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PREFACE

The work described in this report was performed by the Guidance and
Control Division of the Jet Propulsion Laboratory for the NASA/Ames
Advanced Space Projects Office, and was [irst presented at the XXVth

Congress of the International Astronautical Federation,
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ABSTRACT

This report deals with onboard optical approach guidance measurements
for si;.in-stabilized Pioneer-type spacecraft to improve spacecraft targeting
accuracy and onboard fuel economy by supplementing earth-based radio
navigation, Approach guidance measurement accuracy requirements vs
advanced Pioneer mission requirements are outlined, The sensor investi-
gated in this report is a V-slit star tracker. The application concept and
operation principle of the sensor are discussed within the context of approach
guidance measurements and measurables. It is also shown that the accuracy
of onboard optical approach guidance measurements is inherently coupled to
tlre stability characteristics of the spacecraft spin axis, Extensive sets of
geometrical and physical measurement parameters are presented for
Pioneer entry probe missions to Uranus via Jupiter or Saturn flyby. The
measurement parameters are related to the Uranus encounter phase of both
missions as well as to the Saturn flyby phase of the Saturn-Uranus mission,
The impact of the measurement parameters on both s-‘nsor instrumentation
and measurement system design is discussed. The need for sensing extended
objects is shown. The report concludes with the indication of the feasibility
of implementing an onboard approach guidance measurement system for
Pioneer-type spacecraft. The Appendix briefly describes two Pioneer 10
onboard measurement experiments performed in May-June 1974 by using
the imaging photdpolarimeter locked on Jupiter in the imaging mode to study
the spin axis stability of Pioneer-type spacecraft at a fine (~5-10 arc-sec)

resolution level,

viii _ . JPL Technical Memorandum 33-726



APPROACH GUIDANCE FOR OUTER
PLANET PIONEER MISSIONS

Antal K, Bejezy
Member of the Technlcal Staff
Jet Prapulsion Laboratory
Californin Institute of Technology
Pasadena, California 91103

I, Introduction

In the last few yoars, a great deal of interest
has developed for in-situ investigation of the
atmospheres of the suter lanets, Scientific rea-
soning indicates that thosce atmosphercs may
raprescnt a storchouse of information on the
evolution of the solar system, The Quter Solar
System Sclence Advisory Group of NASA has
recommaonded that a series of Plonoer-type mis-
sions to be launched to Saturn and Uranus in 1979-
1980 be studied in greater detail, (Ref, 1.) In
particular, the study of the following two missions
has heen recommended; 1979 Ploncer Entry Probe
to Saturn and 1980 Pionear Entry Prebe to Uranus
via Saturn Flyby or, alternatively, via Jupiter
Flyby, Pursuing these recommendations, mis-
sion planning studies have been undertaken for
Pioneer-type Saturn/Uranus Atmospheric Entry
Probe Missions, (Ref, 2,)-

Joining the misston planning studies, this paper
deals with an overall paramaotric system analysis
of the use of an optical approach guidance measure-
ment system onboard a Pioneer-type spin-stabilized
spacecraft for outer planct missions., For a num-
ber of advanced Ploneer missions, a "eadio plus
optical' approach guldange technique has been pro-
poscd in previous studies {Rels. 3, 4, 5) to satisly
both terminal aceuracy roquiraments and onboard
fuel sconomy. Expected terminal accuracy
improvements and onboard [uel saving resulling
from a ''radlo plus optieal™ guidance and navigation
have been quantitatively outlined in Ref, 6 for three
different outer planct Pioneer missions, Fora
three-axis stabilized Mariner-type spacecraft, the
fensibility of using an onboard TV camera for
precise terminal guidance and navigation has
already been demonstrated at JPL (Refs, 7, 8).

The approach guidance measurement system
investigated in this paper employs a V-slit electro-
optical ""atar pippor" (Refs, 3, 4, 5), It can bea
separate instrument or, eventually, combincd with
an onboard "imaging" system (Rel. 9), The sensor
concept ig similar to that which has successfully
been applicd to attitude determination of some of
the earth-orbiting spin-stabilized satolliteos as,
for instance, the OS0-7 satellite (Ref. 10), 'The
sensor system contains a small telescope (3 deg
ficld-of-view) with a V-slit retlele at the finage
plane, a photomultiplier, and appropriate data
processing electronics, The slit width of the V-
ghaped rcticle is 20 arcsce, The optical axis of
the sensor can be gimballud relative to the space-
cralt spin axis, Due to the spacecralt spin, the -
songor field-of-view scans an annular strip of the
celestial sphere, As the Images of detectable
stars and the target {satellites of a planet or the
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planot itself) pass the V-slit, the photodctector
generates a sequence of pulse palrs, The timing
of the pulse signatures can be used to determine
the angular position of the target relative to iden-
tifiable reference stars as seen from the
spacocraft,

This study congiders the use of optical measuro-

" ments of the satellites of Saturn and Uranus against
i the star background, Measuring the angular posi-

tion of the satellites apainst the star background as

* the satellltes revolve about the planet, the bary-

centar of the system can be dotermined which is

ithe sought data for approach guidance. (Refs, 11
and 12,) To satisly approach guidance accuracy

requirements, the precision needed in the deter-
mination of the relative spacecraflt-target direc-

tion is 100 to 150 prad, which in turn requires 40
to 60 prad sensor data accuracy,

Beyond the physical characteristics of the
V-slit gsensor Instrumentation, two factors criti-
cally influence the required measurement accu-
racy: measurement geometry and spaceeraft
altitude. Both factors are evaluated in dopth with
respect to two alternative outer planet Ploncer
missions: Saturn-Uranus and Jupiter-Uranus
atmospheric entry probe missions with departure
from Earth in November/December 1980, A
comprehensive set of measurement geomaolry
param - ters are prescented for both the Saturn
[lyby asd Uranus approach mission phasos,
Available data on attitude performance ol Ploncer
and other spin-stabllized snacecrafts {Refs, 10,
13, and 14) are employed in the analysis, A
briel, preliminary evaluation of long-term attitude
stability measurements of Pioncer 10 by using the
onboard Imaging Pholopolarimeter with the 100
arcesac square aperture locked on Jupiter for 8 to

28 hours in May/JTune 1974 is presented in the
Appendix, Relerence {5 also made to a recent
V-slit sensor breadboard test, (Rel. 15.)

In conclusion, a trade-off is presented for
an appreach guidance measurement system [or
advanced outer planet Pioncer missions using
a V-slit sensor, The major conclusions are:
(1) At Saturn flyby, viewing some of the medium
perlod satellites can provide the best measure-
ment results. (2) At Uranus approach, viewing
the planet itsell may offer the most advantageous
rneasnrements if an carly bus-probe scparation
ip rciiuired, {3} In all cases, the [inal measure-
ment accuracy strongly depends on both the data
format transmitted to Barth and the applied data
interpretation techniques using appropriate
i models of sensor performance and of spacecrall
attitude dynamies,



II. Mission Requirements snd
Approach Guldance

Exploration of distant solar system objects
(comots, asterolds, outer planets, and their
satellites) by space probes requires probe delivery
ageuracies which are beyond the presont earth-
bascd radio navigation eapabilities, Earth-based
radio navigation for targeting a spacecraft relative
to a solar system object assentinlly utilizos a
timo-dependent vector differonge formed between
the hellocentric state vector of the target object
and that of the spacecraft, The accuracy of the
resultant spacecraft-target difference vector (s
basically limited by the accuracy at which the
target ephemeris data aro known since the uncer-
tainty in the target ephemoris data are much larger
than the error in the best catimate of the spacecraft
trajectory obtainable from radio tracking,

