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[1] Seventy-two images of the S-class asteroid 5535 Annefrank, acquired on 2 November
2002 at target ranges of 11,415—3078.5 km, were transmitted to Earth as a part of an
engineering readiness test of the Stardust mission. Forty-four of these were used to create a
phase curve extending to 134°, the largest angle yet achieved for any S-class asteroid. Flux
fell by more than six magnitudes between the extrapolated 0° and 134°. A maximum
illuminated cross section of 16 km” was seen at a phase angle of 47.2°. Assuming a
camera efficiency of 75%, a broadband (470—940 nm) geometric albedo of 0.24 was

derived for Annefrank.
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1. Introduction

[2] On 2 November 2002 at 0451:20 UT the Stardust
spacecraft flew past the asteroid Annefrank at a distance of
3078.5 km. The parameters of the flyby were established as
those giving the best test of the spacecraft and its controlling
software while minimizing risk to the primary mission
objective of encountering Comet 81P/Wild 2 on 2 January
2004. In other words, this was strictly an engineering test,
not a science activity, but nevertheless interesting science
data were acquired. We report here on photometric proper-
ties of Annefrank.

2. Stardust Optical Navigation Camera

[3] The primary goal of the Stardust mission is to return
cometary dust to Earth for study in terrestrial laboratories. A
camera was included for purposes of optical navigation,
which will be required to achieve a Wild 2 closest approach
of roughly 150 km. The camera will be used to take science
images of the comet nucleus during the flyby, but that goal is
strictly secondary. The camera system consists of an /3.5

lVisiting from Chipton-Ross, Incorporated, Los Angeles, California,
USA.
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Petzval type lens of 202 mm focal length with a 1024 x
1024 pixel CCD detector. These give a resolution of
59 pradians per pixel. The passband of the camera extends
from 470 to 940 nm. No filters are available. There have
been problems since launch with contamination of the optics
from an unknown source. Most of this contamination has
been removed from time to time with heating, but a shallow
skirt of scattered light remains in the images, and consider-
able care must therefore be taken in their analysis. A detailed
description of the camera and its current operational state can
be found in the work of Newburn et al. [2003].

3. Imaging at Annefrank

[4] The most important goal of the Annefrank flyby was
to test the Stardust autonomous encounter software. The
spacecraft has to be able to control itself and keep its camera
pointed at the target, without any human intervention, while
20 light minutes from Earth. The software is not bothered
by overexposed (saturated) images, but there was concern
that weak images could be a problem, especially if there
were bright stars somewhere in the background field.
Therefore, except for the 31 images taken nearest closest
approach, exposure times were deliberately set high, and 22
of the 72 images transmitted to the ground contained
saturated pixels. Thirty-four images were used by the
spacecraft software without being stored for transfer to the

