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Voyager 2 approaches the sunlit hemisphere of the gas giant Neptune.
In this computer-simulated view, one hour before closest approach on the
evening of August 24 (PDT), 1989, we can see Neptune's ring arcs, believed
to exist as a result of ground-observed stellar occultations. Just off the
southern limb of Neptune (at about 7 o'clock), somewhat larger than the
nearby star dots, we see the enigmatic moon Triton, which Voyager 2 will

dive past six hours from now.

Cover: Looking back at Voyager 2 and the Neptune system two hours after Triton
closest approach. (Painting by artist Don Davis.)
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Abstract

This publication describes, in simple language and with numerous
illustrations, the epic Voyager mission to explore the giant outer planets of
our solar system. Scientific highlights include interplanetary cruise, Jupi-
ter, Saturn, Uranus, and their vast satellite and ring systems. Detailed
plans are provided for the August 1989 Neptune encounter and subsequent
interstellar journey to reach the heliopause. As background, the elements
of an unmanned space mission are explained, with emphasis on the capabili-
ties of the spacecraft and the scientific sensors.

Other topics include the Voyager Grand Tour trajectory design, deep-
space navigation, and gravity-assist concepts. The Neptune flyby is ani-
mated through the use of computer-generated, flip-page movie frames that
appearin the corners of the publication. Useful historical informationis also
presented, including remarkable or gee-whiz facts associated with the
Voyager mission. Finally, short summaries are provided to describe the
major objectives and schedules for several exciting space missions planned
for the remainder of the 20th century.




Let your soul stand cool and composed before a million

universes.
Walt Whitman

1. INTRODUCTION

Congratulations! You are now the proud owner of a Voyager Neptune
Travel Guide, hereinafter simply called the Guide. Its purpose is to explain
in simple language, and with numerous illustrations, the Voyager-2 plans
to examine Neptune and its moons, possible ring arcs, particles, and fields.
A major attraction will be Neptune’s large and unusual moon Triton. The
Guide will also contain a variety of interesting facts about the Voyager
mission, both past and future.

Before jumpinginto the particulars of the Neptune mission, let’s briefly
review the basic elements of an unmanned space mission. These elements
are shown in Figure 1-1. You must, of course, have a Spacecraft capable of
carrying a variety of sensors to the destination in order to conduct the
Science you have in mind. The spacecraft cannot escape from Earth’s
gravity well without the help of a Launch Vehicle, either an expendable set
of rocket stages or a reusable Space Transportation System, or Shuttle, with
a high-energy upper stage.

No launch vehicle or spacecraft has an error-free guidance system, and
so the process of Navigation is necessary to deliver the spacecraft to a
precise location at the destination. As shown in Figure 1-2, the navigation
process uses range (distance) and doppler (range rate) measurements from
huge tracking antennas to estimate the spacecraft location to an accuracy of
1000 to 3000 km (620 to 1860 mi). As the spacecraft nears the destination,
it takes pictures of natural satellites against a star background (a technique
called optical navigation) to estimate its position to within 100 km (62 mi).
If the spacecraft’s flight path is off course, mission controllers send com-
mands that cause the spacecraft to use small thrusters to correct its course.

As you have guessed by now, Voyager needs alot of support from Earth
Base. Voyager can cruise happily along, locked onto the Sun and a guide

star, even using onboard fault protection logic to react to problems, but it still
needs to hear from Earth regarding its activity plan.

A group of scientists decide upon an observation they would like
Voyager to make. Flight team personnel from areas such as mission
planning, science support, spacecraft engineering, flight operations, and
sequence implementation, schedule and design the observation into a
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Figure 1-1. These are the five basic elements of an unmanned space mission. Earth
Base is composed of a large complex of people, computers, communication lines,
and tracking antennas. A manned space mission has a sixth element, the human
crew for whom life support systems are required.
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Figure 1-2. Navigators from Earth Base use radio tracking data and satellite-star
images to estimate Voyager’s position and heading.
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Figure 1-3. Many steps are necessary to develop activity sequences that Voyager
will eventually execute.

master activity timeline. As shown in Figure 1-3, several steps are taken
before Voyager finally carries out these instructions from Earth. Since
Voyager has its own internal clock, desired activities can be loaded into its
computers many days before they are to be executed. Each set of activities
is termed a command load.

Voyager’s Past

The Voyager mission has had quite a past. As shown in Figure 1-4,
the two spacefaring robots were launched from Earth in 1977, bound for the
giant planets of the outer solar system. These amazing machines are like
distant extensions of the human sensory organs, having already exposed the
once-secret lives of some four dozen worlds. Like remote tourists in never-
never land, they have snapped pictures to reveal Saturn’s dazzling necklace
of 10,000 strands. Millions of ice particles and car-sized bergs race along
each of the million-kilometer-long strands, with the traffic flow orchestrated
by the combined gravitational tugs of Saturn, a retinue of moons and
moonlets, and even the mutual interactions among neighboring ring par-
ticles.

ORIGINAL PAGE
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Figure 1-4. Though not discernible in this view, Voyager 1 was deflected upwards
by its pass beneath Saturn. Voyager 2 remains near the ecliptic plane until its dive
over Neptune deflects its path sharply downward, below the ecliptic plane.
Accelerated by gravity assist, both Voyagers will cross the orbits of the outermost

known planets by the turn of the decade, racing onward to escape from the solar
system.

The Voyagers have shown us the erupting volcanoes of golden Io, the
colorful and dynamic atmosphere of gargantuan Jupiter and its centuries-
old Great Red Spot, the smooth water-ice surface of Europa that may hide an
underground ocean, the strange world of Titan with its dense atmosphere
and variety of hydrocarbons that slowly fall upon strange seas of ethane and
methane, the small moon Mimas that was nearly destroyed by an ancient
collision, the remote realm of tilted Uranus and its remarkable moon
Miranda, and the many other wonders that have expanded the dimensions
of our knowledge.

Anticipating Neptune

Can Neptune, discovered in 1846 at the Berlin Observatory (using
mathematical predictions), possibly provide alevel of excitement and wealth
of new discoveries even close to those of the Jupiter, Saturn, and Uranus en-
counters? At first, the aquamarine gas giant Neptune appears to be Uranus’




fraternal twin . . . but size and color alone tell only part of the story. Though
Neptune is much farther from the Sun than Uranus is, its overall tempera-
ture is roughly the same, suggesting to scientists that Neptune has an
internal heat source of its own, perhaps similar to those of Jupiter and
Saturn. Each of the four seasons lasts more than 40 years, a period
comparable to that of a human’s entire working career from graduation to
retirement.

Neptune has two known moons. Nereid, only 800 km (500 mi) in
diameter, orbits so far from its planetary overlord that nearly one Earth year
must pass before it can complete one lap around Neptune. Triton, on the
other hand, is roughly the size of Earth’s moon and laps the planet every six
days in a direction opposite to the planet’s spin. Ground-based observations
of Triton indicate that it may have a thin atmosphere covering an icy surface
with shallow pools of nitrogen, possibly liquid, but more probably cold
enough to be solid like vast slabs of glass. Though not a sure thing, scientists
are betting that Voyager’s cameras will be able to photograph Triton’s
surface ... unlike the circumstances at Saturn’s haze-enshrouded moon
Titan.

Humans find planetary rings beautiful, as borne out by the public’s awe
during the three previous encounters with gas giants. As if to spice matters
up a bit, ground-based stellar occultation measurements seem to be saying
that Neptune also has rings . . . but only in the form of many short arcs that
do not connect like anecklace. The Voyager scientists are very excited about
such a possibility, and different theories are being passed about to explain
such an unusual situation.

Aside from the above scientific tidbits, which will be explored more
completely in the next chapter, there should be an air of drama during
execution of the encounter sequences. Voyager’s close dive over the northern
polar region of Neptune will provide only slight clearance above the outer-
most ring-arc region and the detectable atmosphere, and the radiation
effects from particles trapped by the magnetic field cannot be disregarded.
The round-trip communication time will be 8.2 hours; we will be slewing the
same scan platform that became stuck for a period following the Saturn
encounter; we will be using an onboard computer to compress the number of
picture bits sent back to Earth; and, we will be programming Voyager 2 to
perform several maneuvers to allow the cameras to take sharper images.
The navigation challenges will also be worrisome at such a great distance
from home. The bottom line? There should be plenty of excitement, as well
as a few surprises, during the upcoming encounter.




The keys to the mysterious kingdom of Neptune lie just within our
reach as Voyager 2 draws closer. The purpose of this Guide is to tell a piece
of that story, thereby kindling our human quest to understand worlds
beyond Earth that comprise a small region of the larger cosmos.

Notice: The information in this Guide was accurate at the time of publication, but may change
by small amounts as time passes. Of primary relevance are some of the Neptune system

physical characteristics, a few observational designs, and certain precisely quoted miss
distances and event times.




Lights, Camera, FLIP . . .

The flip-page movie in this Guide is your own animated memento of
Voyager’s historic swing past Neptune and Triton. The 133 frames cover a
time period from 3.5 hours before to 7.5 hours after closest approach to
Neptune. Watching the action through a 50° field of view, we pick up the
spacecraft as it approaches the planet from slightly below the ring arcs, and
ride along behind it as Voyager 2 sweeps up through the ring-arc plane,
comes within 4850 km of Neptune's cloud deck, and then passes through
Neptune’s shadow. The suspected ring arcs are believed to move in the
circular orbits shown outside of Neptune in its equatorial plane. According
to some theories, a small 200-km-diameter moon (as yet undiscovered) orbits
just beyond the orbit of the outermost ring arcs, determining the number of
arcs in each of several interior orbits.

The gravity field of Neptune bends the flight path sharply south,
below the ecliptic plane. Soon after closest approach to Neptune, we reduce
our field of view to 20° as the spacecraft turns its attention to the moon
Triton, and passes 40,000 km from Triton’s center. The hatching next to the
terminator denotes the body hemisphere in shadow. Its planetary encoun-
ters completed, Voyager 2 sails on towards interstellar space, leaving us with
a parting glance back at the crescents of Neptune and Triton.

For your reference, the movie frames contain time and distance infor-
mation. Both time from Neptune closest approach and “calendar time” are
shown. The latter refers to GMT (Greenwich Mean Time) in SCT (spacecraft
time). If you want PDT (Pacific Daylight Time), subtract seven hours. If you
want ERT (Earth-received time), add 4 hours 6 minutes. The distance shown
is measured from the viewer (near the spacecraft) to the center of either
Neptune or Triton.

The wire-frame images were designed by the Voyager Mission Plan-
ning Office using the VAX-based SPACE software created by the JPL
Computer Graphics Laboratory.
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Astronomy compels the soul to look upwards and leads us
from this world to another.
Plato

2. NEPTUNE

The final “stop” on our Grand Tour of the outer solar system is the
planet Neptune. Itis a stop in name only, for we do not really stop. In fact,
as we get closer to Neptune, we speed up. It took twelve years to make the
journey and we are very close to Neptune for but a few short days. During
this period we will take the most detailed photographs of the planet and the
only close photographs of its moons and possible ring system likely to be seen

during our lifetimes.

A Glorious Construct Of The Mind

As you may recall, Sir William Herschel discovered Uranus from his
backyard in 1781. Uranus was the first planet discovered since ancient
times, causing great excitement in the world of astronomy. Anyone who
could acquire the use of a telescope turned to observing the new planet.
Scientists began cataloguing its position with time, to predict where it would
be in the future. As the 18th century closed and the 19th century opened,
astronomers began to have a small amount of trouble predicting the future
location of Uranus. The planet simply did not appear in the part of the sky
where it was supposed to be.

Isaac Newton’s first law of motion states that once an object starts
moving it keeps moving in exactly the same way unless a new force acts to
change its motion. A fundamental law of matter (Isaac Newton’s Law of
Universal Gravitation) is that all bodies pull on each other. This pull is the
only significant force that acts on planets as they orbit about the Sun. The
largest pull is, of course, provided by the Sun itself. But each planet exerts
a small pull on every other planet. All of these pulls must be taken into
account when predicting the future location of any planet.

By the early 1800s, the difference between where Uranus was predicted
to be, taking into account the other known planets, and where it actually
appeared was getting to be quite noticeable. As early as 1824, Friedrich
Wilhelm Bessel suggested that a new planet must be pulling on Uranus,
causing the unpredicted motion.