The best terminal error using only carth-based
radio navigation is listed in the first column of
Table | [or several advanced missions under cur-
ront study. The terminal accuracy rcquired to
complete the missions with the desired success is
listed in the second column of Table 1, As scen,
the terminal error obtainable from "radlo«only"
navigation is sevaral times larger than the desired
delivery error, To achleve the desired dellvery
accuracles by "radie~only" navigation would
require target ephemeris acenracy equivalent to
0.1 arcsec or better resolution In earth-bascd
target observations. (Depending on the particular
distant solar system object, the best ephemeris
data presently available arc equivalent to 0, 3-

0.5 arcsec resolution, )

Table 1. Targeting Accuracy Requirements
and Capabilities
REQUIREL
RADIG-ONLY | REQUIRED REQUIRED
NaVIgAtion] TeRmiNAL (1 BIRECTION. | senson oaTe
Mission ERROR | ACCURACY | "y rarpenl™ | ACCURACY
100 km 103 km prd srad
MULTIPLE PLANET FLYBY 2l 1 1
MULTIPLE ASTEROID ) 0,2:0,5
COMET FLYBY 545 0,2:0.5 .
160-156* 40+ 80
SATURN-URANUS | AT JUPITER]| 0.8 0.5-L0
DR
JUPITER-URANUS | AT SATURN | 29 0.4-0.6
ENTRY PROBE ATURANUS| &0 L5ao | )

*TAKING ACCOUNT OF ACQUISITION RANGE AND OF MIDCOURSE AV ALLDWANCE

Substantial terminal accuracy improvement can
be achioved, however, by the application of o
spacecralt-based approach guidance measurement
system capable of determining the celestial direc-
tion of the target mass center relative to the
spacecraft, In conjunction with earth-based radio
tracking of the spacecralt, the spacecralt-based
measurements of the celestial coordinates of the
target contain the information needed to derive a
more accurate target-centered position of the
spacecralt so that the spacecraft position relative
to the target will be known to an accuracy reflected
as an 0.1 argsee or better target ephemeris
grror, ' :

2 ORIGINAL PAGE 18
" POOR QUALITY

The basle goal of an apureach guldance
maeasuraomont system lo to obtaln spacdcraft-based
measurements of the spacecraft-target diraction
voctor referenced to celeatial coordinates., The
methad of obtaining this information !s that of
measuring the angular soparation between the
targot and known bright stara, If tho target is a
planet, then the mensurements can be of the angu-
lar position of the planct's satellite(s), and from
these measurements the angular position of the
target planct will be deduced. The orror asso-
ciated with an indirect determitnation of tha
planct's angular posltion can be less than the
error related to a direct measurement of the
planct's angular positlon relative to known bright
stara when the planet §s scen as a largely extended
object from the spacecraft, The measurement of
angular separation between planetary satollltes
and known bright stars involves only images of
point light sources if the spacecrait is at a suffi~
ciently large diatance from the satellite(s),

The accuracy requlrements for a spacecraft-

-based approach guidance measurement system

should be viewed together with the onboard fuel
allowances for trajectory correction mancuvors,
In a first approximation, the miss distance error
AD corresponding to a given angular measurement
error Ae is dircetly proportional to the spacecraft-
target distance so that AD ~RAp, On tha ather
hand, the equivalent &V velocity maneuver requlred
to correct the miss distance error is inversely
preportional to the spacecraft-larget distance so
that &Y ~VD/R, Consequently, for a given
onboard fuel allowance for trajectory correction
there 1s an equlvalent approach guidance direction
measurement accuracy requirement, or vice
versa, For a given approach guidance measure-
ment system accuracy, the best practical strategy
ig to perform the measurcment and trajectory
correction process iteratively by removing a
large portion of the miss distance at an early date
when the AV requirements are small, and correct-
ing the residual error at a later date when the
measurement aceuracy {8 improved,

Taking account of the considerations above, the
third column of Table 1 lists the accuracy required
[rom the approach guldance measurement system
to satiasly mission requirements, The fourth
column of Table 1 is specifically related to the
signal accuracy of a V-glit senser considered for
use on a Pioneer-~type spin-stabilized spacecralt
for approach puidance measurements. It is noted
that the basic quantity measured by a V-slit scnsor
is time or time difference and not direct angular
separation between objects whieh can be provided
by TV [rame measurements. In tho caso of a
V-ulit "star pipper", the spacecraft-target angular
direction is derived from timing measurementa,

I1,. Sensor and Application Concepts

Tongider a small telescope with a V-slit reticle
at the image plane mounted on a suitable place of
the spinning spacecralt. If the telescope having a
6 degrec field of view is pointed by ¢ degree away
from the direction of the spin axls, it will under
ideal conditions inscribe a circular path in the sky
and sweep a 0 dagree wide annular strip in the sky
as the spacceraft rota 88 around the spin axis,
Detectable stars and the target object appearing
within the scanned annular strip of the sky will

JPL Technical Memorandum 33-726



genorate a soquence of pulse (or wave) palrs as
thoir images pass the slit of the V-shaped reticle
which defines the instantancous flold of view,
Accurate timing measurements of the pulses (or
the contor of the waves) can be used for a procision
detormination of both the Inertial orlentation of the
spacecraft spin axis and the angular position of
the planetary satellite relotive to detectable known
stars. In particular, the mean time and the
sepnration time of cach pulse (or wave) palr pro-
vide the sensed objectis clock and cone anglry,
respectivaly, defined relative to thoe space: 2ult
spin axis, V-slit {ypo sonsors have heen success-
fully applied to attitude determination of several
spin-stabilized earth-orbiting satcllitos, (Sea,

for Instance, Refs, 10, 13, and 14.)

The V-slit sensor under consideration in this
study has 20 arcsec slit widih and 3 degree ficld-
of-viaw. The narrow slit width aids the detection
accuracy of signals coming from point light
sources, The 3 dogroe fleld-of-view is a trade-off
value to assure a sufficient numbar of detectable
stars, brighter than 4 Visual Magnitude (VM]},
within various scanned annular strips of the sky.
The sweep cone of tho sensor can be controlled by
mechanically gimballing the telescape relative to
the spacecraft apin axis,

The sensor configuration is shown in Fig, 1,
As secen, tho V-glit star mapper 18 a relatively
simple sensor, It consists of five major compo-
nents: objective lens, V-slit reticle, fleld lens,
photodetector, and data processor, The cleetro-
optical design considerations for a particular
V-slit sensor configuration suitable for approarch
guldance measurements can be found In Ref, 15,

OBJECTIVE LENS

V:5LIT RETICLE
——=<" AND FIELD LENS

n N @ : 2.
e
7 7L

SOR OPTICAL
senson, o ) / @
<

)