3-1



NEWBURN ET AL.: PHASE CURVE AND ALBEDO OF ASTEROID ANNEFRANK

pajeINIes 9;)8< dTBWI I'vL 0L1¢ Seee (444

pajernyes 9,08< 23ewI 8L 081¢ ST 1824
pajeINIEs 9()8< 9B L'SL I61¢ Seee Ovy
pajeInyes 9,08< dJewl €9L €0T¢e Y4 6ty
pajeInIes 9,()8< 9SewI I'LL Slce SeeT 8¢y
pajeINES 9)()8< dBUWI 8'LL 8CCE ST LEy
pajeInyes 9,08< dSewl S'8L 8243 Seet 9ty
pajeInIes 9,()8< 9SewI €6L [Sy43 Y4 Sev
pajeImyEs 9,08< oSewl 008 69C¢ Seee 1494
pajeInIEs 9,()8< 9SewI L08 ¥8¢C¢ Y4 1334
pajeIEs 9,()8< dFew 18 00¢€ SEET (434
pajeInIes o4,()8< dewI 1’78 SIee Y4 Iey
pajeInIEs 9,()8< 9SewI 8T8 [43%% Seet (V34
pajeInyes 9,(08< dgewil g'es 6vee ST (a4
pajeInIes 9,)8< eI P8 99¢¢ seet 8¢y
parernjes 9,08 oSewr 818 $8€¢€ Y4 LTy
Ge8 (40143 SEET 9ty
9'16 S09¢ ST (X414
uoneINes yim d5ewl ISy I'L6 878¢ Seee 0cy
0¥9°SSL 6'¢SS 916°595°8C €LT'86€ 0201 €Iy 4 669720770 L1y
9ST¥89 8'€SS 691°9%L°1¢C 890°9%C 901 £y SEET 669207770 91y
1TTTs9 8'€S¢S LS6°6L891 €9L°LLI 8601 YrLy 4 6697C0:€¥¥0 384
£86°079 8'¢€SS £Pr666°T1 LSTTTL 0°¢ll 8305 SEET 969°20:Cv¥0 0ly
JeIWS 210438 L19°€L9 6'¢€SS 80€ V0L 0T ¥8€°€TT L'ST1 14349 S9 969°20:1¥¥0 LOY
1y Ae1 o1wIs0o duo 10y 3deoxos yuelq oSewr T8Il 96LS See9 YoV
98po Jeou A1oA oFewr €0CI 8919 9 10y
98pa 1eau A1 oFew fa«al 8759 SE'€9 86¢
93pa 1eou K1oa ofewn 6°€Tl £€69 S9 $6¢
1257065 2439 01T'8TI'Yy $'LOT9Y v'STl STEL §e'e9 889°20:9¢+0 T6¢
Teows 910A9S ¥S9°L8S (2499 €9L'LLY'E ¥60°0% L9T1 0CLL S9 689°C0:S€¥0 68¢
JeIWS J10AJS 6L8°€8S [ 4% 0r1‘81S°E SSr0Te 0'8C1 0cI8 Se'e9 689°C0:7€¥0 98¢
SYTI8S Sss LESSIT'E 6Tr9C 162l €288 $9 689°70:€€¥0 €8¢
98pa 1eou A1 oFewr 1°o¢t 6768 SE'¢9 08¢
JedWS dI0AJS IL°LLS Syss 90¥°TL9‘T $'688°81 6'0¢1 LEEO S9 $89°C0-1€+0 LLE
9TILS 9'vSS €€€°005°T 908°S1 1€l LYL6 SE'€9 £96'20:0€0 YLE
adoostiad uo 94¢—g Ajqissod 6SVLS 8'¥S¢S YEY'STTT izl £eel 8501 S9 789°10:8C¥0 €LE
Teowrs 210408 ddoostiad uo %z noqe €S7ELS 8'6S¢S Y1¥'600°C 6L66 0vel L6601 Se'e9 789'10:LT¥0 cLE
adoosuad uo %¢¢ moqe L'09S 691°997°C LIL°O1 9pEl SIpIL S9 8L9'10:9T¥0 ILE
SJUAWILOD) up ‘03pg up s/up up 39p uny swt LN (109eXXXQU)
a3ewy ‘punoidyoeg ‘poreIdajug ‘passardwooun QIuy SuelRUUY ‘arnsodxyg ‘Quil], Jels o3ewy
pajenoTe) UBAIA[ PpazZIfeuIoN pajerSajuy aseyq 0} doueISI