At least two young mathematicians, working alone and unbeknown to
each other, attempted to predict the size and location of the new planet that



Figure 2-1. Probably the first person to suggest that the irregularities in
Uranus’ orbit were caused by a new, more distant planet was the German
mathematician Friedrich Wilhelm Bessel. (A.H. Batten. Resolute and

ndertaking Characters: The Lives of Wilhelm and Otto Struve. 1988. Permission
granted by Kluwer Academic Publishers, Dordrecht, Holland.)

must be pulling on Uranus. In England, John Couch Adams completed the
calculations first, in 1845. He privately informed the English Astronomer
Royal, George Airy, that if one was to look in a certain

19;;,%3;5) 32{—,‘ 'Giﬁsg‘;?m place at a certain time one would discover a new
planet. Airy chose to disregard the prediction and did
not make the observation. Subsequently, Airy did
send Adams’ calculations to James Challis, Plumian
professor of astronomy and director of the Cambridge
Observatory. Ironically, Challis recorded the new
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planet twice without realizing his success. Along this vein, more than fifty
years earlier, Joseph Lalande recorded the new planet twice over three
nights . . . but attributed the slightly different positions of this find to obser-
vational error!

Meanwhile, in France, Urbain Jean Joseph Le Verrier completed his
own calculations the following year. He turned his results over to both Airy
and the French Academy of Sciences in published form, with a prediction on
where and when to look to discover the new planet. His prediction was within
one degree of Adams’ earlier independent prediction.

The same fate befell his work as befell Adams’ results: no observers
used the predictions to look for a new planet. Finally, almost in desperation,

11
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Figure 2-2. The first person to calculate the location of Neptune was the
Englishmathematician John Couch Adams. Unfortunately, Adams did not
publish his work right away, and the calculations of another were used to
discover the new planet. (Robert Ball. Great Astronomers. London, 1895.)
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Figure 2-3. The French mathematician Urbain Jean
Joseph Le Verrier was the second person to determine
the location of Neptune, but the first to publish his
results. When no one would listen to his prediction,
he mailed a request to a young astronomer at the
Berlin Observatory, asking for a search. (Ilustrated
London News, February 2, 1847.)

Le Verrier sent his results to the unknown young German astronomer

Johann Galle. The night of the day he received Le Verrier’s prediction,

September 23,1846, Galle and a graduate assistant, Heinrich d’Arrest, with

the aid of recently constructed star maps, sighted an unknown “star” in less

than one hour and within one degree of where Le Verrier said Neptune would

be. When, the following night, the new star exhibited a disk and had moved,
the discovery was confirmed.

19;;%‘;2_50 gzséﬁozggn Perhaps the greatest intellectual accomplish-

ment possibleis to predict the existence of a phenome-
non of nature beforeitis ever observed. Adams and Le
Verrier independently accomplished this feat by cor-
rectly predicting the existence and location of Nep-
tune before it had ever been observed.

12
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Figure2-4. Thenight of the very day that Johann Gallereceived Le Verrier’s request,
he and a graduate assistant, Heinrich d’Arrest, sighted Neptune. This is a copy of
the actual star chart used by Galle and d’Arrest to discover the new planet. The
square is the position of Neptune predicted by Le Verrier. The circle is the position
where Neptune was first observed. (Hora XXI of Berlin Academy ‘s Star Atlas, annotated
by J.G. Galle. Courtesy Archenhold-Sternwarte, Berlin, East Germany.)

What We Know

One hundred and forty-three years have elapsed since the first obser-
vation of Neptune. In that time we have acquired only the most basic
knowledge about Neptune and its environs. We know how far it is from the
Sun (30 astronomical units, or AU), its basic color (blue), size (57 times the
volume of Earth), atmospheric composition (mostly hydrogen, helium, and
methane), mass (17 times the Earth), effective temperature (about 60°C
above absolute zero), the length of its year (165 years) and day (nearly 18
hours), and that it has at least two moons (Triton and Nereid). We know
precious little else about the place.

Neptune is a gas giant, literally an immense ball of various gases that
become denser as one goes deeper, with no solid surface as we know it.
Jupiter, Saturn, and Uranus are all gas giants. When one looks at the
photograph of a gas giant, one is looking at the top of the atmosphere and,
when warm enough, the cloud tops just below. Uranus appeared bluish
green in color.

Neptune is expected to look much the same way, and for exactly the
same reason. The blue is produced by sunlight (of all colors) being robbed
(absorbed) ofits red and orange colors by methane. The remaining blues, and
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Figure 2-5. In these Voyager images taken in April and May 1989, Neptune shows
cloud-type features much earlier than Uranus did. At aresolution nearly five times
better than Earth-based, the hints of “gaseous topography” are tantalizing.

to a lesser extent greens, are reflected back to the viewer. Earth-based
observations, as well as those by Voyager (see Figure 2-5), have indicated
that Neptune has large cloud features.

Neptune’s equator is tilted with respect to its orbit about the Sun by
almost 29 degrees. This is slightly more than the 23.5 degrees of the Earth’s
tilt, and produces the same effect: seasons. Voyager 2 will arrive during
winterin Neptune’s northern hemisphere. Temperatures range from a mini-
mum of about 50°C above absolute zero some 50 km above the cloud tops to
several hundred degrees warmer as one goes deeper into the gases. Neptune
gives off more than twice as much heat as it receives from the Sun.

Until 1988, we had no evidence that Neptune had a magnetic field.
However, recent Earth-based observations have detected what may be
synchrotron radiation near Neptune, an indication that this planet, too, has
a magnetic field. Estimates of the surface field strength range from 1/2 to1
gauss—about equal to or twice that of Earth’s magnetic field strength at the
surface.

English astronomer William Lassell first observed Neptune’s large
R moon Triton a mere two-and-one-half weeks after

1989/08/25 0:45 GMT (SCT) Neptune itself was first observed. Unfortunately, a
solar conjunction prevented the discovery from being
confirmed until July 1847. Only one other Neptunian
- moon has been discovered to date. The small moon
Nereid was first observed by American astronomer
Gerard Kuiper in 1949, only forty years ago.
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Figure 2-6. Neptune is really a very simple gas giant. It probably has a thin outer
atmosphere of hydrogen, helium, and methane gases. The interior is probably a
mixture of rocks, ices, and liquids, with more rock the closer one gets to the center.

Triton may very well prove to be one of the most interesting places in
the solar system. It certainly has the credentials. The moon orbits Neptune
in a retrograde or backwards direction, opposite to the planet’s rotation on
its own axis. Triton’s orbit is also tilted with respect to Neptune’s equator
by some 20 degrees. Various scientists (Issei Yamamoto in 1934, Raymond
Lyttleton in 1936, and Gerard Kuiper in 1956) have proposed that some
cataclysmic event in the past flung Pluto into its own tilted orbit about the
Sun, and wrenched Triton into its current backwards tilted orbit about
Neptune. However, the discovery of Pluto’s moon Charon has cast doubt on

this hypothesis.
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1989/08/25 0:50 GMT (SCT)

Figure 2-7. Neptune has two known moons: the largish Triton and the smallish
Nereid. The Voyagers discovered three new moons each at Jupiter and at Saturn,
and ten new moons at Uranus. Smallmoons about distant planets are hard to detect

from Earth. Thus, the potential for Voyager 2 to discover new moons at Neptune
is high.

Triton takes just under 6 days to complete one orbit, and this period is
steadily (but very slowly) decreasing, as Triton spirals closer to Neptune as
aresult of tidal interactions. It has been estimated that within one hundred
million to one billion years Triton will spiral in close enough to Neptune to
break up and become a new set of rings.

Triton’s size is quite uncertain, ranging from smaller than Earth’s
moon to possibly as large as the planet Mercury.

It gets more bizarre: Triton appears to have a thin atmosphere. Earth-
based observations show absorption due to methane frost and/or gas. How
much methane may be present is unknown, and other gases such as nitrogen
may also be present. The surface temperature is near the triple point tem-

perature of nitrogen. Earth-bound readers of this
TIME--0Daye, 31000 Guide will appreciate the significance of a triple point.
Both the pressure and temperature of the surface of
the Earth are near the triple point of water, allowing
solid, liquid, and vaporous water to coexist. Although
" Triton’s atmospheric pressure is expected to be well
below nitrogen’s triple point pressure, it is possible
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that shallow pools of liquid nitrogen or, more probably, glaciers of frozen
nitrogen may be present on Triton!

The state of knowledge about Nereid makes the state of knowledge
about Triton look encyclopedic. Nereid is known to orbit about Neptune in
anormal manner (i.e.,in the same direction that the planet rotates on its own
axis), albeit sixteen times farther away from Neptune than Triton is, and to
take almost an Earth year to do it (see Figure 11-3). The uncertainty in
Nereid’s size is such that the best estimate recently increased by 60 percent!
This moon is thought to be an ice ball, with perhaps some rocky material dis-
tributed throughout. Some astronomers report that Nereid’s brightness has
been observed to change by a factor of four over a period of 2-1/4 days. Iftrue,
such variations could be caused by apparent size or surface brightness
changes as the satellite rotates.

All of the preceding is totally straightforward compared to the state of
affairs on the Neptunian ring system. Until this decade there was absolutely
no indication that Neptune had rings. In the past nine years astronomers
have observed numerous stars as Neptune passed in front of (occulted) them.
Out of one hundred and ten such occasions, eight times a mysterious event
occurred. The starlight dimmed for a short period of time either before or
after the star was completely occulted by the planet.

The dimming of starlight from an occultation usually indicates the
presence of a ring system. However, whenever planetary rings have been
detected by stellar occultations, the ring occultations always occurred
symmetrically both before and after the planet occultation. So what are we
to assume? Because the starlight only dimmed, but did not totally vanish,
tenuous ring material is a more likely culprit than a solid moon.

In summary, only about seven percent of Neptune stellar occultations
have produced “ring” occultations, and no “ring” occultation has been
observed to occur both before and after the planetary occultation. The
leading hypothesis to explain these bizarre events is that there is a set of at
least three partially filled orbits of ring material (called ring arcs) encircling
Neptune. About seven percent of the circumference of each ring-arc set is
assumed to be filled with ice and rocks. It must be strongly emphasized that
the “ring arc” explanation is the current best guess. There may well not be
rings at Neptune.

Rewriting The Book

Voyager carries sensors for eleven scientific investigations. You will
learn in depth about Voyager’s sensors and investigations in Chapter 5. Suf-
fice it to say that Voyager “rewrites the book” by observing, both from a
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Figure 2-8. The large moon Triton, with an estimated diameter of 3000 ki (1860

miles), may prove to be the show-stopper at Neptune. About the size of Earth’s

moon, it may have a thin atmosphere of methane and perhaps nitrogen, with very

shallow pools of liquid or, more probably, frozen nitrogen on its surface. Its

orangish hue, like that of Saturn’s moon Titan, suggests that sunlight may be

TIME: 0 Days, 305:00 breaking down the methane and creating a variety of
1989/08/25 0:55 GMT (SCT) organic particles inthe form of hydrocarbon-based aerosols.
: (Courtesy of the artist Ron Miller)
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Figure 2-9. One hundred and ten attempts have been made to observe stars as they
appear to pass behind Neptune. Eight times the starlight has dimmed, either before
or after the star was occulted by the planet. The locations of the first six of these
eight mysterious events are plotted in this plane-of-the-sky map of Neptune. The
remaining two events are still being analyzed for precise locations. The current
leading explanation involves three sets of incomplete rings, called ring arcs.

distance and up close. The closer the spacecraft gets to its target, in general

thebetter all of its sensors work. Voyager will make its most important meas-

urements whenitis closest to Neptune, Triton, Nereid, and the hypothetical
ring arcs.

For the Neptune Encounter, Voyager has three major scientific objec-
tives: to help us learn as much as possible about Neptune, Triton, and
Neptune’s magnetic field. On a more detailed basis these general objectives
expand to:

(a) Accurately determine Neptune’s basic characteristics: color, cloud
features, size, mass, density, composition, temperature, temperature
variations, heat balance, wind speeds, and rotation rate.

(b) Determine Triton’s basic characteristics: color, surface features, size,
mass, density, composition, temperature, rotation rate, if there is an
atmosphere and, if so, its temperature, pressure, and composition.

(¢) Search for new moons, and characterize as many as possible.

(d) Search for rings (or ring arcs), and characterize as many as possible.

(e) Characterize Neptune’s magnetic field strength, center location and
orientation, and the structure and composition of any charged particles
within the resulting magnetosphere.
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(f) Search for other planetary phenomena, such as lightning, auroras
(“Northern Lights”), and radio emissions.

(g) Accurately determine the Neptunian system’s basic characteristics:
position in time and rotational pole orientation.