) PHOTOMULTIPLIER TUBE

5 ez Vo

SPIN AXIS POINTING CIMBAL

Fig. 1. V-Slit Star Mapper Configuration

Tho Ve-slit sensor application concept for
approach guidance meapurements iz shown in
Fig. 2, The scensor opgration principle is shown
in Fig. 3. The upper parts of Fig, 3 show the
operating polar reference frame fixed to the space-
erait, As scen in the lower part of Fig, 3, the
ficld-of-view hasg two dimensions: an angular width
in the scan direction, dnd ax angular length in the
direction normal to the scan direction, The area
of sky scanned per revalution depends on the angu-
far length of the detector, and the detector angular
widih determines the dwell time of a signal at a
given spin rate. Theo rotation of the spacecraft will
produce high signal-to-noise ratio pulses as images
of stars and the satellite cross the reticle slits.
Each object gencrates a pulse pair. With relerence
to the lower part of Fig. 3, the pulecs at ty and t3
are generated by objects "a' and ''b", respectively,
when they cross the clock anplo {vertical) reference
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Fig, 2. V-Slit Star Mapper
Application Concept

slit, Hence, t3-t; is proportional to the differen-
tial clock angle botween objects Ma' and '"b", On
the other hand, the pulses at tp and t4 are gener-
ated by objocts "a" and ''b", respectively, when
they cross the cone angle {slanted) reference slit,
Henee, ty-t) and t4-tz arc proportional to tho
differontial cone angle of objects "a' and "b",
reapsctively, in the senwor fisldeof.view, It is
geen that an accurate determination of angular
position becomes now a problem of nccurate
measuremont of time differences,

Regarding accuracy in time measurements, of
specilic interest are the signal detection techniques
applicable to implementing time interval measure-
mapts, The simplest technique is the indication
of a fixed throshold crossing, This technique,
however, introduces error in the elock angle
measurements since the threshold will trigger at
different times for different Input amplitudes,

Tha input amplitude is a functlon of star or satel-
lite light intensity, Assuming that the same
amplitude is gencrated at cach slit, the cone angle
measurements will not be influenced by this error.
The error in the clock angle measurements can be
decreased in several ways. Encoding the peak
amplitude (ollowing a threshold crossing would be
perhaps the most advantageous technique for three
reasons, First, the center of the pulse can be
computed by knowing the erossing time, peak
amplitude, and filter response, Seccond, signal
wave forms resulting from the sensing of extended
objects can be interpreted more accuralely by
knowlng the peak amplitude at each point. Third, .
the measurement of the peak amplitude of star
pulses will greatly aid the identitication of stars
which is an all important element in the approach
guidance measurement process,

Thae apprezch pguldance measurement process
by using o V-slit star mapper onboard a spin-
sinbllized spacecraflt is summarized in a functional
block diagram in Fig. 4. Though ong successful
measurement can improve the accuracy of the
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Fig, 3, V-5lit Star Mapper
Operation Principle

spacacraft-target dircetion vector, the mecasure-

ment and cemputational process should be repeated

over the entire orbital period of the sensed satel-
lite in order to take full advantage of the approach
guidance measurement system as shown in Ref, 6,
Of course, if the planatary satellite itselfl is the
mission target, then the satellite's ephemeris is
the sought final approach guidance data which will

4

SENSING AT LEAST TWO 1DENTIFIABLE
STARS AND THE PLANETARY SATELLITE
IN ONE MEASUREMENT CYCLE |

A 4 A J

SPACECRAF -
PRECISE POINTIMG SATELLITE _I
DIRECTION OF » DIRECTION IN -~
SPIN AXIS CELESTIAL
COORDINATES

L 4

BARYCENTER CF THE
PLANETARY SYSTEM

h A

PLANET-REFERENCED UPDATE OF THE
SPACECRAFT TRAJECTORY

_._......_.,..____1_.____._......

I— TRAJECTORY CORRECTION MANEUVER

Fig, 4, Approach Guidance
Mecasurement Process

be cansiderably impr yved by a measurement
procass repeated over the entire orbital period
of the satellite. It is also noted that more than
two identifiable stars within the scanned annulus
of tha sky and repeatoed scans over tho same Held
of view can ilmprove approach guidance measure-
ment accuracy within the limits of the fine strue-
ture stability of the spin axis,

Recently, a breadboard V-slit star mapper was
tested at TRW to determine the feasibility of such
a sensor to provide the signal accuracy required
for approach guidance measurements onboard a
Pioncer-type spinning spacecraft, (Rel, 15,) The
breadboard sensor had the following main charnc-
teristics, Objective lens: 300 mm [, L., £/3.5.
I'ield lons: 17. 8 mm diameter, 31 mm [. L.
Photomultiplier: EMR 541E-0]-14 5-20 Photo-
cathode, Reticle geometry: 15,88 mm (3, 03 deg)
slit lengtlh, 25,4 pm (17.4 arcsec) slit width,

25,9 deg slant angle for YV-shape, Threshold
dotection: 2 KHx BW,

The test results were encouraging, Fora
40 dog cone angle and with 5 rpm, the error in the
clock and cone angle measurements of a point
light source equivalent to 4,9 VM was in the range

JPL: Technlical Memorandum 33-726



1

of 10«15 and 15«25 arcaae, rospectively, Scveral
techniques have been suggested to Improve the
first tost rosults,

1V, Measueemonts and Measurables

The primary data sought in the appronch guld.
ance measuramont procoess 18 the angular position
of planciary satellites relative to known referonce
stars, Thus, the approach guldance sensor can
functionnlly be defined ns an clectro-optical ingtru-
ment capable of meaguring naturnl satellite posi-
tions agninst known background stars as scen [rom
the spacccraft. Since tho spacceraft undor con-
slderation I8 n apin-stabilized vehiclo, its natural
rotation in tho inertial epace can convenlently be
utilized In o star scannor sensor Instrumentation,

Tho basic mensurable is the light radiation
from stars and the target converted into electrical
aignals by the detector, For sensor design and
successful performance, the following maasurce-
ment parameters arc ol specific interest, (i)
Dofinftion of the satellite(s) which will be trackaed
by the ¥-slit sensor, (2) Apparent slze and
brighiness of the tracked satelilto a8 secn from
the spacecraft, (3) Apparent separation of the
tracked satellite{s) from the target planct as scen
Irom the spacecraft, (4) The cone angle of the
gsensnr optical axis required to view the satellite{s)
from the spinning spacceralt. (5) Avallablo star
background for a required set of viewing cone
angles,

Onboard optical approach guidance measure-
ments by o V~slit sensor are inherently coupled
to the attitude motion of the spacecralt since the
measurements are relative spaceeraft-taryet
dircctione expressed in celestial coordinates, and
the sensor's inertial orientation at any given time
is a function of the spacecraft attitude, Thus, the
accuracy of optical appreach guldance measure-

monts by a V-slit sensor is limited by the accuracy

to which the attitudo of the spin-stabilized space-
cralt is known at the time when the spacecraft-
target direction measurements are being taken,
Consequently, the inherent coupling of the onboard
optical approach guidance mensurements leads to
the problem of precision modelling the attitude
motion of a Ploneer-type spin-stabilized space-
craft in order to extract the maximum information
from the measurcments,

A preciglon performance of approach guidanee
measurements in real [light assumes also several
flight calibration procedures to compensate for
non-random scnsor errors, The analysis of such
calibration techniques is beyond the scope of this

paper,

V. Ploneer Entry Probe Missions to Uranus

" Regarding dellvery accuracy, the most critical
advanced outer planet Ploneer missions under cur-
rent study are the 1980 Pioneer Entry Probe Mis-
sions to Uranus via Saturn or Jupiter Flyby, It
has been shown (Ref, 6) that an onboard aptical
approach guldanee meéasuremont system is cssen-
tial for probe delivery at Uranus because of the

combined cffect of three factors: ecarly bus/probe
separation Jdate (nbout 20 days hefore encounter),
narrow entry corridor for probe dellvery at
Uranug, and the pathologically large ephemuris
orror of Uranus {sco Table 1), In particular, it
was found that, for the sclected probe ontry point
location, tho dispersion of the probe trajectory in
the impact plane must be kept under 2000 km.,