7007 J2qUIRAON 7 Uo Isnpiei§ Aq uoye], sofew] yueyouuy Jo 307 ‘I dqelL



NEWBURN ET AL.: PHASE CURVE AND ALBEDO OF ASTEROID ANNEFRANK

SPUW 4 SIY

091 YE918 9°1SS 867671991 $'669°LTS Ly le see VILTO-€5¥0 9Ly

6°C1 8°0¢6 9SS 0%9°799°191 S'SOLILL 18y Isie S VIL'SS-TSY0 SLy

8¢G1 177608 1'ess 8YE601 651 SYorTIS L'8Y erie see 8IL°6¥-CSY0 vLY

L'S1 116 8'CSS 950°LSO°LS1 18F°LSL S'o6v Sele S 8ILEY-CSY0 €LY

9°¢l1 €5°¢08 §ess T61°650°vS1 §'SLE00S 1'0S LTIE S3 YILLETSYO Ly

9°¢l1 yS'S16 1'ess 869°€08°TST 10Z°6€L 018 (/483 S PILTETSH0 ILy

S¢Sl ce96L LTSS €69°T66°'LY1 S00°S8Y 8'1¢ ele see VIL'STTSY0 0Ly

Sl 06906 £ess THITOL Y] Y6L0TL 9¢s LOTE S 8IL°61-CSY0 69%

47! SETOL €TSS 89€°06T VY1 S'8ESILY v'es 1o1e see VIL'€1-CSY0 89¥

€Sl 1€°L68 8'CSS L90°819°1¥1 §'SEE00L vs 960¢ S VIL'LO-CSY0 L9y

¢l L6'LSL ¢TSS Obr Er9‘or1 20T'L9Y 0°S 60¢ S YIL10:CSY0 99%

€Sl 967688 £ESS 66L°9¥8°SE1 S'08T°SLY 8'6¢S 880¢ S 0IL'SS TS¥0 oY

(49! €CY8L SETss 99t°0T9°LE] LET'6SY 9°9¢ $80¢€ S OIL 61 15¥0 o

(49! 0€°LLS 1'ess Pr606L 1€1 STLYLSY Y'LS 80¢ S OILer 15¥0 1394

(49! ITLLL LTSS €11°9€9°C€l ST Yy 8¢S 080¢ see OILLETSYO (24

43! w98 eSS 00€°1¥0°921 $90T°0€9 0°6S 6L0¢ S OIL 1€ 15¥0 19%

43! 0°L9L gess YEI'EC19TI 9IS TTY 8'6S 6L0¢ see 0ILST1s¥0 09%

43! 69968 gess 008°9tLTT1 YELET9 909 6L0¢ S OIL61:15¥0 6SY

43! 9€'8SL 8'CSS L65°0T9°0T1 6L0%0¥ v19 6L0¢ S OIL €1 1s¥0 8SY

43! LO6'YY8 £¢ss 86T9TS LI 617L°88S [xe 080¢ S OIL°LO:TSY0 LSY

43! €8°8VL 0°€SS €10°6LLYTT S19L€8¢E €9 80¢ see OLLT0:1S¥0 9sy

(49! 8L°€E8 eSS LI9IPE €T TL8Y9S 6'€9 ¥80¢ S 0ILSS:05%0 994

(49! [4R4 75 9°Css €TI9CITIT SlILeLE L9 L80€ see 0IL6¥-:05¥0 1454

€¢l 19°6T8 6'CSS 0SS‘LLTOTI 69YLYS SS9 060¢€ S 0IL €r:05¥0 1394

¢l €C9¢L 0°€SS Y6 0r9°L01 LL8'9SE €99 S60€ S3 0IL°LE0SY0 [454

47! 06CI8 1'ess 8LEL6Y'SO1 SH9€°0TS I'L9 00T¢ S OILTE05¥0 ISy

47! 8L'LTL 0°€ss LET698°T01 SH98°8€€ 8'L9 SoI€ See 0ILST:05¥0 oSy

§Sl 6L°C08 v'Ess L10°9¥8°101 808861 989 e S 01L°61:05%0 6vy

9°¢l1 6S°61L 8'CSS LT1°88€86 §90¥1TeE ¥'69 811¢ see 0IL€1:05%0 8vv

96l 0T'T6L TEss L18°E11°86 £€TILY ToL sTig S 01L°L0:0S¥0 Lvy

LSl 89°CIL 8'CSS 190°€8LV6 TL990€ 0 1L €ele see 0IL10:05%0 vy

pajeryes 9,08< oewr © wy ‘eare 8 1L Ivle 94 Sty
pajenyes 9,08< aewr ‘pajeurwn[t STL 0S¢ SEET 1444
pajernies %,08< ofkwl :paje[nofed €EL 091¢ 94 344

SIUAUWIIO)) up ‘03pg up s/up up 3ap [] sw LN (109BXXX(QU)
oGewy ‘punoisyoeg ‘parerdajug ‘passardwoouny QI3uy Nueyouuy ‘amsodxqg Quil], 1.l o3eur]
pajeINIR) BN PAZI[RULION pajeigarul aseyd 01 douB)sI(]

(panunuoo) | JlqeL,



NEWBURN ET AL.: PHASE CURVE AND ALBEDO OF ASTEROID ANNEFRANK

Figure 1.
and 474.

ground, hence the “missing” image numbers in Table 1,
which lists every image actually transmitted to the ground.
Memory capacity was not adequate to retain more than
72 images. Four images, taken before the software
“locked” the spacecraft onto Annefrank and moved the
asteroid to the center of the frame, were too near the edge of
the field for good photometry. One image was lost, as
expected, while the software was filtering the early data to
provide proper locking coordinates. Four images were
smeared due to inadequate settling time before long expo-
sures. These can still be used for a measure of total image
brightness. The flyby was totally successful in its major goal
of uncovering potential problems before encountering P/
Wild 2. Six of the images, in a processed form, are shown in
Figure 1. The individual pixels become obvious near the
edges where low-light-level pixels have been discarded to
remove the scattered light halo. This process, when coupled
with the low contrast caused by compression, also intro-
duces some linear artifacts.