(h) Determine Nereid’s basic characteristics: color, size, and shape.

Voyager is a robot, and must be told exactly what to do. Lists of such
instructions are called software programs, or in Voyager parlance Computer
Command Subsystem (CCS) loads. A CCS load consists of many sub-
programs called links. Each link contains the instructions to accomplish a
specific science observation or engineering support goal. For example, the
link that takes the highest resolution photographs of Nereid is called
VNBEST.

The science links have a well-defined naming convention. The first
letter designates the sensor (P = Photopolarimeter Subsystem, R = InfraRed
Interferometer Spectrometer and Radiometer, U = Ultraviolet Spectrome-
ter, V = Imaging Science Subsystem or TV, X = Radio Science Subsystem S/
X-band, A = Planetary Radio Astronomy, W = Plasma Wave Subsystem, and
F = Fields and Particles [Low-Energy Charged Particle, Cosmic Ray Subsys-
tem, Plasma Subsystem, or Magnetometer]). First letters of link names can
also refer to engineering or navigation activities.

The second letter in the link name designates the target body. (P =
Planet [Neptune], T = Triton, N = Nereid, S = System, R = Ring arcs, H =
Helios or Sun, X = unknown satellite, and C = Calibration or Configuration).
The remaining letters and numbers in each link name provide a shorthand
description of the observation. Chapter 6, Encounter Highlights, contains a
summary of the times and goals of the most important science links.

Sowhere do we stand in our knowledge about Neptune? We are not sure
if it has rings. We have no idea if it has lightning. The colors and sizes of
Triton and Nereid are not well known. It is thought that Triton has an
atmosphere of methane and perhaps nitrogen, but we do not know its
thickness or whether the surface can be seen. Will the surface, if seen, reveal
shallow pools of frozen or liquid nitrogen? It must be kept in mind that
Nereid and Triton have never appeared in any tele-
TIME: -0 Days, 3:00:00
1989/08/25 1:00 GMT (SCT) | scope as any more than pinpoints of light. Even
Neptune has never appeared as more than a fuzzy
ball. The answers to the above questions, and many
_ more, will hopefully be revealed during the summer
0f1989 as Voyager 2 provides our first close encounter
with Neptune.
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Man alone is the architect of his destiny.
William James

3. GETTING THE JOB DONE

When you are asked to think about space missions to the planets, you
will probably think about stuff. Tangible stuff. You might think about the
spacecraft, over 800 kilograms (nearly one ton) of structure and electronics
gear. You might think of giant antennas to receive the signals from outer
space. You might think of control centers with video displays and red, green,
and yellow lights.

But youmight not think of people, plans, and coordination. You should.
This is the intangible stuff from which planetary missions are made. The
theme of Voyager’s people runs through this chapter of the Guide. Their
performance through August 1989 will determine if Voyager Neptune
earns a gold medal.

The gold medal, reminiscent of the XXIVth Olympiad held in Seoul in
1988, provides us a good comparison. The Voyager encounter with Neptune
is an Olympian event, in terms of cost, complexity, number of people, and
world-wide involvement.

Planning

Start with the Voyager scientists. There are 130 Voyager investigators
at universities, observatories, and aerospace companies scattered about the
United States, Canada, England, France, West Germany, Italy, and the
Soviet Union. The investigators are Voyager’s competitors, by an elimina-
tion process at least as intense as the Olympic trials. They are supported by
half again their number of research assistants and students. The investiga-
tors formulate the basic questions to be answered about Neptune, its
satellites, and its neighborhood.

These questions require that Voyager 2 make specific observations at
Neptune under just the right conditions. To match questions with observa-
tions requires a vast amount of information about the spacecraft and about
Neptune. For example, just where is the spacecraft, and in what direction
must the spacecraft look to see the various objects of interest? Determining
the spacecraft position is the job of a 10-member group of spacecraft
navigators at JPL who determine both the spacecraft location and the
thruster firings needed to correct the location.
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Figure 3-1. Charting Voyager’s path through the solar system is a precise science,
with only the occasional need to make artful choices among candidate “solutions.”

Determining the locations of Triton and Nereid is initially the job of
another 10-member group of orbit experts, some at JPL and some at places
like the Universities of Texas and Virginia. They take the latest information
available to refine the ephemeris (positions) of Neptune and its satellites.
Remember, Neptune travels around the Sun so slowly that less than a
Neptunian year has passed since its discovery, and less than three Neptu-
nian months have passed since the discovery of its satellite Nereid by G. P.
Kuiper in 1949. It’s no wonder that there is still some uncertainty about
precise locations, but these ephemeris experts can typically predict satel-
lites positions to accuracies of 3000 km (1900 mi) or better many months in
advance of the encounter. The predicted position of Nereid, however, has a
much greater uncertainty.

The spacecraft navigators are after even better
TIME: -0 Days, 2:55:00

1989/08/25 1:05 GMT (SCT). accuracies. They are equipped with some pretty fancy

orbit determination computer programs that solve for
the simultaneous positions of all bodies. Their most
important data for updating the orbital elements of
the satellites will be Voyager-2images of the satellites
against a known star background. By using the
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narrow-angle TV camera to shoot satellite-star images until a few days
before closest approach, these real-time navigators can estimate Triton’s
position relative to Neptune to 100 km (62 mi) or better. This is equivalent
to locating the finish line for the marathon to an accuracy of 1/40 of an inch.

Okay, so we know where everything is. What’s our master plan? We
have limited resources and a rigid time schedule, but we want the greatest
possible mission return. Voyager’s Mission Planning Office (MPO) has the
task of preparing a large collection of “guidelines and constraints” that
govern how the Project resources and spacecraft consumables will be used to
achieve high-value science return, while maintaining an acceptable level of
risk. As suggested by Figure 3-2, the guidelines establish the envelope
within which the mission sequences will be designed, implemented, and
executed. The MPO function is analogous to that of the Olympic Organizing
Committee. The time spaniseven comparable. Several ofthe basic decisions
which were essential to the Neptune encounter were even made in the mid-
1970s, well before launch.

Given knowledge of the satellite and target locations with time, scan
platform pointing and observing conditions can be computed. The Science
Investigation Support (SIS) Team at JPL, about 20 strong, acts as the focus

/\\\\\/C_)\ —
e NS \
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Figure 3-2. Mission planning establishes guidelines for the use of project consumables
and helps define the envelope within which the sequences will be developed.
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for the detailed science planning. Representatives for each experiment
interact withinvestigators and other parts of the Voyager Project. The result
is an integrated plan for all observations intended.

It is not uncommon for the investigators to desire conflicting observa-
tions. To resolve these conflicts, the Voyager Science Steering Group (SSG),
composed of the Principal Investigators (the leaders of each of the eleven
Voyager scientific teams), meets regularly at JPL to review the observation
plans. The members of the SSG make the science decisions required to
ensure that the observation plans will yield the best Neptune science.

Sequencing

As soon as the final observation plan is ready, primary responsibility
passes to the sequence development engineers. The Sequence Team consists
of about 30 members at JPL who flesh out the observation plans with the
instrument and spacecraft commands required to produce the desired
results. The Sequence Team ensures that no operating constraints are
violated and that all of the instructions to the spacecraft will fit into its
computer memory. The Voyager-2 sequence computer, the Computer
Command Subsystem (CCS), hasroughly 2500 words of memory reserved for
sequencing. Two words are required for a simple instruction: one to specify
the event to take place, the other to specify the time of occurrence. For a
period of high activity, such as Neptune near-encounter, CCS words are
always at a premium.

The Spacecraft Team, about 70 engineers at JPL, is responsible for the
health and optimal use of the spacecraft. It must analyze the spacecraft
engineering telemetry to determine how the spacecraft is performing, as well
as plan the engineering sequences that are needed for the observation plans
to succeed. Roughly half the Spacecraft Team will be engaged in planning
at any given time, while the rest will be involved with data analysis.

Engineering sequences, such as spacecraft maneuvers, are passed from
the Spacecraft Team planners to the Sequence Team for incorporation into
the CCS loads.

The total sequence design process from MPO guidelines through on-

the-shelf CCS loads typically requires many months
TIME: -0 Days, 2:50:00

1989/08/25 1:10 GMT (SCT)_ of technical interactions, give and take, teamwork,

and decisions. Figure 3-3is an early cartoon sketch of

the process, but it is still close enough to today’s per-
ceptions to warrant inclusion in the Guide.

, Once a CCS load has been built and verified, it

is ready to be sent to the Voyager-2 spacecraft. The

24

NEPTUNE: 206195 KM




Other Team

< \
=_, o Canned
Y_ CCSSEQ

I Guidelines

and
Constraints ¢ == Loads

Castle < O‘V_g R

= PR
oS ,
zI¥>  Science Delivery to
f Team . g Sequence
= Team

~ \\ I (\\-\((\ /
\ TTeat Scienc® /

=

Figure 3-3. People often have humorous ways to view their working
interrelationships, and Voyager is no exception (early version of “ye olde sequence
design process”).

final step by the Sequence Team is to process a CCS load from a text listing
of commands to the stream of 1s and Os (bits) which will actually be received
by the spacecraft. Stored on magnetic computer tape, this binary command
stream is passed to the Flight Operations Office (FOO).

Flight Operations

The FOO, comprising about 45 engineers located at JPL, is the real
operator of the spacecraft. The FOO controls all transmissions to the
spacecraft and receives all data at JPL from the spacecraft. Itis responsible
for coordinating the Voyager Project’s activities with operational organiza-
tions outside the Voyager Project, such as NASA’s Deep Space Network
(DSN), JPL’s Multimission Control and Computing Center (MCCC), and
Goddard Space Flight Center’s NASCOM communications network. Sched-
uling is one of FOO’s most important activities. If a CCS load contains a
critical observation of the Neptune atmosphere near encounter, the appro-
priate DSN ground antennas must be tracking Voyager 2 at that time, or the
information returned from the spacecraft will fall on deaf ears.

During the Neptune encounter, the DSN will be tracking not only
Voyagers 1 and 2, but also Pioneers 10, 11, and 12, and the Magellan probe
to Venus. It may also be asked to track three earlier Pioneers (6, 7, and 8) and
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the International Comet Explorer (ICE). With such a demand for its
services, the DSN scheduling process is involved, indeed.

Representatives of the FOO meet with representatives of other projects
far in advance of the requested coverage dates to hammer out an equitable
allocation of DSN antenna support to all projects. Using MPO guidelines,
the tracking schedule that results is used in the generation of observation
plans by the Science Investigation Support Teams, the Navigation Team, the
Spacecraft Team, and the Sequence Team. The amount of tracking that a
spacecraft receives in any period depends on the relative importance of that
period to its mission. Voyager 2 will receive the full resources of the DSN
during its Neptune flyby, but will receive only sporadic tracking several
weeks later as other spacecraft cry for increased tracking support.

Commanding

With the command tape prepared and the DSN and NASCOM sched-
uled, the CCS load can be transmitted, or uplinked, to Voyager 2. The tape
will be played into the JPL-based Voyager Command System, where the
command stream will be formatted to the Ground Communication Facility
(GCF) standards, and sent via GCF to the appropriate DSN Deep Space
Communications Complex (DSCC) for transmission to the spacecraft. GCF
uses a combination of communication satellites and conventional surface
and undersea circuits to link together JPL and the DSCCs, just as the TV
networks did to broadcast the Seoul Games around the world. As the GCF
message containing the command stream reaches the DSCC, it is checked for
correct reception and the GCF formatting bits are removed. Itis then routed
to the transmitting station and sent to the spacecraft.

There are three DSCCs, located in California, Australia, and Spain.
These locations were chosen at widely separated longitudes to provide
essentially continuous tracking capability to any interplanetary spacecraft
as the Earth rotates. The equipment at each site is similar.

The Goldstone DSCC is located near Goldstone Dry Lake in the heart
ofthe Mojave Desert in California. Three antennas at Goldstone support the
Voyagers: DSS 12, a 34-m (112-ft) diameter antenna which can both
P —— transmit and receive; DSS 14, a 70-m (230-ft) diameter

1989/08/25 1:15 GMT (SCT) antenna which can both transmit and receive; and
= SS 15, a 34-m (112-ft) diameter antenna which can
only receive. As shown in Figure 3-4, a 70-m antenna
is quite a large structure. Forincreased performance,
more than one antenna can be used simultaneously in
array to increase the strength of the received signal
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from Voyager 2 (see Chapter 9, Engineering Wizardry). The Goldstone
DSCC is operated for NASA by JPL with a staff of 280 engineers and
technicians. An additional cadre of managers, development engineers, and
programmers for the DSN reside at JPL in Pasadena, California.