In this section, approach guidancoe measurement
geomotry parametoers are prosentod for both the
Saturn~Urcnus and Jupiter-Uranueg misgslons, For
the Saturn-Uranus misslon, the measuremont
geometry has been computed for both the Saturn
[lyby and Uranus approach phaves, TFor the
Juplter-Uranus mission, the mensuroement geome-
etry hae been computed only for the Uranus
approach phase since I has been shown {Ref, 6)
that the guidance accuracy ebtainable by "radlo
only' navigation mensurements would be satia-
factory at the Juplter flyby phase of a Jupiter-
Uranus missien,

The physical parameters of Uranus and Saturn
and thelr satellites needed for the computations
have boen taken from Rels, 16 and 17, The mis-
slon data used in the computations are those which
have been determined In Ref, 2 and listed in
Table 2,

Table 2, Mission Data Applied
in the Analysis
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T-YHOTOW |8 IN THE EULIPTIE 1P1LAND

The meanurement gcometry parameters at

_ Uranus approach have been computed for the time

period starting from 80 days before encounter
(E-80) and ending at 10 days before encounter
{E-10). The contemplated primary goal for both
alternative missions is the successful delivery of
an eatry proke ta Uranus. Ag scen from Table 2,
both missions considercd in the computations arc
in the bus deflected mode (Ref, 2%), Aceording to

#in the bus deflected maode, the spacecraft and probe are initially targeted at the appropriate entry
location and, at some point inside the sphere of influence of the planet, the probe is scparated and the
spacceraft is deflected to the appropriate nonimpacting trajectory,

-
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provious studies (Refs, 2, 5, and 6), entry probe
separation from the bus wauld tako plaze approxi-
mately 20 days before Uranus encounter, Optlenl
approach guldance measurements, thorofore,
should take place ot a time period proceding the
proba separation [rom the bus,

The definition of some of tha measuroment
goometry paramotors is oxplained in Flg. 5,
definitlon of the other goomevry parameters
{apparent angular slze of the objeet and apparent
angulnr separation of satellite from planct timb)
is obvious, As secen in Fig, 5, it is assumod that
the spacecraft spin axis Is always pointing toward
the Earth llke the spin axls of the presently opore
ational Pioncer 10 and 11 spacecralt,

The

| SPEN AXNS FQINEING DIRECHON:

/N’AC[H”I
[AREH

. VIEWING CONE ANGLE $+

3o PLAKIT OR SATLLLITE PHASE ANGU ¥+

SATELLITE OR PLANLE
SMCICRMA Sun

4, SIPARATICH OF SATILLITE FROM SATURH RING

SPIN IS _
YOTHNG L SATILEE OR PN SMILLITE .y omstnseorn
e
SPACICRAST '
v MINIMUM APPARINT SEPARATION
SPACILRAFI
Flg, 5. Dofinltlon of Viewing Parameters

The apparent brightness my, of the planct and
the satellites is computed aceording to the known
formulat

m, =m_ 1" il~e It +log ¢] + B(Y) + £{P)
whire
m_ ¢ normalized visual magnitude {VM)

R: distance from sun to target

r: distance [rom spacecralt to target
Flyk
(P

phase angle correction

applied only to Saturn, correcting for
the apparent ring inclination B relative
to the line of sight,

The values of mg for Saturn, Uranus and thelr
satellites used in the calculations are taken from
Reafs, 16 and 18, '

A, Saturn-Uranus Mission, Saturn Encounter

In the viewing parameter calculations, four
Saturn satellites have been congidered: Hyperion,
Titan, Rhea, Dione. The primary target candi-
dates for approach guldance measurements are
Titan and Rhea, Hyperion is too {aint and Dione
is too close to the planet,

Figs., b and 7 show the cssential apparent view-
ing parameter  of Saturn, Though Saturn is nota
viewing target lor navigational fixes, Its brightness
and angular diameter, together with the outer
ring's angular diameter, should be taken into
account in the satellite scanning process, because
of possible stray light Interference.
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The basic viewlng parameters for Titan and
Rhea wre shown in Figs, 8 through 10, As seen in
Fig. 8, the apparent angular diaineter of Titan is
near to or greater than 20 arceec in the tlmo
period betwoen E-80 and E10 days, Therefore,
Titan shouald bo cotsiderod as an extended and not
a point-liko object, Even Rhea becomaes an
extended object at E-20 day ng seen In Fig. 8.

The apparcat phase angle variations for Titan and
Rhea are also shown In Fig, 8, When the sensed
fargot objoct appears as an oxtended body in the
feld of viow of the V-slit sensors, the inrget's
phase angle should be taken into account for inter-
preting the target's signature,

Asg seen in Flg, 9, Titan is a bright object, and
can be visible for a 4 VM scnsitivity sensor earlior
than E-100 day, However, the maximum apparent
anpulay separation of Titan from the Saturn ring
reaches 1 deg only at E-60 day os scen In Fig, 9,
Tentatively, it is nasumed that the apparent angu-
lar scpaiation of the scanned satellite from the
ring (er from the planct limb) should be at least
1 deg to avold stray light Interference from the
much brighter planet.

Fig. 9 shows that Rhea will appear asa 4 V)
object at E-65 day, but its maximum apparent angu-
lar separation from the Saturn ring reaches 1 deg
only at E-25 day., However, the orhital period of
Rhea is less than 5 days so that at least two com-
plete orbits can be measured during the time
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Fig. 8, Saturn-Uranus Mission,
Saturn Flyby; Satellite
Viewing Parameters
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poriod between E-25 and E-15 days, Note that the
time difference between three successive peak
points of the apparvent angular separation curves
corresponds to the orbital period of the satellite.

The viewing cone angle variations for the four
Saturn satellites are shown in Fig, 10 which also
displays the Saturn viewing cone angle for reference,
In general, the useful satellite viewing cone angle
must satisfy the following constraint:

Poatellite ?“#;alanct (0, 5p + A}

where

B: apparent angular diameter of the planet
- {or ring)" : o

Ak required minimum angular separation of
the sensor's ficld of view from the planet
limb {or from the ring).

Note that, in general, the maximum and mini-
mum points of the satellite viewing cone angle
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curves ¢orrespond to the situations when the satel-
lite appears farthest to the left or farthest to the
right {or vice versa) relative to the planet as seen
from the spacecraft. As seen in Fig. 10, the use-
ful satellite viewing cone angles range irom 30 to
35 dogrees which can be consldered satisfactory
for approach guidance measurements.

Fig, 11 shows the satellite viewing geometry
for a 3 deg field of view V-slit scanner in the
actual angular dimensions scaled to the E+25 day
conditions, The apparent angular diameter of
Saturn and its outer ring has also the proper scale.
Of course, the 20 arcsec slit width and the apparent
angular diameter of the satellites are out of the
scale and only serve illustrative purposes. The
location of the satellites in their arbit is also
illustrative only. But the angular extension of the
orbit is in proper scale,

The scanned star background with stars down
to 4 and 5 ¥M 1is shown in Figs, 12 and 13, respec-
tively, The figures also show the path of the apin
axis pointing in the time period between E-80 and
E-10 days, For convenience, a continuous time
history has been plotted for the spin axis pointing,
Actually, the spin axis would be precessed only
periodically and stepwise to keep the high gain
antenna within ~ 0.3 deg of the earth line-of-sight,
The apparent orbit of Titan from E-37 to E-21 day
is also shown in the ligures together with tha
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Saturn Flyby; Satellite
Viewing Geometry

apparent location of Saturn, The 3 deg wide
annular scan of the V-slit scnsor shown in

Figs, 12 and 13 is centered at the spin axis
pointing at I15-30 day. The apparent location of
Titan at E-30 day is also shown in the figures,
Since the star background is shown in a Cartesian
frame, the scanned annular strip appears as a
distorted circular ring in the figures. It is noted
that, from spherical trigonometry, the eelestial
coordinates of a small eirele in the celestial
sphere must satisly the following relation:

cos ¢ = cos (¢! - &) cos &' cos &+ sin &' sin b

where
$: conec angle {angular radius) of the
small eircle
b, a: declination and right ascension of the
center of the small circle
&', a'r declination and right ascension of the

locus of the small circle.