4. Image Processing

[s] A subimage pixel map, 100 x 100 pixels, was
extracted from each image. The compressed data, which
are nonlinear, were converted to the midpoint of their
uncompressed equivalents, using a lookup function.
A background was determined for each image from
1000 pixels well clear of the image. (This individual
treatment was necessary, because the bias, which consti-
tutes most of the background, decreases with camera use
as the temperature of the electronics increases.) The
background was subtracted from all 10,000 pixels in each
subimage and these were then summed to give a measure
of the total light from the asteroid, needed to determine the
phase curve.

Six Annefrank images. From the upper left the images are numbers 401, 420, 454, 459, 464,

[6] Profiles were also run on each image in perpendicular
directions in order to separate the true edge from the
scattered light halo. It was assumed that extrapolation of
the slope of the profiles above the halo to the background
level gave a suitable measure of the edge location. A vertical
profile across the middle of image 459 is shown in Figure 2.

[7] As might be expected, the brighter the asteroid image,
the larger and brighter the scattered light halo. The slopes in
Figure 2, for example, suggest the true limbs of the asteroid
lie near pixels 41 and 59 and have a brightness of 900 dn. A
least squares fit was made to the digital numbers (dn) at
three or more apparent limb locations of each image,
determined from two or more profiles, to the previously
measured total brightness of those images. (The terminators
were not used.) Since determinations from individual pro-
files tended to be somewhat subjective, the limb dn level for
each image was therefore taken to correspond to the
measured total image brightness in the least squares fit.
An Excel countif function then was used to count the
number of pixels brighter than that limb dn level to give a
measure of the actual illuminated area for each image. This
worked well for the brighter and larger images, but the
earlier images contain so few pixels that their illuminated
area is poorly determined.

[8] The final factor to be considered in attempting quan-
titative photometry is the absolute sensitivity of the camera.
This was carefully measured for each pixel in the laboratory
before launch, but the contamination that has plagued the
camera from time to time has made these calibrations of
limited value. A heating of the CCD to just above 0°C was
carried out shortly before the Annefrank encounter. A few
images of four stars taken shortly after the heating suggest
that the Annefrank sensitivity is about 75% of that in the
laboratory. This is based upon the dn level the stars should
have had, given their spectral type, spectral class, parallax,
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Figure 2. Profile of image 459 at column AV.

and V magnitude as given in the SIMBAD database.
Additional images to improve this number are not yet
available. The compressed background of the small sub-
images near the center of the field is quite constant, so the
relative photometry of the camera is good, but the absolute
calibration is quite suspect at this time.

5. Phase Curve

[9] The uncompressed and bias subtracted pixel bright-
ness numbers can simply be summed to get a measure of the
total flux in relative (dn) units. The total flux was then
normalized to the distance of closest approach. Plotted
against the phase angle, these give us a relative phase curve
for Annefrank from 47° to 134°. Only one other asteroid,
253 Mathilde, a C-class, has ever been observed at phase
angles larger than about 100°. Virtually all asteroid phase
curves are nearly linear at small phase angles when plotted
in semilog (magnitude versus angle) space, except for an
opposition brightening [Bowell et al., 1989]. Our Annefrank
data were therefore extrapolated to zero phase with a
0.023 magnitudes per degree phase coefficient, the slope
of our own data near 50°, and an 0.35 magnitude opposition
effect. A point was arbitrarily interpolated at 90°. The
resulting curve, produced by an “Excel” graphing program
is shown as Figure 3. Observations by P. Weissman et al.
(personal communication, 1999) and by R. Binzel (personal
communication, 2000) suggest that Annefrank is an S-class
asteroid and a slow rotator. All Stardust observations were
taken in a 27 minute period, so clearly this curve is simply a
curve at a particular rotational phase. (e.g., Annefrank’s
orientation was essentially fixed relative to the Sun.) The
changing aspect of the asteroid in the images is due solely to
the motion of the spacecraft past it. Whole disk photometry
of the S-class asteroid 951 Gaspra acquired by the Galileo
spacecraft showed a slightly larger phase coefficient (0.027)
[Helfenstein et al., 1994], while photometry of 433 Eros by
NEAR showed a smaller value of 0.018 [Domingue et al.,