The Canberra DSCC is located in the semi-arid rolling hills of New
South Wales at Tidbinbilla, not far from the Australian Capital Territory of
Canberra. Three antennas at Canberra support Voyager 2: DSS 42, a 34-
m (112-ft) transmit/receive station; DSS 43, a 70-m (230-ft) transmit/receive
station; and DSS 45, a 34-m (112-ft) receive-only station. The Canberra
DSCC is operated for NASA by 150 engineers and technicians from the
Australian Department of Science.

The Madrid DSCCislocated in the foothills at Robledo, Spain, near the
capital city of Madrid. Three antennas at Madrid support Voyager 2: DSS
61,a34-m (112-ft) transmit/receive antenna; DSS 65, a 34-m (112-ft) receive-
only station; and DSS 63, a 70-m (230-ft) transmit/receive antenna. The
Madrid DSCC is operated for NASA by the Spanish National Institute for
Aerospace Techniques (INTA) with about 200 engineers and technicians (see
Figure 3-5). Voice communications, basically a continuous phone call, are
maintained between all three DSCCs and the Network Operations Control
center at JPL.

One would surely think that we’ve got all the receiving antennas we
could possible need. Not so, however. The Voyager signals are so feeble by
the time they have crossed 4.5 billion km of space that we can make
important use of even more giant ears to catch the Voyager news. Helping
out Goldstone will be the twenty-seven 25-m (82-ft) antennas of the Very
Large Array (VLA) (shown in Figure 9-1) near Socorro, New Mexico,
operated by Associated Universities, Inc. as a part of the National Science
Foundation’s National Radio Astronomy Observatory (NRAO). Because the
Neptune and Triton closest approach periods occur over the Australian lon-
gitude, helping out Canberra will be the 64-m Parkes Radio Observatory,
located some 320 km (200 mi) northwest of the DSN complex. Parkes is
operated by the Australian Commonwealth Scientific and Industrial Re-
search Organization (CSIRO). Finally, the 64-m radio observatory antenna
at Usuda, Japan, will provide additional tracking during the critical radio
science observations near closest approach. The Japanese Institute of
Astronautical Science (ISAS) operates the Usuda antenna on the island on
Honshu in the hills west of Tokyo.

We left the command load just radiating from the DSS antenna on its
way to Voyager 2. Even at the speed of light, the first command will not
arrive at Voyager for 4.1 hours, and acknowledgement of its receipt can’t be
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| Figure 3-4. If we could move the 70-m DSN tracking antenna from its Goldstone,
| California, desert location to the football field inside the Pasadena Rose Bowl, this

is how large it would appear! Big ears are needed at Earth Base to hear the feeble
signals from a remote spacecraft.

‘ seen at Earth until 8.2 hours after it was sent. Data telemetered from

Voyager 2 are 4.1 hours old the instant they are received. This time lag
complicates operations greatly. Imagine driving a car where the gauge
readings and even the sights seen out of the windows are over four hours old,
and the response to turning the steering wheel or applying the brake is four
hours in the future! Luckily, thereis less traffic on the way to Neptune than
there is on the Los Angeles freeways.

Receiving Data

The data received are of enormous value. First there is telemetry,
which consists of information describing the performance of the spacecraft
and its instruments and the science measurements
1933';2_50 ?;f Gi,?(g%n themselves. The telemetry is identified with space-
— craft time so that a complete reconstruction of the
state of the spacecraft can be used to determine the
health of all engineering and science subsystems, and

to aid in science interpretation.
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Figure 3-5. The Voyager family consists of full-time Voyager people (O), part-time
Voyager people (1) and multimission support people (/\). The tracking complex
staffing levels shown represent the full complement of personnel who support not
only Voyager, but several other missions as well.

Second there are navigation data. One type are doppler data, which are
contained in the Voyager-2 radio signal itself and are dependent upon the
relative motion between the spacecraft and tracking antenna. Another is
range data, which provides a distance measurement from the spacecraft to
the tracking antenna. A third uses simultaneous tracking by two stations
of first the spacecraft and then a quasar of known characteristics to get a
different type of doppler data. Finally, optical navigation video images relate
the spacecraft and planetary body positions to their directions relative to
known stars.

All of these data are both relayed (via GCF) to JPL and recorded at the
DSCC. This allows any gaps to be recovered after the fact if any data are lost
on the way to their ultimate user. The first users are the Mission Control
Team, the Navigation Team, and the Spacecraft Team. Essential engineer-
ing measurements and status indicators are displayed as they are received
so that corrective action may be initiated at any sign of a problem.

The entire data stream is routed through the Ground Data System
(GDS), consisting of the DSN, NASCOM, MCCC and a number of Voyager
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Project data systems. The data are finally processed by an assemblage of
some 55 people and various computers at JPL. Here, the telemetry is read
and identified, and reassembled by measurement rather than as a serial
stream. If coding has been applied, it is decoded. Imaging is transferred to
the Multimission Image Processing Subsystem (MIPS) to be converted from
digital picture elements into pictures. If the imaging has been compressed
(see Chapter 9), MIPS reverses the compression. During this process the
images can be enhanced to bring out subtle features and, in some cases, even
corrected for errors.

All imaging and non-imaging data are collected and processed into
Experiment Data Records (EDRs), which contain all available science and
engineering data from a given instrument. The EDRs are the basic delivery
of observed data to the investigators. A companion record, the Supplemen-
tary Experiment Data Record (SEDR), contains the best estimate of the
conditions under which the observations were taken.

If you would like to learn more about how we route the steady stream
of data bits arriving at Earth from the Voyager transmissions, please refer
to Figures 6-6 and 6-7, plus the accompanying text in Chapter 6.

The Results

As the encounter with Neptune approaches, delivery of the data to the
investigators will become easier because the scientists will be migrating to
JPL. Asthe pace quickens, monthly investigator meetings will become daily
meetings, and ideas will be exchanged furiously as they strive to understand
the details of a new planetary system. When the last of the Neptune data are
safely acquired, the scientists will retreat with the data to their own
institutions to begin the intensive process of converting measurements into
answers to those fundamental questions raised in Chapter 2.

That won’t be the end, however. Archived, the Voyager-2 Neptune data
will be available to scientists the world over through the National Space
Science Data Center at the NASA/Goddard Space Flight Center in Green-
belt, Maryland. It is a safe bet that somewhere today there are tens or
hundreds of elementary school students who, in the early twenty-first

century, will be writing doctoral dissertations based
TIME: -0 Days, 2:35:00 .
1989/08/25 1:25 GMT (SCT) on their study of the Voyager-2 Neptune data. And
— that, in the year of the XXVIIth Olympiad, will be
Voyager’s real gold medal.
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One wonders if their messages came long ago, hurtling into
theswamp of the steaming coal forests, the bright projectile
clambered over by hissing reptiles, and the delicate
instruments running mindlessly down with no report.
Loren Eiseley

4. THE VOYAGER SPACECRAFT

The mission objectives can be met only by delivering the spacecraft to
the Neptunian system along the chosen flight path, properly orienting the
spacecraft and pointing its instruments at the desired celestial bodies,
powering the instruments, giving instructions to them, and channeling the
science information gathered to the radio subsystem for transmission to
Earth. Inother words, a pretty complex machine is necessary to support the
science instruments. Several years before launch, a spacecraft design team
(Figure 4-1) worked out the basic requirements for this amazing machine
and, judging by its success to date, they did a first-class job.

Structure 4§/
4

Telecommunications

Propulsion

Figure 4-1. Before launch, a spacecraft design team did a lot of brainstorming to
hammer out the dozens of major considerations (and thousands of smaller details)
needed to design and build the amazing Voyager robots.
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Bus

The basic structure of the spacecraft is called the “bus," which carries
the various engineering subsystems and scientific instruments. It is like a
large ten-sided box, which can be seen in Figure 4-2. The centerline of the
bus is called the z-axis, or roll axis. The spacecraft will usually be aligned
so this z-axis (and thus the High Gain Antenna) points to Earth. The
spacecraft is designed to roll about this axis by firing small thrusters which
are attached tothebus. The thrusters are fueled by aliquid called hydrazine.

Each of the ten sides of the bus contains a compartment (a bay) that
houses various electronic assemblies. Bay 1, for example, contains the radio
transmitters. The bays are numbered from 1 to 10 (numbered clockwise as
seen from Earth).

Two additional turn axes, at right angles to the roll axis and to each
other, are needed to give the spacecraft full maneuverability. These are the
x-axis (pitch) and the y-axis (yaw). The booms supporting the nuclear power
sources and the scan platform lie along the y-axis.

High Gain Antenna (HGA)

On many spacecraft, a small antenna dish sits on the spacecraft bus
and is steerable. But Voyager is different; it may almost be said that the
spacecraft bus sits on the High Gain Antenna (see Figure 4-2.)

The HGA transmits data to Earth on two frequency channels (the
downlink). One, at about 8.4 gigahertz (8,400,000,000 cycles/sec), is the X-
band channel and contains science and engineering data. For comparison,
the FM radio band is centered around 100 megahertz (100,000,000 cycles/
sec). The X-band downlink science data rates vary from 4.8 to 21.6 Kbps (ki-
lobits per second). The other channel, around 2.3 gigahertz, is in the S-band,
and contains only engineering data on the health and state of the spacecraft
at the low rate of 40 bps.

The HGA is so called because signal strength is gained by focusing the
radio energy into a highly concentrated narrow beam. The half-power points
of the HGA are 0.5 degrees off axis for the X-band and 2.3 degrees for the S-
band (i.e., if the antenna strays as much as 0.5 degrees off point, the X-band

signal strength drops by half). There is also a Low
TIME: -0 Days, 2:30:00
1989/08/25 1:30 GMT (SCT) Gain Antenna, but it is not used anymore except in
= response to certain faults involving loss of spacecraft
orientation.
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Figure 4-2. The Voyager spacecraft has a launch mass of 825 kg, is nuclear-electric
powered, cousists of about five million equivalent electronic parts, and uses
onboard computer fault detection and response to protect itself.
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Spacecraft Attitude Control

Relative to attitude control, the two most common types of spacecraft
are spin-stabilized and three-axis-stabilized. The former, such as the Pio-
neer spacecraft, obtain stabilization by spinning so that the entire spacecraft
acts as a steady gyroscope. Three-axis-stabilized spacecraft, such as Voy-
ager, maintain a fixed orientation, or attitude, in space except when maneu-
vering.

Spacecraft stabilization, as well as spacecraft maneuvering, is con-
trolled by an onboard computer called the Attitude and Articulation Control
Subsystem (AACS). This computer also controls scan platform motion.

Voyager has two ways of maintaining its attitude: by gyro control and
by celestial control. Gyro control is used for special purposes and short
periods of time, up to several hours.

In the celestial control mode, Voyager maintains its fixed attitude in
space by viewing the Sun and a bright star such as Canopus, Alkaid, or
Achernar. If the spacecraft should drift from its proper orientation by more
than a certain angle (called the deadband), the AACS will issue commands
to fire the tiny attitude-control thrusters to bring it back to proper orienta-
tion (see Figure 4-3). Canopus is used almost exclusively as the reference
star by Voyager 2 during interplanetary cruise (Voyager 1 uses Rigel
Kentaurus). Canopus, the second brightest star in the sky, is a southern
hemisphere star and is barely visible from the southern United States.

The sensor instruments used to track the Sun and star are the Sun
Sensor (mounted on the HGA) and the Canopus Star Tracker (CST), so
named because Canopus is the preferred star to use whenever possible.
Figure 4-3 shows the celestial sensor and gyro accuracies, the limit cycle
deadband, and the final scan platform pointing accuracy.

Spacecraft Maneuvers
There are many types of spacecraft maneuvers. We choose one that is
fairly simple, and also somewhat common, to use as an example—this is the
Stellar Reference Change.
There are times during encounter when Canopus is not suitable as a
e reference star for Voyager 2. For example, the planet
1989/08/25 1:35 GMT (SCT) might be on the other side of the bus from the scan
— platform when Canopus is the lock star. Imaging the
planet would then be impossible because spacecraft
parts block the view. In this case, an alternate star
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Figure 4-3. When it comes to pointing precision, the Voyager spacecraft is quite a
remarkable machine.

Onboard Programmable Digital

(whichis on the other side of the sky from Canopus)is chosen, and the Stellar
Reference Change maneuver is required.

