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Abstract. This witicle provides (he rednecd aslrographic
atellite, Phoche, de
vived hom star-satellite imaging data acquined by the
Voyager 2 spacecralt, "I'he data sel contai
spacecralt centered right aseension and deeli

obscrvations of the nindl Saturnian

ation obaer

vations and includes all of the observations used in Voy

ager cncounter operadions. The conversion process fron

inaging Lo astropraphic obscrvations was identical 1o (had
used for the Neptunian satellites (Jacobson 1991 ) and Ura
tellites (Jacobson 199 The ¢flect of using, the

astrograplic rather thaw himaging form |

HI

cphemen

provement s evaluated,

Plancts and satellitess pencral

ey words
Ilanicts
telites

Aslrometry

and st

testindividual: Satoim Plancts and

cindividual: Phoche  Solar syster

peneral

1 wtroduction

Optical observations of planctary satellites made fron
_:::_._: provide high quality accurate data for deter

nng, the satellite obits. Processing, {1

|}

datain its orig:

mal for, however, requies the use of cotnplex soltware,
IR Optical Navigation Progriam (Owen [ORE), 1
penerate the computed observables, vesiduals, and associ
ated partisl derivatives, This requirernend males it difh
cult for most iescarchers to incorpomate the onginal space
aall based observations into the study of satellite o
bits and the development of satellite cphemearides, Con
sequently, for spacecralt hased data 1o be read v usable,
il should be v an alternate but cquivalent Torm.
Duxbury and Callahan (1988, 1989) converted  the
Viking, and Maviner insaging data for the Martan satel
lites into an cquivalent astrometiic form and publishied
e together with the associated spacceralt information

necded Lo pocess it Sitmilan conversions were canied ouf
by Kolyuka ot al. (1991) for the obscrvations of the Mar.
satellites acquired by the Phobos spaceeraft, hy Ja
cobson (1991, Paper 1) for the observations of the major

Scrd oflprind veqaests 1o BOA . Jacohson

Institote of Technology, 4500 Oal Grove Diive, s

8 pairs of

wlena, CA 91109 5099, 1ISA

Neptunian satellites acquived by the Voyaper 9 s Y
and by Jacohson (1992, Paper 1) Tor the observations of
the major Uram

neosatellites acquined by the Voy

cecralt. "This article continues the conversion of {he
Voyager 2 hmaging data focusing on Phoche, the ninth
ellite of Saturn.

The next section deseribes the inmging data and pives

-

an overview ol the procedure for their conversion. Subs
discuss the observation node Tineg, for o hit
_ Lhie
satellite orbit deter-

quent seetion

Hnproven the astrographic «

[}

rotrs, ¢

i exannine the diflerences

wiation induced by thie use of the astrographic rathor

than the arigi form ol the data.

huoaging data and s conversion

The vmaging data relevant to satellite orbit analysis are

those acquited for the purpose of spaceerafi navigation,

They are pictores made with the Voyaper narmow-angle
cimera ol sadellites against wostar background. The satel
lite
ot the sateMite orbits and the inert
ol {1l

In described

id star

agesin the pictine provide information on

I pointing diteetion
.
mera, 'The o

weray a Vidicon imaging instrament
i detail i Smith : all (1977); the images

and their use oy

>

their crror sonrcees, their prace

ipation are dis «d by Syunott o al (1986 and Riedel
et al, (1990},
Vovager ¥ total of & pictures of Phoche

during the period from 17 June JO81 (o 15 August 1981,
f_::l rall satellite ranpes varied from 1h (o 97 n
IV

Mon ki
i observation accuracies of 50 (o 150 k.

The specific observables within the pictures are the

asies of satellite and star in

{wo ¢

wwe lo

cations, Bach picture is actually o two dinensional charpe

tribution o a photoconductive s faee produced by ex:
posure to rnconming light from the viewed objecis. The s
Faco s divided into s artay of picture clements (pixels)

which are seanncd and

ampled by an clectron bheam, The

locations of mapes are specilied by cartestan coordinafes
incasystenm which bas its hotivontal axis aligned with the
.r,h.:_:_:;, divection and its vertical axis normal (o the sean

ning ditection. The abscissa and ordinate of the Hpage are




2 ROAL Jacobson: Astiographic observations of Phoebe from Voyager 2

known as its pixceland hne coordima tes, *1 he “pixel cGor
dinate is also known as “sample” insome communilicos,

Papars Tand 11 discuss in debal the conversion [1om
pixcl aud line to mcertial angles. Briefly, the procedune is
as follows: fivst, the pixel avid line coordinates are related
to thefocal plane coordinates Quough a natrix which de
sen bes the physicdayout (11 the pixels within the Toe al
plane; next, the focal plane coordinates are related to the
componcents of the wt pointing veetor i the camera hody
reference frame through a gnomonic projection involving,
the coomera foeal lengChs fingally, the pointing, vectonis 1o
tated from carnera bo dy to inertial coordinates giving, the
unit veetor in the direction o [ the viewed objeet, 7, Re
civse the elleets of stel T aberration are included in the
maging didavprocessing, 1 s actually the apparent po
sition of the obleet us geen from 1 he spaceer aft W hen
processing o haervations, the actual vather than appoarent
position of the object js preferred. For that reason, we re
niove the st elli abenation eflects from the observations.,
The relationship hetwoen unmit veetors i the actn al o nd
apparent position dinections (see Paper 1) s