The distorted circles in Figs, 23 and 24 are drawn
for &6 = -13,26 deg, @ = 220,08 deg, ¢ = 33,7 and
36, 7 deg, and satisfy the relation quoted above.

As seen in Fig, 12, the 3 deg wide annular
strip contains, in addition to Titan, | star brighter
than 2.5 VM and 6 stars with brightness between
2,5 and 4 VM, The total 85 deg by 85 deg celestial
background contains 73 stars brighter than 4 VM,
or 220 stars brighter than 5 VM, That is, inercas-
ing the sensitivity of the V-slit star mapper from
4 VM to 5 VM objects would add 147 detectable
reference stars to that particular celestial back-
ground, It is scen from Fig, 12 thata 4 VM sen-
sitivity V-slit star mapper would be suffizient for
approach guidance measurements at Saturnn, Note
also in Fig, 12 how evenly the detectable stars
are distributed within the annular strip, This
favorable condition also prevails for 3 deg annular
strips with 27 to 30 deg cone angles,
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B. Saturn-Uranus Mission, Uranus Approarh

In the viewing parametor calculations, four
Uranus satellites have been considered, Though
the primary target candidate for approach guidance
measurements is Titania, the viewing geometry aof
the other satellites may also have an impact on the
measurciments for reasons to be discussed later,

Figs, 14 and 15 show the egsential apparent
viewing parameters for Uranus, It is worth nol-
ing In these figures thut the angular diametsr and
brightneds of Uranus ae scen from the spacccraft
during the time period [rom E-60 to E-40 arve in
the range of 100-150 arcsec and minus 1,8 to
minusg 2.7 VM, respectively, Fig. 14 also shows
the spacecraft-Uranus distance for the corres-
ponding time period.

The basic viewing parameters for four Uranus
satellites arc shown in Figs, 16 through 21, As
seen in Fig, 16, all Uranus satellites can be con-
sidered as point objects privr to E-15 day.
Approximately at E-10 day, bowever, the apparent
angular diameter of Titania, Oberon and Ariel
becomes 20 arcsec, Bu. the phase angle is favor-
able as scen in Fig. 17. {Almost [ull phuse, )
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The eatellite brightness curves shown in
Figs, 16 through 20 should be taken with some
reservation. Gomparing the earth-observed
brightness data for the Uranus satellites as quoted
in Refs, 16 and 18, it is safe to state that the data
have at least 20,3 VM uncertainty, It is noted
that the angular separations of sateliites from the
planel surface shown in Figs, 18 and 19 are mean
values, Small periodic variations in the valuaes of
the apparent angular separation are omitted from
these figures,

Fig. 20 gives synoptic displays of the relevant
""eloge-up' data for viewing Titania and Oberon
during the time period between E-30 to E-16 days,

It is seen from Fig, 18 that Umbriel is an

unsuitable observation object for a 4-th VM sensi- -

tivity terminal guidande optieal sensor for the

time period prior to E-20 days, - Even a sensitivity
increase of the V-glit sensor to 6-th ¥M objects
would not make Umbriel a suitable ubsdrvation

. target. Thongh Umbriel could be detected with a

6-th VM sensitivity optical sensor at E-30 days,
the apparent angular separation of Umbriel from
the Uranus surface during the time period [rom
E-30to E-20 days is so small (0,35-0,5 deg)

ORIGINAL PAGE IS - ' - 9

OF POOR QUALITY

Xy



Vi CODE

*<2,5
2550=<4,0
DEggEE 4,0=0=5,0

20

10

o
=)

DECLINATION
5

E-80 4o

5] o "
SPIN AXIS POINTING

ad

E-10

E-30

1 1
190 200 210

! ]
220 230 240 250 260

RIGHT ASCENSION, DEGREE

Fig, 13,

Saturn-Uranus Mission, Saturn Flyby; Tracking Titan

Against Star Background, VM <5

that Umbriel should be ruled oul ar a potential
~observation object for approach guidanee,

Figs, 18 and 19 show that Ariel, Titania and
Oberon would be 4-th VM objects as seen from the
spacecralt approximately at E-20 day. As pointed
out in Refl. 6, at least one complete satellite orbit
observalion is required for satislactory approach -
guidance calculations, This requirement dictates
that the sensitivity of the onboard V-slit guidance
sensor should be increased at least to 5-th VM
objects since the orbital period of Titania and
Oberon is 8.7 and 13,5 days, respectively, and
the probe-bus separation tales place at E-20 day,
As seen in Figs, 18 through 20, with a 5-th VM
sengitivity V-slit senisor Titania and Oberen can
be detected approximately at E-35 and E-32 days,
respectively, so that at least ere observation of
their complete orbit can be performed by the
onboard sensor prior to E-20 day, Note, however,
that the apparent angular separation of Titania and
Oberon from the Uranus surlace as seen from the
spacecraft at £-35 and E-32 days is approximately
only 0,5-0, 8 degree.

10

e

Among the live Uranus satellites, Titania and
Oberon geem to be the most suitable observation
objects for approach guidance measurements pro-
vided that the sensitivity of the V-glit sensor is
increased from the presently contemplated 4-VM
level to the 5 VM level, As ta the questlon of selec-
tion preference for observing Titania or Oberon for
approach guidance measurements, Titania is the
preferred satellite duc to its shorter orbital period
{8. 7 days) and somewhat brigliter appearance.

Though Titania and/or Oberon seem the most
suitable obsorvation objects for approach guidance
measurements, Ariel may also represent an inter-
esting alternative; with a 5 VM sensitivity V-slit
sensor, Ariel could be detected from the spaceeraft
at E-30 day. (See Fig, 18.) These detection days
would provide the possibility of observing 3 Lo 4
complete orbits of Ariel prior to the E-20 day
probe-bus separation date, since the orbital period
of Ariel is 2.5 days, Note, however, that the
dpparent angular suparation of Ariel from the
Uranus surface as geen [rom the spacecraft at E-30
to E-25 days is approximately only 0.4-0, 5 degree,

"JPL Technical Memorandurm 33-726
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Fig. 14, Saturn-Uranus Mission,
Uranus Approach

The viewing cone angle variations for four
Uranus satelliles are shown in Fig, 21 for the time
period between E-40 and E-16 days, For refer-
cnce, the figures also show the Uranus viewing
cone angle. As scen, the usecful satellite viewing
cone angles are quite narrow, (About 13 and
15 deg, respectively, )

Fig., 22 al the end of this subsection shows the
satellite viewing geometry_ for a 3 deg field of view
V-slit gcanner in the actual angular dimensions
scaled to the E-25 day conditions, The apparent
angular diameter of Uranus has also the proper
scale in the flgure, But the 20 aresce slit width
and the satellite angular diameters are out of the
scale of Fig, 22, .