The maneuver is controlled by the AACS computer. First, the space-
craft goes to gyro control (all-axes inertial mode); then the AACS fires the hy-
drazine thrusters to start the spacecraft turn about the roll axis. The turn
rate is precisely chosen to be either the nominal turn rate (0.18 degrees per
second) or a new higher turn rate (0.30 degrees per second).

After the spacecraft has turned through the prescribed angle, the
AACS fires the opposite set of thrusters to halt the turn. Since the roll turn
is about the axis pointing toward Earth, the Sun will have “coned” around
this axis and reached a different spot on the spacecraft’s Sun Sensor plate.
The Sun Sensor then locks onto the Sun in its new position. (This displace-
ment of the Sun from the roll axis is called the Sun Sensor bias.) Finally, the
star tracker locks onto the new reference star, and the spacecraft is returned
from gyro control to celestial control.

Scan Platform Pointing
Several appendages are attached to the spacecraft bus. These are the
HGA (discussed above), the magnetometer boom, the PRA antennae (rabbit
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ears), the RTG boom (supplying power), and the scan platform. These are
shown in Figure 4-2.

Four of the science instruments are on the scan platform: namely those
that need to be pointed at a target body (the planet, a star, rings, or one of
the satellites). A glance at Figure 4-2 will show you why it is necessary to
mount these instruments on such a long boom. If they were mounted on the
bus, they could not look backwards (during post-encounter) because the
HGA would block their view. The spacecraft mass distribution is balanced
by placing the scan platform on the other side of the bus from the radioactive
power source.

The scan platform has motors and gears (called actuators) which slew
the platform to point in various directions. If you imagine “up” as being in
the direction of the HGA boresight (generally toward Earth), then a motion
up or down is accomplished by an elevation slew, and a motion to the right
or left is accomplished by an azimuth slew. These are called, for short, El
slews and Az slews. The locations and components of the actuators are
shown in Figures 4-4 and 4-5.

About 102 minutes after Voyager 2’s closest approach to Saturn in
1981, the azimuth motion of the scan platform unexpectedly halted, and
science data were lost from the instruments that require pointing. Appar-
ently this seizure was due to heavy use of high-rate slews to move the scan
platform at 1 deg/sec. A vital lubricant probably migrated away from a tiny
shaft-gear interface (spinning at 170 rpm), resulting in galling (wearing
away from friction) and debris buildup, and finally leading to the seizure.
Scan platform motion was resumed in two days, but analysis and testing
leading to a failure model, to a strategy to monitor the actuator’s health, and
to guidelines for safe use of the actuator were completed over three years.

Needless to say, the faster slews will not be used during the Neptune
encounter, except for eight medium-rate (0.33 deg/sec) slews used to capture
critical science observations. All other slews will not exceed the low rate of
0.08 deg/sec. Nevertheless, the scan platform motion will be monitored quite
closely by the Torque Margin Test (see Chapters 8 and 9). A contingency
near-encounter sequence (R951) has been prepared for use just in case an

azimuth actuator problem is experienced.

TIME: -0 Days, 2:20:00
1989/08/25 1:40 GMT (SCT)

Power Subsystem

Spacecraft electrical poweris supplied from three
Radioisotope Thermoelectric Generators (RTGs),
which are miniature nuclear power plants that con-
vert about 7000 watts of heat into some 400 watts of
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Figure 4-4. This view of the Voyager scan platform shows the locations of the
two electric motors and gear trains, known as “actuators,” that drive the
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electricity. These lie along the RTG boom, away from the spacecraft bus and
opposite the scan platform (see Figure 4-2.)

Atlaunch the power output from the RTGs was 475 watts. However, the
power output decreases by about 7 watts each year due to several causes, in-
cluding the half-life of the fissionable plutonium dioxide and degradation of
the silicon-germanium thermocouples. By the time Voyager 2 reaches
Neptune, the RTG power output will be down to about 370 watts.

The spacecraft power load is constrained to be less than the RTG
output, and excess power is dissipated through the shunt radiator as heat.
The difference between the available power and the power used in running
the spacecraft is called the “power margin.” Since the power available is
substantially less for Neptune than for previous encounters, great care is
taken to plan the power management strategy. For example, the S-band
high-power state is no longer used.

Project guidelines require that this power margin be kept fairly large
(above 12 watts) as a safeguard against power surges or miscalculations
which might cause the spacecraft to try todraw more power thanis available.
But, were this to happen, the onboard computer has a fault protection
algorithm (FPA) that could turn off power to some subsystems to reduce
power consumption. This would be a major inconvenience and, if it hap-
pened during encounter, would cause loss of science data.

Data Storage Subsystem
There are occasions when the Voyager spacecraft cannot immediately
send science telemetry data to Earth. These occasions could occur during a
spacecraft maneuver when the HGA is not pointed at Earth, or during the
time the spacecraft is behind the planet as seen from Earth (Earth occulta-
tion). Also, itis nolonger possible to send certain types of data (such as PWS
and PRA high-rate frames) directly into the telemetry stream because the
data rate is too high to be received without error. In all these instances, the
Digital Tape Recorder (DTR) is available to store the data for later playback

to Earth.

The DTR has three speeds in use at Neptune encounter. But, rather
than citing the speed in inches per second, as for
B o ?ifeiﬂf(g%n conventional tape recorders, the speed is cited in
— : units of information per second, kilobits per second
(Kbps). The three speeds are 115.2 Kbps (record
only), 21.6 Kbps (playback only), and 7.2 Kbps (both
record and playback). There are eight tracks on the
DTR. Each of these can hold up to 12 images if only
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images are recorded. This is seldom the case, since data from other
instruments need to be recorded also.

As you can imagine, the experimenters often like to record more data
than the tape recorder has the capability to store. Thus, DTR data
management is a critical concern. It is important to play the data back
quickly so that the tape recorder can be filled again. But, playbacks interfere
with science gathering and require certain DSN configurations that are not
always available. So data management during busy periods remains a

challenging task.

Spacecraft Receiver

Periodically, instructions are sent (uplinked) from the ground to the
spacecraft. These instructions, called commands, are modulated (superim-
posed) onto the radio signal and are transmitted at 16 bits per second by one
ofthe DSN tracking stations. Traveling at the speed of light, they will reach
the spacecraft at Neptune in just over four hours. The radio signal carrying
the commands is received by the spacecraft HGA and sent to the receiver.
The receiver extracts the command subcarrier from the carrier signal and
sends it to the Command Detector Unit (CDU). Here the commands are
demodulated (removed from the subcarrier) and converted to digital form.
The commands are then sent to the Computer Command Subsystem (CCS).

On April 6, 1978, a failure protection algorithm in Voyager 2’s CCS
automatically switched from the prime to the backup receiver. But a
tracking loop capacitor had failed in the backup receiver. Soon after a com-
manded return to the prime receiver, the prime receiver suddenly failed.
Seven dayslater, the fault protection algorithm switched back to the crippled
backup receiver. Because of these two failures, more complicated proce-
dures are used for commanding Voyager 2 than are used for Voyager 1.

The receivers were designed to lock onto the signal in order to follow
shifts in frequency, but this function is no longer possible on Voyager 2.
(These shifts in frequency are Doppler shifts that result from changes in the
relative velocity between the spacecraft and the DSN antenna, due primar-
ily to the Earth’s rotation.) In commanding Voyager 1, for example, the DSN
transmits at a constant frequency and the receiver locks onto and follows the
moving frequency.

However, for Voyager 2, the failed tracking loop capacitor makes it
necessary for the received signal to be at a constant frequency. To accommo-
date the Doppler shifts, it is then necessary for the DSN tracking station to
transmit a moving frequency. If the transmitted frequency is not within 96
Hertz (cycles/sec) of the receiver rest frequency, then Voyager 2 will turn a
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deafear oninstructions from Earth. Furthermore, an unpredicted tempera-
ture change of as little as 0.25° C (0.45° F) in the receiver will shift the rest
frequency by 96 Hertz from its predicted value. Temperature changesin the
receiver can be caused by a change in the spacecraft’s power status or by the
Sun’s heat on the receiver bay. The Spacecraft Team may schedule a
“command moratorium” period up to 48 hours before or after critical events
to assure that the receiver temperature has had a chance to stabilize. All of
these factors complicate the process of sending commands to Voyager 2.

If the second receiver were to fail, there would be no way to command
the spacecraft to execute further activity. We would not be able to point the
scan platform instruments at their targets nor point the HGA at Earth. We
could not have a successful encounter. To protect against failure of the
remaining receiver, a special CCS Load has been placed in the CCS. This
contingency Back-up Mission Load (BML) contains a few commands that
will allow some science to be gathered in the event that the regular encounter
CCS Loads cannot be received by the spacecraft because of receiver failure.
There are several designs for BMLs, each resident in the CCS over a different
interval of time.

As serious as all this sounds, remember that despite these problems,
Voyager 2 has so far completed successful encounters with Jupiter, Saturn,
and Uranus, and has begun its task of revealing the mystic Neptune.

Computer Command Subsystem (CCS)

The CCS consists of two identical computer processors, their software
algorithms, and some associated electronic hardware. The CCS is the
central controller of the spacecraft (the brain of the spacecraft, if you will).
Figure 4-6 shows the CCS in relation to the AACS and Flight Data Subsys-
tem (FDS) computers, as well as to the DTR (the main component in the Data
Storage Subsystem) and other subsystems.

The CCS has two main functions: to carry out instructions from the
ground to operate the spacecraft and gather science data; and to be ever alert
for and to respond to any problem with any of the spacecraft subsystems.

The latter of these CCS functions is carried out by a series of software

routines called Fault Protection Algorithms (FPAs).

19;%3; ?Efé;ﬁ?g%n These algorithms, which occupy roughly twenty per-
' cent of the CCS memory, make the spacecraft semi-
autonomous and able to act quickly to protect itself.
This is important because of the long delay time
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required for a response to the problem from Earth: over eight hours round-
trip light time (at Neptune closest approach), plus the reaction time of the
engineers to detect the problem and prepare the proper response. In many
instances such a delay would be intolerable.

The other CCS function, storing and processing commands from Earth,
allows the spacecraft to act as an intelligent robot to carry out its science-
gathering functions in strict accordance with the carefully developed mis-
sion plan.

It is convenient to send up one transmission to the spacecraft which
contains most or all of the commands needed to operate it for periods of time
ranging from 30 days during the Observatory Phase to only two days during
Near Encounter. Each of these transmissions nearly fills the remaining
(non-FPA) memory in the two CCS computers. The contents of each of these
transmissions is called a CCS Load and is given an identifying number. “A”
loads refer to Voyager 1, and “B”loads to Voyager 2; for example, A821, B901,
B902, etc. Chapter 6 contains a timeline which shows each of the encounter

CCS Loads.
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Figure 4-6. Voyager’s three computer subsystems contain nearly 33,000 words of
memory storage, with the Computer Command Subsystem (CCS) directing most of
the activities.

41



Flight Data Subsystem (FDS)

The onboard FDS, comprising two reprogrammable digital computers
and associated encoding hardware, collects and formats the spacecraft’s sci-
ence and engineering telemetry data for transmission to Earth.

The engineering data, generally at 40 bits per second, are on the S-band
downlink and are embedded in science telemetry data on the X-band
downlink as well. Engineering data provide the status of the instruments,
health of the various spacecraft subsystems, and spacecraft attitude and
scan platform position.

The science data (the results of the science observations) are on the
high-rate data channel (4.8 to 21.6 Kbps) and are downlinked only on X-
band.

The FDS “encodes” the telemetry data by adding redundant bits to the
telemetry data in such a way that bits lost in the static may be reconstructed
(i.e.,intelligently guessed at). For example, the Golay encoding process adds
3600 bits to every 3600 bits of raw science data telemetered to Earth.
However, the more efficient Reed-Solomon encoding process only adds 1200
bits to every 3600 bits of raw science data sent to Earth. (See Chapter 9 for
further discussion of encoding.)

The FDS also does some special data processing on the picture data in
a process called image data compression (IDC), described in Chapter 9.
Rather than use the secondary FDS processor as a “hot backup” for the
primary computer (both containing identical software), the FDS computers
are used in a “dual processor mode” in which the primary unit samples and
formats the general science data, while the secondary unit compresses the
imaging data. Here, the two processors work in parallel and each performs
different functions, effectively doubling the computer memory available for
computing tasks.

The FDS also provides appropriate instrument control for the science
instruments and the digital tape recorder. For example, control data for the
imaging instruments in an “imaging parameter table” in FDS memory
provides instructions for imaging shutter modes, filter choices, and exposure
levels for each camera.