:)

T ('i" 'V)-I \/J- (o) ('_i"‘v) ' i

where Vois the spacecralt velocity telative to the Sola

Vol

System barycenter i onits of the speed of light. "The com
ponents of 1" define the inertial angles o and 6,

. . . e V‘\
o oactan Ty /1y

& ¢ aresin Iy .

Uncertatuty e the inertial angles s the resalt of the
uncerbamty m the original pisel and hne coordinates and
additional uneartamty mtroduced by the transformation
fronn pixels and lines 1o the angles. The somees of the
prxel and line coordinate uncertainty are the casurement
crrors and the error in finding, the center of the viewed oh
Jects. 'Phe nneertainty i the transformation to the anples
is strongly affected by uwncertainty i the star positions
and weakly allected by uncertainty i the spacceralt and
viewed satellite positions. Paper | provides more details
on the computation of the uncertainty in the angles.

3. Obsarvation modeling,

by order to process the observations of a satellite its po
sthion as scen from the spacecralt is computed at the ob
scrvation thime from the expression

Db D] (0 b)) (1)

I the above s the observation time (W), s s the satel

1 - [.‘;(I -

lite position relative to the planctarvy system barycenter,
v ix the spacecralt position relative to the planctary sys
tem barycenter, bas the planctary systen position relative
{o the Solar Systene harycenter, and 7 s the light travel

e lrom the satelhite to the spacearalt. Stiee 1 -

[l fe
(where e is the speed of light), its determination is an
Herative process; the iteration procedure is deseribed by
Moyer (F97 1), 'The need for the planet positions in Fq.(4)
may be clinmnnated by adopting, the modified spacecralt
postiion

() () b - b )

Introducing, the above expression into B (A) reduces if Lo

eos(t- 1) ) (6)
Faquations (2) and (3), together with g . (6), can be used as
observation equations for the naprovement of the satellite
orthits by relating the vector s to model paraneters,

Papers T and 1 deseribe o model whiel conld be used
lo account for spacecralt position crvors. This model enne
ploys a hyperbolic conic approximation for the trajectory
relative to the planet and assimes that cirors i the on
entatton ol the asymptote of the hyperboli are the Targest
remating, which affect the observations. The asymptote
is defined o ternms of its right ascension and declimation,
o and b Bach paper gives the appropriate a priod un
cortaintios for these anples,

I the case of the Voyager 2 Satwirn encounter, the
chimacterization ol the trajectory eriors remains an open
question. Phe Phoehe orbit determnation from the full set
of Pmthhased observations and originid Voyager imaging,
obscivations (Jacobson 1996, Paper T assuned oo o
tor free ragectary. Pending, o future reconstiuetion of the
Vovaper 2 trajectory, we teconnmend that spacecralt posi
tion crrors be neglected when pocesstng, the observadions,

4. Astropraplie obhservations

Table I contains the Voyager 2 astropraphic obscervations.
The entves i the table are:
the Voyager Picture Identification (PICNOY),
the observation (e (tine of the center of the expo
sure) i Juliain Ephemens Date (Date),
the Voyager centered, astrographic right ascension of
the satelhite in the PRH/I2000 systene with units of
degrees (o),
the Voyaper contered, astrographic declination of the
satellite i the FIREZI2000 system with units ol degrees
(),
the uncertamty associated with the observed right as
censton with units of deprees (o, cosd),
the uncertainty associated with the observed decling.
tion with units of degrees (04).
Table 2 provides the ancillary information needed (o pro
coss the astrograplice data, L contains:
the Voyager Picture Identification (PICNQ),
the Tight travel time frony the satellite to the spacecrali

1 units of seconds (1)

3
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Table 1. Astrographic data ol Phocebe

PICNO Date (J11:D) b (deg,)

STOR20
-8.71984
-0.42060

o {deg)
4190013 | 37 2AAAT T2 H0883404
A2 18211 2% 2444781 8GHO1HGH
423518005 2444787 51 8TRUVE

|

|

I

I

203.2382H6
200.30355
206.719621

A280013-] 0 2444802 48267817 21210627 70800
43300131 39 2444859, 14334484 222.19324 15.83743
A3461 1 08 2444824 40278928 22863007 1. 80772

43494 13| 27
4369613 | B0

AR 0334184
2444832.34944184

22996504
24108210

I8.22874
21449774

the modified Saturnbarycentric position of the space
cralte'(1,7) at the observation Gine in 1P /02000 co
ordinates withunits o [ ki (o' o, 27),
the right ascension and declination of the unit vee
tor along, the approach trajectory aoymptote in the
RO /12000 syste mowith units of degrees (ag,, é,).