The scanned star background with stars down
to 4 and 5 VM is shown in Figs. 23 and 24, respec-
tively. The figurcs alse show the path of the spin
axis pointing in the time period between E-80 and
E-10 days. The apparent orbit of Titania from
E.32 to E-21 day is also shown in the fipures
together with the apparent location of Uranus, The
3 deg wide annular scan of the V-slit sensor shown
in Figs. 23 and 24 is centered at the spin axis
pointing at E-28 day with coordinates & = -23, 39
deg, o = 262, 0B deg; the cone angle is ¢ = 14 and
11 deg. The apparcut location of Titania at E-28
day is also shown in the figures. The construction-
of the distorted small circles In a Cartegian [rame
has been explained previously,
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As seen in Fig. 23, the 3 deg wide annular
strip contains, in addition to Titania, 2 stars
brighter than 2.5 VM and 3 stars with brighiness
between 2.5 and 4 VM. The total 40 deg by 40 deg
celestial background contains 25 stars brighter
than 4 VM, or 72 stars brighter than 5 VM,
Increasing the scnsitivity of the V-slit sensor to
5 VM would also provide a more favorable star
distribution within the scanned annular strip of
the sky.

C. Jupiter-Uranus Mission, Uranus Encounter

The apparent viewing parameters for Uranus
and its satellites would practically be identical to
the corresponding parameter values shown pre-
viously for the Saturn-Uranus mission, (sce
Figs, 14 through 20}, except the apparent phase
angle which now becomes even smaller {about
4.5 deg, see Fig, 25}, The evaluation of sateilite
viewing conditions outlined in the previous subsec-
tion for the Saturn-Uranus mission could be
repeated here with identical conclusions for the
Jupiter-Uranus mission, :

Regarding the viewing cone angles, however,
there is a significant difference between the
Jupiter-Uranus and Saturn-Uranus missions.
Comparing Figs. 26 and 21, it is scon that the
viewing cone angle for Uranus and its salellites
becomes even narrower during the Jupiter-Uranus
mission. {About 7 deg, that is, half of the viewing

11
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cone angle required for the Saturn-Uranus mission,)
The 7 deg narrow viewing cone angle is quite unfa~-
vorable for making approach guidance measure-
ments with a V-glit scanner,
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The scanned star background with stars down
to 4 and 5 VM is shown in Figs, 27 and 28,
respectively. The [fgures also show the path of
the spin axis pointing in the time period between
E-80 and E-~10 days. The apparent orbit of Titania
from E-25 to E-106 day is also shown in the figurcs
together with the apparent location of Uranus, The
3 deg wide annular scan of the V-slit sensor shown
in Figs, 27 and 28 is centered at the spin axis
pointing at E-20 day with coordinates 6= -23.28
deg and o = 261, 15 deg; the cone angle is d=7.7
and 4.7, The apparent location of Titania at E-20
day is also shown in the figures. The conslruction
of the distorted small cireles in a Carlesian frame
has been explained previously, o

As scen in Fig, 27, the 3 deg wide annular
strip does not contain any star brighter than 4 VM,
But thore will ba 3 stars with brightness between
4 and 5 VM within the scanned annular strip as
seen in Fig, 28, It s worth noting that the total
25 deg by 25 deg celestial background confains
only & stars brighter than 4 VM, or 21 stars
brighter than 5 VM.
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VI, Spacecraft Attitude and Approach
Guidance Mecasurements

The V-slit star mapper is a completely passive,
strapped-down measuring device. Sinee the infor-
mation to be obtained from the scanning V-slit sen-
gor for approach guidance is spacecralt/satellite
direction in celestial coordinates, the basic refer-
ence [or obtaining the desired information is the
spin axis orientation in celestial coordinates during
the time when spacecraft-satellite measurements
are taken apainst the detectable star background,
Thus, to obtain precision information about the
spacecraft-satellite direction in celestial coordi-
nates requires a precision determination of the
spin axis orientation in celestial coordinates. In
gencral, therefore, the information accuracy
requirements kave an influence not only on the
measurementy accuracy required from the clectro~
optical system (that is, on the accuracy in the
resolution of time deteetion of a star pulsc), but
alse on the type uf dynamical madel [or the attitude
motion of the spacccraft utilized for determining
the spin axis orientation,

Multislit atar mapper onboard a spin-stabilized
spacecraft has been successfully applied for atti-
tude determination of several earth-orbiting satel-
lites, as for instance, the OSO-7, ATS-II, and
Project Scanner satellites, (Refs. 10, 13, and
14.} Experience shows {see the just quoted ref-
erences) that the accuracy of the attitude solutions
depends on two major factors: a) the selected

JPL Technlcal Memorandum 33-726

M DEG
L T L) ¥ T 1 T
X
x
»
N
30f . 1.0
x
ANGULAR SEPARATION x
OF TITANIA FROM "
URAKDS SURFACL "t
3.5 AS SEEN FROM $/C . e 4e,9
n - ~
X
XK X
4,0 st 3% -0.8
W ~
x
o
L TITANIA BRIGHTNESS do,
a5 Mmi‘ AS SEEN FROM S8 7
L]
1 1 i 1 J i 1 0.6
26 a2z 20 18 16
DAYS BEFORE ENCOUNTER
M ves
1 T T T 1] b 14
xx
30 ANGULAR SEPARATION OF x 3.6

OBERON FROM URANUS

]
SURFACEAS SCEN FROM §/C x" i
X
x
S ~
3 _\ ey

-1,4
-~
u,uxx""‘xk -~
X -~
P -
4,06 W // -1,2
>
L
Ao 'fi
a5 x OBERON BRIGHTNESS 41,0
. AS SCCH FROM 5/C
N ey
KK - -
] 1 1 1 1 1 ] 0.0
30 28: 26 24 22 20 18 16

OAYS RCFORL CHCOUNTER

Fig, 20. Saturn-Uranus Mission,
Uranus Approach; Satellite
Viewinpg Parameters

DEGREL

1 i 1

1]

il T”mm/\ \\ ,‘r
ORIRON Yo~

E % wn
DAYS BEFORL ENCOUNTIR

Fig. 21. Saturn-Uranus Mission,
Uranus Approach; Satellite
Viewing Cone Angle

13



MICULAR SEALE CORRISPONDING 10 VILWING AT (-39 DAYS dynamlca! model for the attitude motion, and
PG =t DiC b}' pood target geometry. (The In,portance of
4 L z 1 9 ! L] these Inctors ts expected for theurotical reasons,)
For instance, for the ATS II satoliite, poor tar-