One of Voyager 2’s FDS computer memories has

19;;7:)32_5? ??: g?;"f;‘é"m lost a block of 256 memory locations, out of a total of

- 8192. This is a rather minor failure. However, the

loss of 512 more words from the primary memory

would be serious, for it would mean we would have to

abandon the dual processor mode, and hence, the
valuable IDC capability.
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Science Instruments

There are eleven scientific investigations on Voyager 2, and the loca-
tions of their instruments are shown in Figure 4-2. Figure 5-5 gives sketches
and brief descriptions of each of the instruments. Of these, only four are not
located on the scan platform or its supporting boom. The Magnetometers
use their own boom; the Planetary Radio Astronomy (PRA) experiment
shares the rabbit ear antennas with the Plasma Wave Subsystem (PWS);
and the Radio Science Subsystem (RSS) uses the radio beams from the HGA.

The four instruments on the scan platform require accurate pointing;
these are the Imaging Science Subsystem (ISS) wide- and narrow-angle cam-
eras, the Ultraviolet Spectrometer (UVS), the Infrared Interferometer
Spectrometer (IRIS), and the Photopolarimeter Subsystem (PPS). Figure 5-
6 shows the relative fields of view of these instruments, and their pointing
offsets from each other. These instruments may all make observations
simultaneously.

Note the long, rectangular UVS slit. For some observations this slit
needs to be aligned in a particular direction, requiring a spacecraft roll
maneuver.

The remaining three instruments, mounted along the scan platform
boom, are fields and particles experiments. These are the Cosmic Ray
Subsystem (CRS), the Low-Energy Charged Particle experiment (LECP),
and the Plasma Subsystem (PLS).

All of these experiments (except RSS) send their observational data to
the FDS to be formatted into telemetry. All ofthem, except RSS and ISS, con-
tribute data to a telemetry format called “general science and engineering”
(GS&E). This GS&E telemetry data mode has a downlink data rate of 4800
or 7200 bps, depending on the type of encoding the FDS uses, but the
information content (symbols per second) is 3600 bps. The PRA, for example,
contributes 266 bps, and the IRIS contributes 1120 bps, out of this total of
3600 bps.

The ISS has several data formats ofits own at higher data rates because
of the large number of data bits required to define a picture (5.12 million, if
uncompressed!). Real-time data rates of 8400 and 14,400 bps allow the
images to be immediately returned to Earth in the telemetry stream. Non-
compressed images may be recorded on the tape recorder at 115,200 bps,
then returned to Earth at a later time at a slower playback rate. Two other
experiments, PRA and PWS, can also provide a high data rate, and periodi-
cally short bursts of these data are put onto the DTR at 115,200 bps for later
playback at a slower rate.
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As you can see, the Voyager spacecraft is a sophisticated machine. It
must have a broad spectrum of capabilities to deliver the scientific sensors
to their desired target geometries, collect the scientific data, and return
these data to Earth. The scientific sensors are its vital payload and are
sophisticated devices, as we shall see in Chapter 5.

TIME: -0 Days, 2:00:00
1989/08/25 1:60 GMT (SCT)
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Themost beautiful experience we can haveis themysterious.
It is the fundamental emotion that stands at the cradle of
true art and true science.

Einstein

5. SCIENCE SENSORS

In Chapter 2, you prepared a shopping list of things you would like to
find out about the Neptune realm. You know that everything you learn
comes via one of your four senses. The Voyager spacecraft has 11 sets of
sensory devices, which can be conveniently divided up into two types: those
that point at something (called target body sensors) and those that don’t
(called fields, waves, and particles sensors). There are five sets of target body,
one fields, two waves, and three particles sensors.

This chapter contains a description of how each of the sensors works,
a summary of their engineering characteristics, what types of new knowl-
edge each of the sensors can provide, and finally, a wrap-up discussion of the
fundamental physics upon which the sensors are based.

Imaging Science Subsystem (ISS)

Humans, like most of Earth’s creatures, have evolved with the ability
to see a certain kind of light, called visible light. There are many other types
of “light” which are invisible to our eyes, such as ultraviolet, infrared, and
radio waves. Itis most natural, therefore, when sending a spacecraft off to
unknown places, for humans to include at least one sensor that is sensitive
to visible light. Voyager has two sets of science sensors designed primarily
for visible light operation: the Imaging Science Subsystem (ISS) and the
Photopolarimeter Subsystem (PPS).

The ISS consists of two “TV” cameras and associated control electron-
ics. The ISS functions much like a pair of video cameras. Both the ISS and
a video camera work on exactly the same principle of nature by recording the
intensity of light reflected or emitted from the object one is photographing.
A video camera converts the light into electronic signals which are recorded
on a video cassette (both of these functions are performed by a camcorder).
The ISS also converts the light into electrical signals, which are either sent
directly to the Earth or stored by the spacecraft on the equivalent of a VCR.

With a normal video camera you have the ability to configure the
camera to take a wide variety of pictures under a wide variety of circum-
stances. Available to the photographer are various lenses, filters, aperture
settings, exposure times, and framing speeds. The ISS has many of the same
capabilities.
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Instead of interchangeable lenses, the ISS has two separate cameras:
one with a 200mm focal length lens of 60mm aperture and the other with a
1500mm focal length lens of 176mm aperture. To an Earth-based photogra-
pher, both would be considered telephoto cameras (normal focal length being
55mm), but to the Voyager Imaging Team the former is known as the “wide-
angle” camera and the latter is known as the “narrow-angle” camera. On
each ISS camera, the lensis fixed. The ISS has the ability to shutter pictures
one after another or to shutter pictures at widely separated times.

Each ISS camera has eight different filters. Each camera has a “clear
filter” that permits the greatest amount of light to pass through to the light-
sensitive surface. The other filters permit specified types of light to pass
through and block all other types of light from reaching the camera’s
detector. Both cameras have violet, blue, orange, and green filters. The
narrow-angle camera also has an ultraviolet filter and duplicate clear and
green filters. The wide-angle camera contains three filters explicitly de-
signed to detect sodium near Io, methane at both Jupiter and Saturn, and
methane at Uranus and Neptune, respectively.

Both ISS cameras are fixed aperture devices. However, one may vary
the exposure time from 0.005 seconds to 61 seconds. Time exposures which
are longer than normal exposures by integer multiples of 48 seconds are also
possible. This capability is critical because the sunlight reaching Neptune
isroughly 36 times dimmer than at Jupiter. The ISS cameras store pictures
in the form of electrical impulses. The primary differences between the ISS
and the familiar video cameras are the number of scan lines, the time
required to scan the image, and the way color is produced. The ISS has 800
scan lines, while camcorders typically have only 525. The ISS needs from 48
seconds to several minutes to “read out” the image, while video cameras scan
an image 60 times each second.

Concerning color, video cameras do this very easily, while the ISS must
take black and white pictures through three different color filters. After
reconstruction back on Earth, the composite photograph can be in “natural”
color—that is, what the human eye would see. However, it can also be proc-
essed to greatly enhance color contrast or to represent the scene in “false

color” to emphasize particular features.
19;;:?;,:2—;’ Zj‘,?gsl;fgg‘én The ISSis used to observe and record the visible
- - characteristics of planets, atmospheres, moons, and
rings. These visible characteristics include the sizes,
colors, brightnesses, and surface textures of these
objects. In addition, groups of ISS pictures are used
" to map the surfaces of moons.
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The Voyager Navigation Team uses ISS pictures of various moons
against backgrounds of stars with known positions to accurately determine
where the spacecraft was located at the time the picture was taken. This
technique is known as optical navigation.

Infrared Interferometer Spectrometer and Radiometer (IRIS)

The IRIS is a very specialized type of light meter. It comes equipped
with a large, permanently attached reflecting telescope.

The IRIS uses a sensor that can “see” infrared light. Infrared means
less than or below red. Infrared is light that is next to and below (in
frequency) the red light that our eyes can see. The IRIS actually acts as three
separate instruments. First, the IRIS is a very sophisticated thermometer.
Second, the IRIS is a device that can determine when certain types of
elements or compounds are present in an atmosphere or on a surface. Third,
it uses a separate radiometer to measure the total amount of sunlight
reflected by a body at ultraviolet, visible, and infrared frequencies.

Any solid, liquid, or gas that has a temperature above absolute zero
emits heat energy. The amount and “color” (wavelength) of heat energy that
the substance emitsis dependent, among other things, upon its temperature.
The IRIS can determine the distribution of heat energy a body is emitting,
which then allows us to determine the temperature of that body or substance.
In the special case of an atmosphere, the IRIS can determine the tempera-
ture of the atmosphere at various altitudes, producing what is called a
temperature profile.

By measuring the total amount of heat energy that a planet is emitting
and the total amount of sunlight reflected, and comparing this to the total
amount of energy received from the Sun, scientists can determine if heat
from the interior of the planet is escaping. Jupiter, Saturn, and Neptune
emit about twice as much heat energy as they receive. Mercury, Venus,
Earth, Mars, and Uranus show little or no evidence of heat generated in their
interiors and, therefore, reradiate to space very nearly the same amount of
heat energy they absorb from the Sun.

The IRIS can also determine if certain elements and molecules are
present in a particular atmosphere or on a particular surface. The physical
principle that permits this type of element/molecule determination is the
following. Remember that atoms consist of one or more protons plus neu-
trons (only hydrogen has no neutrons) in a nucleus, surrounded by the same
number of “orbiting” electrons as there are protons. Molecules consist of two
or more atoms bound together by electrical forces. Light energy (for example,
from the Sun) may be absorbed by an atom or molecule, which then becomes
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Figure 5-1. The planet absorbs the visible and ultraviolet energy from “sunlight,"”

then emits infrared “light” which the IRIS can “see.” Certain molecules in the
cooler, overlying atmosphere absorb some colors of infrared “light.”

unstable because it has excess energy. The atom or molecule releases the
excess by emitting the energy (Figure 5-1). Ifthe emitted energy is infrared
energy, the IRIS can detect the emission. Continuous infrared (heat) energy
being emitted from deeper, warmer layers of an atmosphere is selectively
absorbed at discrete infrared colors by the cooler overlying atmosphere.

Each atom or molecule will emit or absorb energy of one or more colors.
It is known from laboratory studies what colors are emitted or absorbed by
a particular element or compound. To detect this element or compound, all
you have to dois see the appropriate color or colors being emitted or absorbed
in the infrared data collected by IRIS.

Using this procedure, IRIS has detected hydrogen, helium, water,
methane, acetylene, ethane, ammonia, phosphine, and germane in the at-
mospheres of Jupiter, Saturn, and Uranus.

Ultraviolet Spectrometer (UVS)

The UVS is also a very specialized type of light meter that is sensitive
to ultraviolet light. “Ultraviolet” means more than or beyond violet. Ultra-

violet light is next to and above (in frequency) the

TIME: -0 Days, 1:50:00 .
1989/08/25 2:10 GMT (SCT) violet light that our eyes can see. Sunburns and
— : suntans are caused by ultraviolet light.

The UVS is used to determine when certain
atoms or ions (electrically charged atoms) are pres-
ent, or when certain physical processes are going on.
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It works on the same physical principle as the IRIS. However, instead of
using a lens, the UVS limits the area of sky it looks at by using a series of
“blinders” called aperture plates. The UVS looks for specific colors of
ultraviolet light that certain elements and compounds are known to emit or
absorb.

The Sun emits a large range of colors of light. If sunlight passes through
an atmosphere, certain elements and molecules in the atmosphere will
absorb very specific frequencies of light. Ifthe UVS, when looking at filtered
sunlight, notices the absence of any of these specific colors, then particular
elements and/or compounds have been detected. This process is called
identifying elements or compounds by atomic absorption (Figure 5-2).

The UVS can only use the atomic absorption technique when it is in a
position to look back at the Sun (or a suitably bright star), through a
planetary or satellite atmosphere or through a collection of ring particles.
This geometry is called a solar (or stellar) occultation.

The UVS has used these emission and absorption techniques to detect
hydrogen, helium, methane, ethane, acetylene, sodium, sulfur, nitrogen,
and oxygen. The UVS, like IRIS, has been used to detect most of the gases
and their photochemical products found in the atmospheres of the giant
planets, though at much higher levels in the atmosphere.

Atmosphere

ave]
engths Ap SOrb
ed ™

Figure 5-2. Certainmolecules in the atmosphere can absorb particular wave]engtbs
from the Sun’s energy, and the UVS can spot these missing “lines."
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Under certain conditions, the UVS is sensitive to energy that is emitted
when lightning occurs, when an auroral display is going on, or from particles
independently orbiting the planets.