The camera pointing angles v sed e the generation
of the astrographic obscrvations were those obtainicd as
a byproduct of the analysis described in Paper T T e
angles were onglivare ferenced to a star catalog in the
PRA/E31950 syst e from which the I3 toins ol aberration
had been removed (Klcmola et al. 1979). For the work i
Paper 11, the star positions were rotated to FIKA/J2000
system following the TAU Commission 20 conversion pro
cedure (Standish et al 199 2), The spacecra ftpositions are
L« the hest avail able Voyaper 2 trajectory, the trajec
101% uscdinthe Paper 111 analysis; the s ame trajectory
provided the velocitios for the stoell arabernration corree
tion.

The uncertainties in ‘Table 1 represent the pixel and
line uncertaimties used in the Voyager imaging dati v pro
cossing, ((INGLL(Q 1¢ 1 astrographicform. Fheimaging data
had anuncertainty o [ 0.5 pixel. Uncertainty due 1 1 the
¢ aome ra pointing was ignored (sce the discussion in the
next seelion).

b.Evaluationof the astrographic obsorvations

To evaluiade the ellcet of processing, the astropraphic data
rat herthranthe imaging, the Phioche orbit {it to the for
mer wioas compared to that desceribed v Peper THL The
astrographic darta it stmply re peat ed the fit descnbed i
Paper 111, but substituted the astrographic data for the
nuaging data. The camera pointing was the same inhotly
fit s, and both included the Bart hbased observations in ad

dition to the Voyager dat a. The imaging data (it estimated
the camera pointing angl es, as a4 consequence, accounted
for pointing, uncertainty. I'wo different deter minations of
the orbit were made with the astrographic datas: one in
which the date v weights included the effect of the pointing,
uncertainty aud another in which they didnot. 01 {hese

000026
0.00026
0.00026
0.00026
0.00026
0.00026
0.00026
0.00026

(’(r(U:ya’ [

0.00026
0- 0Q20?(
(L. (1(207()
0- (12020
0.00026
0.00026
0.00026
0. 00026

othits, the onefound withweights w here the pointing, 1111
cerltainty was neglected agr ced best with the Paper 111
orbit. For t1is rea son the recor nmended uneerlainties in
Table | exclude the effeet of pointing,.

Figmres 13 carnpare the orbits obtained from the as
trographic and hoaging data hits, They shiow the i orbit,
radial distance, and (1 of plome differences overthe pe
viod from Janua ry 1900 to January 2000, Beca use the two
fits arcidentical exceptfor the Torm of the Voy sager obser-
vation s, the orbit di ferences represent a divect measure of
the crrors introduced by the nse of the astvographic rather
than the imaging dat o, The RMS di flerences between the
two orhits over the thime period 1900 201 2000 are .7 N
i the i orthit direction, 0.2 ki the radial divection,
and 2.3 ket the out of plane divee tion, Ove rall difler-
crices arc mucll Tess than the accuraaey ol the most acen
rate mag ing data and well below the actual uncertainty
i the orbits from Paper HI

AAWANVWVV\NVVMN\N‘
Wy,
W
Lo
I

L#]

I

1600 16926 1650 1675 2000

Daole

Fig. 1. Incorhit difference: astrographic minus imaging,
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Table 2. Ancillary astrog, raphic dat a for 'hoche

PICNO 7 (sec) a’ (kill) y' (il ' (ki)

41190413 37
4218218 27
42351131 B
4280013 50
4330018 ] 39
4346111 08
43149118 27
436961 H0

191.456
167.100
1527730
115.804
283
65.783
(3,688
50,472

G3212736.7
549042192
AOEERARS.2
36591810.2
21730084.8
16946480.2
16038780.6

GEH6GI1T.T

1OFBGEHT.2
167 106K
152162491
125 1681.6
GR22820.3
H393289.7
5122490.1
327712570

4917903.3
42936849
3916740,
29178212
1799033.7
1437905.0
13691845

9[13(177.4

!
O

[

Hdaal

1600 1925 1875 2000

199D

Dote

Fig. 2. Radial distanc ¢ diflcience: astrographic minus imaging,

G. Conclu ding rermanrks

T'he Voyaper 2 en counter with sitl urn provided a b et
of very accurate obscr vations of Phoche. The observations,
in their original form, permitied the determination of thie
precise orbit for Phoche needed by the Voyvager project.
Liater the sane observations contributed 1( | avedeterni
nation of Phoehe’s orbit which incorporated post Voyi iger
EBarthbased observations. This article has presented the
obscivations converted 1o a more convenient, but equiv:
alent, astrographic form. I'he effect of errors introduced
by the conversion process was examined and found 1¢ 1 be
negligible.
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oy (dep) b (deg)
278.06 G112
278.09 64.04
278,10 64.01
21810 G387
2VT.90 61.36
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L#)
Lol
¥
|
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Fig. 3. 0111 ol plancdiflere nce: astrog raphicninus imaging
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