2002], but the latter required use of ground-based data for
the smaller angles. Data have been reported only to 60° for
Gaspra [Helfenstein et al., 1994], 30° for Ida [Helfenstein et
al., 1996], and 90° for Eros [Domingue et al., 2002]. NEAR
did acquire a data point at 136° for the C-class asteroid
253 Mathilde [Clark et al., 1999]. Mathilde had a geometric
albedo of only 0.047 (at 700 nm) but showed a steep drop in
its phase curve similar to Annefrank [Clark et al., 1999].

[10] The change in illuminated area alone, assuming a
circular profile [phase = 0.5(1 + cosa), where « is the phase
angle], would have reduced the flux by only 1.87 magni-
tudes at 130° and 2.935 magnitudes at 150° relative to zero
phase. The accompanying study (T. C. Duxbury et al., Size,
shape, and spin state of mainbelt asteroid Annefrank,
submitted to Journal of Geophysical Research, 2003) shows
that the shape of Annefrank is certainly irregular and
elongated, but the fractional change in illuminated area is
not grossly different from that expected for a sphere. Clearly
Annefrank is NOT a Lambert surface. It shows a drop of
5.7 magnitudes at 130°. This sharp drop in magnitude with
increasing phase must be caused by some combination of
changing cross section, shadowing, and a steep scattering
law.

6. Albedo

[11] The Sun at 1 AU would present a value of 2.8808 x
10'® dn/s on the Stardust camera as it stood in the laboratory
before launch. The measured illuminated area of the best
images taken near closest approach to Annefrank is given in
Table 1. There is a general trend showing increasing
illuminated area as the phase decreases, but there are
random fluctuations due largely to the poor photometric
resolution of the compressed data. A compressed dn level
might actually lie anywhere in a range of 14 uncompressed
dn at the dn levels near image edges. Assuming the camera
to be working at 75% of its laboratory level, as suggested by
the few data taken immediately before the Annefrank
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Figure 3. The Annefrank phase curve, normalized to closest approach.

encounter, the mean geometric albedo calculated for the
measured data is 0.24. This was the mean value determined
for all of the cross sections from 71° to 47° phase angle. If
the camera were working at the laboratory level, these data
would give an albedo value of 0.18. For comparison, the
clear filter used by Galileo gave a result for the geometric
albedo of Gaspra of 0.24 [Helfenstein et al., 1994]. Inte-
grated disk photometry of Eros by NEAR at 550 nm gave
an albedo of 0.29 [Domingue et al., 2002], while that for
243 Ida determined by Galileo was 0.206 [Helfenstein et al.,
1996]. Further checks of camera sensitivity, if made not too
far in time from the Annefrank encounter, should improve
our albedo value.

[12] The illuminated surface area determinations are inde-
pendent of the camera sensitivity, however, and these will not
change. A 16 km? illuminated ellipse seen broadside with two
to one axial ratio would have radii of 1.6 and 3.2 km. Data
from Hicks and Weissman [Bowell et al., 1989] at a phase
angle of 9.5° show a smaller illuminated cross section of
11.7 km?, assuming 0.24 albedo, suggesting that the largest
cross section of Annefrank was included in our best data. The
data at the largest phase angles are difficult to interpret with
any accuracy. The images consist of only a few pixels, so the
areas are poorly determined and so are the total light levels,
simply because of the large quantized steps in the data.

7. The Future

[13] These data will soon be available from the Planetary
Data System. All images listed in the table will be included.

Even images with some saturation can be useful for pur-
poses such as study of areas near the limb where light levels
are intrinsically low. Any further calibrations will also
appear there. Anyone wishing to use the data should be
very conscious of the presence of substantial scattered light
and of the nonlinear nature of the dn values presented by the
square root data compressor.
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