10° x4 get geometry provided only 1.6 arc-min accuracy
swor in the spin axis solution, while a good target
wnh geometry provided RSS three axis attitude errors
in the range from 12 to 20 arc-soc, Targel goom-
s etry meana the distribution of stars within the
wmf scanncd annulus, For Instance, if all stars ina
ok 20 ARC SEC apin period are placed within half a period in the
scanned annulus, then the procession is poorly
xof defined, Further, in the case of the OS0O-7 satel-
wf lite, o simple inertially-fixed spin axis model
wl- provided an attitude solution accurate to 0, 01-
ol 0.05 deg (1 rerror), But acecounting for the nuta-
10 kM tion and wobble of the spacecraft, the approximato
error por data sample could be reduced to about
20 arc~sce. Accounting for the nutation and
wobble of the spacecraft means examining and
Flg. 22, Saturn-Uranus Misston, Uranus evaluating the fine structure of the reslduals of
Approach; Batellite Viewing Geometry the reduced data,
DEGREE
=5 T T T T ¥ T T
VM CODE
%< 2,5
. 2,5=50=4,0 .
-5 7]
I2]
SPIN AXIS POINTING L URANUS
5 £ -b——E 10 TITANIA AT
£ 5 o] = E-23
= o] ~—t—E-32
1 o]
§ E-28 ——E-28
% -
o}
o}
o]
) # _
=45 4 ! 1 | s ] ]
240 250 260 270 280
RIGHT ASCENSION, DEGREE
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0EG . The data accuracy required for approach
7 ' T T 7 T T guidance measurements is in the order of 1073 deg
(= 5-10 arc-seconds), Keeping this in mind
) — e ) together with the flight experiences quoted abave,
- ok MEAN vaLUrZ . it s seen that attitude motion modeling is an all-
e VARIATION LIMITS important factor to obtain precision approach
guldarice data by a V-~slit sensor,
< The requirement for spin axis pointing accuracy
for the presently operational Pioneer 10 and 11

spacecrafts is 0.3-0,5 deg. The basic spin axis
P 4 determination technique for Picneer 10 and 11 is
the CONSCAN. (Ref, 19.) The best accuracy
L . L 1 L L obtainable by the CONSCAN technique is 0,1 to
to 70 &0 30 4 a0 20 10 0.2 deg. ™ Attempts have been made to verify the
DAYS BEFORE ENCOUNTER CONSCAN data by employing the Imaging Photo-
: polarimeter on Pioncer 10 in the imaging mode,
{which has a narrow field of view, 0,03 deg) to
Fig, 25, Jupiter-Uranus Missien, Uranus observe stars, and using the celestial coordinates
Approach; Satellite Phase Angle of the identified stars to obtain a solution for the

*G. Schimmel, NASA/Ames, private communication
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.spin axie orientation by epherical triangulation,

The solution obtained was within 0,07 deg of the
spin axis orientation determinod by the CONSCAN
technique,

To obtain experimental data for spin axis sto-
bility of Ploneer~type spacecralts at the 0.0} deg
or lower recolution level, flight measuromaonts
were proposed and recently performed on Ploncer
10 Ly using the Imaging Photopolarimeter locked
on Jupitor for an extended pariod of time. (8 and
28 hours), The mensurcments are described in
some detall in the Appendix at the end of this

pnper-
VII, Discussion of Resiilts

As scon in Section V the V-slit star mapper
must deal with two distinctly differant satellite
viewing parameters at Saturn and Uranus, If
we solect Titan and Rhea at Satu' 1 and Titania
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Fig. 47. Jupiter-Uranus Mission, Uranus Approach; Tracking Titania
Against Star Background, VM < 4
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and Qberon at Uranus as targets [or approach
guidance measurements, then the difference can
be summarized as followas:

1. The two targot antellites at Saturn are
brighter than the two tarpget satellifes at Uranus
by 1,5 t0 2,5 VM. Gonsequently, using a givan
gensitivity V-slit sensor (say 4 VM), the Saturn
satellites ¢an be detected much earlier than the
Uranus satellites, The detection time difference
amounts to several weeks flight time.

2. The orbital distance and period of the
Saturn satellites provide more favorable measure-
ment procedures than the orbital distance and
period of the Uranus satellites.

3. The satellite viewing cone angle at Saturn
flyby is muclh better than the satellite-viewing
cone angle at Uranus approach, In fact, the sat-
ellite viewing cone angle at Uranus for the Jupiter=
Uranus mission is extremely low (7 to 9 deg) which
may render the V-slit sensor measurements quite
difficult. '

4. Viewing Titan constitutes a unique case due
to the large body {radius) of Titan. While all other

JPL Technical Memorandum 33-726

Against Star Background, VM < 5§

Saturn and Uranus satellites can bn considerad ag
true point objects (few arcsec angilar diameter)
at E-30 day, Titan's apparent angular diameters
exceed 20 arc-sec already at E-50 day,

A 4 VM sensitivity V-slit star mapper would be
sufficient for approach guidance measurements at
Saturn. However, a 5 VM sensitivity V-slit star
mapper would be required for a safe approach
guidance measurement performance at Uranus,

Regarding stray light interference, there are no
established bounds on the minimum apparent angu-
lar separation of the observed object from the
planet surface when a V-slit sensor is used for
approach guidance measurements, As pointed out
in Section V, the requirement to observe the
Uranus satellites at carlier preencounter days by
using a higher sensitivity V-slit sensor will inevi-
tably lead to a very narrow observation geomatry
which may decrease the signal to noise ratio helow
the critical level,

Two alternative ideas can be suggested which
could ease the approach guidance measurement
problem at Uranus using a V-slit sensor,



1. If poseible, change the probe-bus separation
day from E-20 day to E-15, or proferably to E-10
day. Examining Figs. 10 through 20, it is seen
that the brightness and geomuotry conditions for
satellite viewing are considerably better during
the time period from £-20 to E-10 days as com-
pared to the conditions during tho time period
from E-35 to E-20 days,

2, Instead of the satellites, Uranus itself
could be the object for V-slit sensor approach
guldance measuremoents, As seen in Figs, 14
and 15, Uranus 1s brighter than minus 1.5 VM
and its angular dlameter is between 100-200 arc-
soc as seen from the spacecraft during the time
period from E-60 to £-40 days. If the planct cen-
ter could ba determined, for instance, within
8 arc-sec accuracy during this time poriod using
V-slit sensor moasuremonts, then a rough gsti-
mate shaws that the presently predicted 10% Km
navigation error ut Uranus could be reduccd by a
factor of 5, Regarding Uranus tracking by a
V.slit sensor, several possible instrumentation
ond data evaluation tochniques could be explored,
It may even bo feasible to track Uranus bZI a
V-slit scnsor at a closer approach (say, in the
time period from E-30 to E-10 days) and obtain
coneiderable reduction in the delivery error. An
improved Imaging Phetopolarimeter combined
with a V=slit reticle (as discussed in Ref. 9) may
also be applicable for Uranus tracking against the
star hackground to reduce terminal navigation
error,

Tracking Uranus implics the sensing of an
axtondad body by the V-slit star mapper. The
implications of extended body sensing by a V-slit
star mapper is boyond the scope of this paper.
However, as pointed out previously, sensing
Titan at Saturn approach alrcady implies the
sensing of a nonpoint, extended object. Titan is
a prime target candidate for approach guidance
measurements at Saturn appro.-h. Thus, the
Investigation of extended body sunsing by a V-slit
star mapper serves a moras peneral interest.
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APPENDIX
MEASUREMENT OF LONG TERM SPIN AXIS STABILITY OF PIONEER 10

To obtain 20 arceec or better approach guldance
measurement accuracy from 4 atnr/tnrgat map
genorated by a Vuellt sonsor strapped dewn'to a
spinning spncecraft, it is required to know about
the spin axis behavior of the spacecraft on a 20
arcsec or hettor rosolution level.

An optical measurement experiment wan
recontly deflned and carried out on Pioncer 10 to
invostigate the long term stabillty of tho spacecraft
spin axis at a 20 arcsec resolution level, This
level of resolution ie not obtatnabis from the atane
dard CONSCAN attitude measuren.ants, The opti-
cal moasurements employed the onboard Imaging
Photopelarimeter {IPP) In the imaging mode which
has a 0.5 mrad (100 arcsec) square field of view,
(A dotalled description of the IPP can be found in
Ref, 20,) The experlment wae dofined as follows.

