2-component models, the poly-HCN and
Triton tholin may be too spectrally red in the VNIR region to
agree with Phoebe’s albedo there. Carbon and kerogen, both of
which provide adequate fits in the FUV, appear to be spectrally
flat at VNIR wavelengths and could provide a good match with
Phoebe’s longer wavelength albedo.

5.2. A new absorption band?

An absorption feature appears in Phoebe’s spectrum, cen-
tered at ~1840 A, that is not reproduced in our spectral mod-
els. Calibration uncertainties are inherent at these wavelengths
and cannot be ruled out as contributing to this spectral feature.
Nevertheless, we note that a similar feature appears in the re-
flectance spectrum of the CI1 chondrite Orgueil (Wagner et al.,
1987). A similar feature also appears in the reflectance spectra
of water ice (Pipes et al., 1974; Wagner et al., 1987; J. Goguen,
personal communication). The data for water ice optical con-
stants compiled by Warren (1984) are very sparse throughout
the FUV and in particular at wavelengths >1700 A; a water
ice absorption feature that has not been previously covered in
optical constants measurements could exist at this location. Be-
cause Phoebe’s spectrum clearly shows the stronger 1650 A
water ice feature, it is possible that the 1840 A band is also
due to water ice. If the Orgueil feature is due to the presence of
phyllosilicates, which is a possibility on this type of meteorite,
Phoebe’s 1840 A feature could be due to a combination of water
ice and hydrated minerals, as hydrated minerals are known to be
present on Phoebe (Clark et al., 2005). High-quality measure-
ments of water ice reflectance and optical constants are needed
in this wavelength range to better establish the validity of this
feature.

6. Summary/conclusions

Cassini’s flyby of Saturn’s moon Phoebe has provided the
first EUV-FUYV spectrum of a body that may have derived from
the Kuiper Belt region. This is the first FUV detection of H,O
ice on a Solar System surface; the distinctive 1650 A absorption
feature is measured. As part of the investigation of Phoebe’s ori-
gin, we searched for evidence of volatile emissions that would
be indicative of comet-like activity such as that detected on Ch-
iron; we find that no volatile emissions are detected at Phoebe.
We have modeled Phoebe’s spectrum with 2-component areal
and intimate mixture models using Hapke models of H,O
ice and non-ice species; the intimate mixtures models require
somewhat more water ice (~10%) and larger H>O ice grains
(~7 pm) than areal mixture models (~5% H;O with grain
sizes <1 um). The non-ice species largely are featureless in this
wavelength region and do not help to constrain compositional
models. Disk-resolved measurements imply variations in H,O
ice amount between ~5%—~20%.

The UVIS measurements provide a confirmation of water ice
presence and concentrations from IR ground-based measure-
ments (Owen et al., 1999). These results thus lend support to
the idea that Phoebe originated in the outer Solar System (at
Jupiter’s orbit or beyond).
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