The UVS can also be used to study the stars. It can determine when
certain elements are present in various stars and measure the temperatures
of extremely hot stars. The UVS instruments on both Voyagers have been
used for years as stellar observatories because they can see colors completely
blocked by the Earth’s atmosphere. The UVS is making fundamental
contributions to ultraviolet astronomy.

Photopolarimeter Subsystem (PPS)

The PPS is the fourth of the specialized light-measuring devices on
board Voyager. The PPS is very much like the ISS narrow-angle camera in
thatit has a very high magnification reflecting telescope. Itis unlike the ISS
narrow-angle camera in that each PPS measurement produces one picture
element (pixel), whereas each ISS image consists of 800 lines, with each line
consisting of 800 pixels. Of the Voyager science sensors that are primarily
sensitive to visible light (the two ISS cameras, the IRIS radiometer, and the
PPS), the PPS is by far the most sensitive.

The PPS allows the most flexibility in adapting to varying circum-
stances. It has four aperture settings, three color filters, and four polarizing
filters. It also has two commandable sensitivities.

The PPS studies how light changes as it is reflected from or absorbed
by objects of interest. Such “objects” include the surfaces of moons, tiny
aerosol particlesin an atmosphere, and ring particles. The PPS caninfer the
texture and composition of a solid surface; the density, particle sizes, and
composition of a planetary ring; and the existence, particle sizes, and
composition of atmospheric hazes.

The PPS is ideally suited for observing stellar occultations (Figure
5-3). The PPSis sensitive enough to light to be able to track a star asit moves
behind planetary rings or the thin part of a planetary or satellite atmos-
phere. Planetary rings are a collection of countless small objects in orbit
about a planet. Since there is space between the ring particles, light can pass

S through the rings. The PPS is used to record the rapid
1989/08/25 2:15 GMT (SCT) variation of brightness from a star as it passes behind
a set of rings. The fraction of starlight that passes
through is an indication of how “transparent” the
rings are and where gaps are located. The PPS stellar
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Figure 5-3. Like watching a flashlight moving behind a partially transparent picket
fence, the PPS can accurately measure the amount of starlight passing through a
planetary ring system.

occultation technique produced a bounty of information about the complex
structure of the rings of Saturn and Uranus.

Radio Science Subsystem (RSS)

All of the sensors on the spacecraft, except for the RSS, are called
passive sensors. A passive sensor must wait for energy or particles to come
to it before it can see anything. A passive sensor must have another source
create the energy or particles that it sees. The RSS is an active sensor. An
active sensor provides both its own energy and the detector to measure the
effect of the target of interest on the energy.

The energy source for the RSSisthe same radio transmitter thatisused
for communications between the spacecraft and the Earth. The Radio
Science detectors are located at Deep Space Network (DSN) tracking
stations on Earth. The RSS is capable of transmitting stable carrier
frequencies at both S- and X-band using an Ultra-Stable Oscillator (USO) on
board the spacecraft. To achieve even more stable carrier frequencies, the
RSS can receive and retransmit an extremely precise signal sent from the
DSN antennas. Four distinct types of experiments have been performed
using the RSS.

The RSS is used to probe both planetary and satellite atmospheres.
When the spacecraft is passing behind a planet or a moon with an atmos-
phere, the spacecraft’s radio signal is beamed through that atmosphere. The
signal will be bent and slowed by the atmosphere by a process called
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Atmosphere

Figure 5-4. The Radio Science Subsystem uses the spacecraft’s radio transmitter to
beam asignal through a body’s ionosphere and neutral atmosphere for detection by
the DSN antennas on Earth. The signal changes allow an estimate of the density,
temperature, pressure, and composition of the atmosphere.

refraction. The spacecraft antenna is pointed such that the bent radio signal
reaches the Earth (Figure 5-4). This viewing geometry is called an Earth
occultation.

From the changes in the frequency and the intensity of the X- and S-
band signals, the temperature, pressure, density, and composition of the
atmosphere at different altitudes can be calculated. If an ionosphere exists
outside the atmosphere, it will also change the radio signal. Studies of the
corona of the Sun are carried out in a similar fashion when the spacecraft
passes behind or near the Sun as viewed from Earth.

The second type of RSS experiment involves directing the X-band radio
signal through planetary rings. When the spacecraft is behind a set of
planetary rings (from an Earth perspective), the antenna is pointed directly
at the Earth. The signal passes through the rings and is received on the
Earth. Changes in the X- and S-band signal intensi-

TIME: -0 Days, 1:40:00

1989/08/25 2:20 GMT (SCT) ties and frequencies can be used to estimate the

number, width, shape, and thickness of rings, and the
sizes of the particles that make up rings.

The third type of RSS experiment is the determi-
nation of the mass of a planet or moon that the
spacecraft passes at close range. This experiment
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works on the Doppler principle. The spacecraft’s radio transmitter sends a
signal at a well-known stable frequency. Any change in speed (acceleration)
that the spacecraft experiences will cause the frequency of the radio signal
received by DSN antennas on Earth to change. The amount of frequency
change (the Doppler shift) is dependent on the change in speed of the
spacecraft, relative to Earth.

When the spacecraft passes close to a planet or moon, that body pulls
on the spacecraft, causing its speed to increase during approach and to
decrease during departure. The amount of change in speed depends only
upon the mass of the planet or moon and the distance of the spacecraft from
the planet or moon. Thus, by measuring the change in frequency of the
Earth-received radio signal, the mass of the planet or moon can be estimated.

The final RSS experiment is a test of general relativity. The Theory of
General Relativity predicts an apparent slowing in the speed of a radio signal
when the signal passes near any massive body. Each time the Voyager
spacecraft signal passes close to the Sun (the most massive solar system
body), the radio signal is delayed. This observed delay is compared to that
predicted by the Theory of General Relativity. So far, general relativity has
passed the test each time.

Fields, Waves, and Particles Experiments

The fields, waves, and particles experiments are organized as six
science investigations. The Planetary Radio Astronomy (PRA) Subsystem is
designed to measure radio waves from the Sun and planets. The Plasma
Wave Subsystem (PWS) detects radio waves generated near the spacecraft.
The Magnetometer (MAG) Subsystem measures the strength and orienta-
tion of magnetic fields through which the spacecraft is passing.

The remaining science investigations measure charged particles of
various energies. They include the Plasma Subsystem (PLS), the Low-
Energy Charged Particle Subsystem (LECP), and the Cosmic Ray Subsys-
tem (CRS).

Planetary Radio Astronomy (PRA)

The PRA is a sophisticated radio receiver, attached to a pair of 10-m
(33-ft) “rabbit ears”. The PRA listens for radio signals produced by the Sun
and the planets, their magnetospheres, and lightning. The Jovian, Satur-
nian, and Uranian systems all produced such signals.

The PRA works in one of two ways. Suppose you had three favorite
radio stations, but that you were a compulsive button pusher. As the PRA
switches among three single (programmable) frequencies, dwelling on each
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for only six seconds, it would be like pushing your favorite radio buttons
every six seconds.

Consider, however, a second case. Suppose you knew that there was
going to be a college football game broadcast at 1 PM on Saturday, but you
didn’t know the station. You would start your radio receiver at the extreme
left end of the radio dial, and sweep across. You would stop at each station
long enough to recognize the signal. If it wasn’t the game, you would pass
on to the next station. If none of the stations were broadcasting the game
(perhaps because it was on FM and you are tuning the AM band), you would
have surveyed the entire band. This is how the PRA works in its scanning
mode, except that it starts at the higher frequencies and sweeps down.
Because it senses signals from each of its “rabbit ear” antennas separately,
it can also detect the polarization (vibration pattern) of the radio waves.

Plasma Wave Subsystem (PWS)

The PWS, like the PRA, is essentially a radio receiver and amplifier. It
listens for signals at frequencies that the human ear could hear (audio
frequencies), as well as at frequencies slightly above audible. The PWS
shares the 10-m pair of rabbit ears with the PRA, but uses them as a single
antenna. With an effective length of only 7 m (23 ft) the PWS normally
operates in a scanning mode. If you tuned your radio receiver first to one
station, then another, then another, up to sixteen stations, you would be
operating your receiver as the PWS does when it is scanning.

The PWS has a second mode of operation. It can simultaneously listen
to all the stations on its audio band. This mode is used most frequently when
the spacecraft is near a planet, and can operate simultaneously with the
scanning mode.

The PWS samples the behavior of plasmas in and around planetary
magnetospheres by measuring the radio waves generated by those plasmas.
Tt can also detect planetary lightning and the presence of tiny ring particles
that strike the spacecraft while it moves through the plane of the rings.

Magnetometer (MAG)
Although the MAG can detect some of the effects

TIME: -0 Days, 1:35:00

1989/08/25 2225 GMT (SCT) of the solar wind on the outer planets and moons, its

primary job is to measure changes in the Sun’s mag-
neticfield with distance and time, to determine ifeach
of the outer planets has a magnetic field, and how the
moons and rings of the outer planets interact with
those magnetic fields. If it detects a planetary mag-
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netic field, its job then becomes to measure the characteristics of the
magnetic field.

The MAG can be visualized as four sets of compasses. Each set consists
of three compasses, mounted at right angles to each other. Two of the
compass sets are very sensitive, and can detect magnetic field strengths as
weak as 1/10,000 the strength of the magnetic field of the Earth’s surface.
The other two sets are not nearly so sensitive, and are designed to detect
large magnetic field strengths, some 20 times stronger than the Earth’s
magnetic field. To avoid detecting magnetic fields generated by the space-
craft itself, the more sensitive compasses are mounted twenty feet out and
forty feet out on a long boom.

Particle Detectors

The PLS, LECP, and CRS all detect the impact of electrically charged
particles. The difference between the three sets of sensors is that the PLS
basically looks for the lowest-energy particles, and the LECP and CRS look
for higher-energy particles. All three sets of sensors work by sensing
particles that hit them.

Plasma Subsystem (PLS)

A “plasma” is a gas or “soup” of charged particles. It typically consists
of electrons as well as positively charged nuclei produced when the original
atoms lost one or more of their electrons. The PLSlooks for the lowest-energy
particles. It also has the ability to look for particles moving at particular
speeds and, to a limited extent, to determine the direction from which they
came. The PLS can be imagined as a piece of wood with a variable amount
of syrup in front of the wood. The syrup slows the particle down so that it can
just hit the wood and stick to it. Up to a point, if one wants to look for faster
particles, one simply puts more syrup in front of the wood. In actuality, the
PLS steps through various amounts of “syrup” looking for particles moving

at various speeds.

Low-Energy Charged Particle (LECP) and Cosmic Ray Sub-
system (CRS)

The LECP and CRS look for particles of higher energy than the PLS, at
overlapping energy ranges. The LECP has the broadest energy range of the
three sets of particle sensors. The CRS looks only for very energetic particles,
and has the highest sensitivity. Both of these sensor sets also have a limited
ability to determine the particle directions and compositions.
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The LECP can be imagined as a piece of wood, with the particles of
interest playing the role of bullets. The faster a bullet moves, the deeper it
will penetrate the wood. Thus, the depth of penetration measures the speed
of the particles. The number of "bullet holes" over time indicates how many
particles there are in various places in the solar wind, and at the various
outer planets. The orientation of the wood indicates the direction from which
the particles came.

The CRS looks for particles with the highest energies of all. Very
energetic particles can often be found in the intense radiation fields sur-
rounding some planets (like Jupiter). Particles with the highest-known
energies come from other stars. The CRS looks for both.

The CRS makes no attempt to slow or capture the super-energetic
particles. They simply pass completely through the CRS. However, in
passing through, the particles leave signs that they were there. Thus, the
CRS can be visualized as simply a piece of wood that the bullets pass
completely through. One simply counts the “bullet holes”, to know when a
high-speed particle impacted, and how often. The CRS has seven separate
“pieces of wood” oriented in different directions, and looking for different
types of high-energy particles.

Sensor Engineering Characteristics

Figure 5-5 provides a brief summary of the engineering characteristics
of each of Voyager’s eleven scientific investigations.

Prior to launch, an attempt was made to perfectly align the fields of
view of the optical instruments when they were mounted on the scan
platform. This enables them to provide complementary information as they
all view the same target. As you might imagine, it is not easy to align
relatively bulky electronic equipment to ultra-high precision. However, as
shown in Figure 5-6, the alignment mechanics did a first-class job, being
within 0.1° of their objective.