Consider the IPP locked on Jupitor in the
imaging mode for an extended period of time
when the apparent light-reflacting angular
diameter of Jupiter {s consparable to the

100 arcsoc field of view of the sensor, The
intensity variation of the integrated bright-
ness signatures of Jupiter as recorded by
the IPP would indicate changes in tho appar-
ent cone angle of Jupiter as soen from the
spacacrafl, while the shift of the brightnesa
signatures in the roll sectors would indicate
changos in the apparent clock angle of Jupitor
a6 seen from the spacecraft and referanced
to the Sun. Subtracting sendor noise and the
rolative natural motion of Jupiter in the cone
and clock angle directions from the recorded
intensity signatures, the residual variations
would indicate small changes in tho inertial
orientation of the spacecraft vpin axis during
the same time period. The main point of the
measurements ig to detect small variations
{less than 20 arcsec) in spin axis orientation
and study the characteristics of the detect-
able variations,.

Two measurement cxperiments were earried
out, The f{irst experiment on May 27-28, 1974 had
the IPP pointing cone angle (look angle)} locked on
Jupiter nearly for 8 hours which provided about
2400 subeequent scannings of Jupiter. Tha sceond
experiment was on June 1819, 1974. This time,
the IPP look angle was locked on Jupiter nearly
for 28 hours which provided about 8400 subsequent
scannings of Jupiter.

Fig. A-1 shows the viewing parameters of
Jupiter relative to Ploneer 10 during April-
September, 1974. As seen in Fig. A-1, the
apparent size of the total Jupiter disk was about
210-200 arceec during late May and mid June.

But the phaee angle of Jupiter during the same

time period was about 110 degrees so that the
{lluminated part of the Jupiter diek (a crescent)
was at most 90-95 arcsec wide in the cone angle
direction. That it, Jupiter as seen from Pioneer
10 during late May and mid June was a 200-210
arcsec long and 90-95 arcsec wide bright object in
the clock and cone angle directions, respectively,
This means that the IPP with the 100 arcsec square

20

operture could serde Juplter in three subsequent
roll sectors and at two subsequent look angles
oach by 100 arcaac apart as shown in Fig, A«2,
Theae prodictions were clearly verifiod during
the search proceas for Jupiter,
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Fig, A-1. Jupiter Viewing Parameters
Relative to Ploneer 10

N

o

100 arctec

t _/,Euumms 16D PART ar]“;_;fﬁrﬂ*

- THE JLiTER DISK

gj

SCAN DIRECTION
Fig., A-2. Scanning Jupiter from Ploneer 10

with the IPP in the Imaging Mode in
Ma.y/Junc 1974 -

JPL Technical Memorandum 33-724



It iv also seen in Fig. A=] that the cone angle
of Jupiter ralative to Pioneer 10 was decreasing
during late May and mid June. This means that,

in the cone angle direction, Jupiter will m ve
toward the Sun relative to a fixed IPP look angle
as time goes on, Therefore, if the look angle
position is initially selected so that the 100 arc-
sec field of view contains the dark limb side of
the Jupiter disk (see look angle position no, Z on
the right part of Fig. A-2) then the 100 arcsec
square aperture of the IPP locked on that look
angle will cover less and less illuminated seg-
ments of the Jupiter disk as time goes or, (See

DAY o8 DAY: 168
- GMm1 23.24.00 GMT 8.28.59

look angle position no. 2 on the left part of Fig.
A=2.) This measurement rationale was followed
in the second experiment.

Fig. A-3 shows several sets of samples of the
IPP intensity output from the second measurement
experiment. Both the red and blue channel out-
puts are shown. (It is noted that the blue channel
outputs contain considerable shot noise which is
not subtracted from the displayed histograms.
Typically, the values shown in the first and last
roll sectors of the blue intensity histograms are
nearly equal to the instrument noise.) The

DAY 188 DAY: 170
GMT 19,0118 M @.28.49

7

:
:

WJ////A

SRR
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Fig. A-3. Scanning Jupiter in June 1974; Output Samples from the IPP in the Imaging Mode
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It it also saecn in Flg. A-1 that the cone angle
of Jupiter ralative to Pioneer 10 was decreasing
during late May and mid June. This means that,
in the cone angle direction, Jupiter will m.vse
toward the Sun relative to a fixed IPP look angle
as time goes on. Therolore, if the look angle
position is initially sclected so that the 100 arc-
sec field of view contains the dark limb side of
the Jupiter disk (see look angle position no, 2 on
the right part of Fig. A-2) then the 100 arcsec
square aperturc of the IPP locked on that look
angle will cover less and less illuminated seg-
ments of the Jupiter disk as time goes or, (Sec

OAY: 168 DAY: 169
GMI 23.24,06 CMT 08,28.59

look angle position no. 2 on the left part of Fig.
A=2.) This measurement ratlonale was followed
in the sccond experiment,

Fig, A-3 shows scveral seta of samples of the
IPP intensity output frown the second measurement
experiment, Both the red and blue channel out-
puts arc shown. (It is noted that the blue channel
outputs contain considarable shot noise which is
not subtracted fram the displayed histograms,
Typically, the values shown in the first and last
roll sectors of the blue intensity histograms are
nearly equal to the instrumont noise.} The

DAY: 169 DAY: 110
GMT 19.00,18 GMT 02,28.43

0~
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|

BLLE |

INTENSITY, WITH SENSOR GAIN: 19

REVOLUTION SEQUENCE

ROLL SECTORS

Fig. A-3. Scanning Jupiter in June 1974; Output Samples from the IPP in the Imaging Mode
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bottom left histograms arc among the [irst recorded
data, and the upper right histogroms are among the
last recorded data, They are separated by about

27 hours, The time sequence of the histograms in
each column starts at the boitom, Each column
shows the IPP nutputs In [ive subsequent revolu~
tions covering 1 min time history per column. The
time separation between the four columns can be
seen from the Day/GMT time of data taking indi-
cated at the top of the figure,

The overall decreasé of the recorded intensity
with time is clearly scen in Fip. A-3 as predicted,
A rough calibration relating the change in the total
light intensity to the relative natural motion of
Jupiter in the cone angle direction during 27 hours
shows the following results. The rate of cone angle
decrease caleulated from the actual trajectory and
the nominal spin axis pointing is about 0.0002 deg/
hour which gives 0,0054 deg (~20 arc-sec) relative
motion in the cone angle diroction. This is nearly
one fifth of the widest {lluminated part of the

22

Jupiter disk in the cone angle direction. If the
scanning cone angle In position no. 2 was initially
so ans indicated in the right part of Fig, A«2 {which
agreas reasonably with the initial observations in
positions 1 and 2) and if we move the cone angle by
about 15-20 arcsec to the left {sen the left part of
Fig. A-2}, it would produce about 50-60% decrcase
in the scanned illuminated part of the Jupiter disk
which checks reasonably well with the observed
value. Of course, thie rough calibration only
showe that position changes i{n the cone angle direc-
tion can be observed at least down to the 20 arcsec
level, It doos not moean that there is a spin axis
waobble with that amplitude, It only means that
wobble with that amplitude should be detectable, A
visual ovaluation of selected segments of datn did
not reveal spin axis wobble on the 20 arcsec level,
Further computer analysis is planned on the data
obtained to extract the underlying information from
the measurements in a reliable and systematic
manner. It is expected that the final data analysis
will yield results better than 10 arcsec,

L
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