The Physics of the Optical Target Body Instruments
If you're still with us, you must be quite interested in how the Voyager
sensors help us learn about other worlds. So now is

TIME: -0 Days, 1:30:00 . :

1989/08/25 2:30 GMT (SCT) the time for your physics refresher, to tie off some of
- - the basic concepts. The Voyager optical sensors that
actually point at something (the ISS, IRIS, UVS, and
PPS) all work on the same basic principles of atomic

physics.
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TARGET BODY SENSORS

ISS

The Imaging Science Sub-
system consists of two
television-type cameras,
each with 8 filters. One has
a 200 mm wide-angle lens
with an aperture of /3, while
the other uses a 1500 mm
narrow-angle /8.5 lens.

FIELDS, WAVES, AND PARTICLE

PLS

The Plasma Subsystem
studies the properties of
very hot ionized gases that
exist in interplanetary
regions. One plasma
detector points in the
direction of the Earth and
the other points at a right
angle to the first.

D)

PPS

The Photopolarimeter Sub-
system uses a0.2 m
telescope fitted with filters
and polarization analyzers.
It covers eight wavelengths
in the region between 235
pm and 750 um.

LECP

The Low-Energy Charged
Particle experiment uses two
solid-state detector systems
mounted on a rotating plat-
form. The two subsystems
are the low energy particle
telescope (LEPT) and the low
energy magnetospheric
particle analyzer (LEMPA).

IRIS

The Infrared Radiometer
Interferometer and
Spectrometer measures
radiation in two regions of
the infrared spectrum, from
2.5 10 50 um and from 0.3 to
2.0 um.

SENSORS

CRS

The Cosmic Ray Subsystem
detector measures the energy
spectrum of electrons and
cosmic ray nuclei and uses
three independent systems: a
high-energy telescope system
(HETS), a low-energy
telescope system (LETS), and
an electron telescope (TET).

RSS

The Ultraviolet Spectrometer
covers the wavelength range
of 40 um to 180 pm looking at
planetary atmo- spheres and
interplanetary space.

MAG

The Magnetic Fields experi-
ment consists of four magne-
tometers: two are low-field
instruments mounted on a
10-m boom away from the
field of the spacecraft, while
the other two are high-field
magnetometers mounted on
the body of the spacecraft

The investigations of the Radic Science Subsystem are
based on the radio equipment which is also used for
two-way communications between the Earth and Voyager.
For example, the trajectory of the spacecraft can be
measured accurately from the radio signals it transmits;
analysis of the flight path as it passes near a planet or
satellite makes it possible to determine the object's mass,
density and shape. The radio signals are also studied at
occultations for information about atmospheres,
ionospheres, and ring particles.

PWS and PRA

Two separate experiments, the Plasma Wave Subsystem and the

| Planetary Radio Astronomy experiment, share the two long

| antennas which stretch at right-angles to one another, forming a "V".
! The PWS covers a frequency range of 10 Hz to 56 kHz. The PRA
receiver covers two frequency bands, from 20.4 kHz to 1300 kHz
and from 2.3 MHz to 40.5 MHz.

| Figure 5-5. Each Voyager spacecraft carries a science payload of 110 kg (240 1b) that
‘ uses 100 watts of power. Eleven investigations are designed to return complementary
science across a broad spectrum.
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Figure 5-6. An attempt was made to align (for complementary science) the
viewing axes of the scan platform optical instruments before launch, but
slight misalignments of up to 0.1° were unavoidable when mounting fairly
bulky instrument packages (Voyager 2 shown).

All matter in the universe above absolute zero temperature is under-
going some type of atomic (including molecular) motion. In fact, temperature
isnothing more than the measure of the average amount of motion of a group
of atoms or molecules. Matter that is hotter (higher in temperature) simply
has faster-moving atoms or molecules.

When an atom or molecule absorbs or releases energy, it may do so only
in certain ways. The central (and founding) idea of quantum mechanics is
that matter may absorb or release energy only in “chunks” or quanta. This
idea was conceived of and published by Max Planck in 1900. Five years later,
Albert Einstein extended the idea by postulating that energy itself can only
exist in quantized amounts, i.e., in integer multiples of some fundamental
TIME: -0 Days, 1:25:00 amount of energy. These two ideas form the intellec-

188082512235 GMTH(SCT) tual starting point for quantum mechanics.

' We have been loosely using the term “atomic
motion,” but we can see in Figure 5-7 that we must
visualize three distinct types of motion. Molecules,
consisting of two or more atoms, may rotate and
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Figure 5-7. All matter above absolute zero temperature is constantly in motion,
absorbing and re-emitting energy. Molecules, consisting of two or more atoms, can
possessrotational and vibrational energy, as well as electron orbit transfers. Single
atoms typically possess only the orbital transfers of electrons.

vibrate at different discrete energy levels. A molecule may absorb a specific
quantum of energy, thereby moving to a higher energy state, or it may
release a quantum of energy in the form of an electromagnetic wave. The
lowest energy state changes are associated with changes in the rotational
energy of the molecule.

Both molecules and individual atoms can undergo relatively large
energy state changes whenever their “orbital” electrons jump between
specific “orbits,” again experiencing discrete energy-level changes charac-
teristic of the particular molecule or atom in question. As shown in both
Figures 5-7 and 5-8, these electron “orbit” transitions result in greater
energy-state changes than those associated with changes in molecular
rotation and vibration states.

Because each change in energy level isunique, a particular type of atom
or molecule may be identified either when light (more generally, an electro-
magnetic wave) of a frequency it is known to emit is present, or when light
of afrequency it is known to absorb is absent. The former is known as atomic
or molecular emission. The latter is known as atomic or molecular absorp-
tion. Both techniques are used by the Voyager optical target body sensors to
identify the presence of particular atoms and molecules.

The frequencies of light that a specific diatomic or polyatomic molecule
can absorb or emit can be calculated. By determining, in advance, the atoms
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Figure 5-8. Molecules and atoms can only absorb and re-emit discrete packets of
energy. The exact values of these energy level changes are unique to different
molecules and atoms, acting like fingerprints to identify the matter in question.

and molecules that one wants to locate, one can determine the range of

electromagnetic frequencies that must be detectable. Once the desired range

of frequencies is known, one can design sensors that will indicate the

presence of a particular atom or molecule.

Figure 5-9 shows both the range of wavelengths that the Voyager

optical target body sensors can detect, and some of the

19;%3; 23{,2;?;2% atoms and molecules that emit or absorb energy

o ' _ within this wavelength range. One can see the large

/ number of molecules potentially detectable by the

IRIS; hence, the importance of preserving the health
of the instrument for Neptune.
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Figure 5-9. Voyager's optical instruments cover a large range of the electromagnetic spectrum,
enabling the detection of many possible substances.
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By now, you must be ready to dive into the Neptune encounter
activities, having been briefed on the mission and science basics in Chapters
1 to 5. As the Guide will be published during the early portion of the
Observatory Phase, we should hurry on to Chapter 6 in order to learn all
about the exciting Neptune encounter plans and highlights.

TIME: -0 Days, 1:15:00
1989/08/25 2:45 GMT (SCT)
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Everything comes to those who can wait.
Francois Rabelais

6. ENCOUNTER HIGHLIGHTS

It’s been nearly twelve years since Voyager 2 was sent on its Grand
Tour of the outer solar system, and the last planet on the trip, Neptune, is
just ahead. For the past three and one-half years, the bulk of the Voyager
Project's efforts have been focused on planning and designing an extensive
four-month, four-phase Neptune encounter—one which promises to be
perhaps the most exciting of the Tour.

Table 6-1. The four phases of the Voyager-2 Neptune encounter activity span
nearly four months. Most of the highest value science is taken during the NE phase.

Encounter Phase Start and End Dates Length
Observatory (OB) Jun 05 to  Aug06 62d 2h
Far Encounter (FE) Aug 06 to  Aug 24 18d 7h
Near Encounter (NE) Aug 24 to  Aug 29 5d 5h
Post Encounter (PE) Aug 29 to Oct 02 33d 15h

Before we get into the detailed discussion of activities planned for the
actual encounter period (see also Table 11-1), it would be helpful first to run
through a brief orientation. Maintaining a mental image of where the action
is happening and what’s going on is key to understanding the encounter
design. Once oriented, a description of what it takes to plan a visit like this—
to a place our species has never been before—might help you form an
appreciation for the behind-the-scenes work required to pull it off. It has
been a first-rate challenge.

Getting Our Bearings

What little we know about this remote destination was summarized in
Chapter 2. Chapters 3,4, and 5 brought you a bit closer to the hearty Voyager
spacecraft and the persevering people that got it to where it is now. But the
solar system is a big place, and maybe you need a little help to see in your
mind’s eye where all of this is happening.

Just where are we going, anyway? Where is Neptune? Can someone
point to Voyager 2? Let’s think about these questions for a while and get our
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bearings. We've traveled far from home the past twelve years, so a check of
the map might be a good idea about now.

Take another look at Figure 1-4, our “bird’s eye view” of the solar
system. Note first that, on the scale shown, the Earth is pretty close to the
Sun. In fact, they’re just a few degrees apart from Voyager’s point of view.
Now follow Voyager 2 on its Grand Tour path from Earth, past Jupiter,
Saturn, and Uranus, and on to Neptune. Far from home, indeed! From
Earth, Neptune is 4.5 billion km (2.8 billion mi) as the crow flies (or in this
case, as the radio signal propagates). This is thirty times farther than the
distance from the Earth to the Sun!

But that’s not all: if Voyager 2had an odometer on board, it would read
nearly 7 billion km (nearly 4.4 billion mi) upon arrival at Neptune, since the
more scenic Grand Tour route is longer than the straight-line distance. Our
chosen path to Neptune is by no means the shortest way there, but it is the
most practical path, which is what really counts in the space travel business.
Chapter 7 explains this in detail.

Now let’s get something else straight. How is Voyager 2 approaching
Neptune? Refer to Figure 1-4 again, and note which way the planets circle
the Sun. Voyager 2’s path (trajectory) from Uranus to Neptune has been
going away from the Sun, but not straight away: it has a moderate compo-
nent in the same direction as Neptune’s motion around the Sun as well. This
trajectory does not actually aim Voyager 2 for Neptune's apparent location,
but for where we believe Neptune will be at a precise time in late August;
until that time, the planet will be shy of this aiming point, creeping slowly
towards it every day. The most exciting part of the encounter is when this
huge gaseous body gets buzzed by our tiny spacecraft when they meet at the
aiming point.

The relative positions and velocities between Voyager and Neptune as
they race to this aiming point create a useful viewing geometry. The
spacecraft velocity component in the same direction as Neptune’s orbital
motion is nearly the same magnitude, too: 468,000 km/day, or 290,000 mi/
day. These matched speeds keep either body from passing the other during
most of the approach. In fact, the relative positions between the two are such

that our spacecraft tends to stay close to the Sun-

TIME: -0 Days, 1:10:00 . . .

1989/08/25 2:50 GMT (SCT) Neptune line, which gives its cameras and other
o sensors a nearly “full-moon” view of anything in the
Neptunian system—the planet, Triton, Nereid, and
other possible moons we haven’t even discovered yet.
(The reason we don’t see a complete full-on view is
" because Voyager 2 is not exactly on the Sun-Neptune
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line; a thin crescent of darkness shows on the right-hand side of the planet
and moons as a result of this offset.) These high-illumination lighting
conditions give us our brightest view of the objects there, and optimize our
chances for discovering new moons long before Voyager visits them.

What about the other velocity component, heading essentially along
(but not exactly on) the Sun-Neptune line? This component is over three
times as fast as the other, and brings Voyager 2 closer to Neptune at the rate
of 1.45 million km/day (900,000 mi/day). This speed would take Voyager
from the Earth to the Moon in less than seven hours! At such a pace, it’s no
wonder Neptune gets visibly bigger day by day in the pictures beamed back
during approach.

So, Voyager 2's approach to Neptune is easy to visualize if you just
remember where you are standing. Stand at the aiming point, and both
Voyager and Neptune will appear to be racing towards you on a collision
course. Stand near Neptune, and Voyager will appear to be heading straight
for you, coming right out of the Sun like an attacking fighter. Take our view
from Earth, and you will see both bodies sweeping along at the same rate,
with Voyager closing in on Neptune in a direction almost straight away from
you.

Now you know how far away Voyager 2 is from us and generally how
it is approaching Neptune. But where is Neptune? With Neptune’s position
known, one might guess (correctly) that Voyager 2 would be nearby. Given
this, we can then impress our friends and actually point at our distant
spacecraft. A visualization of the layout of the solar system will help us
figure this one out.

The planets, the asteroids, and many comets lie approximately in the
same plane as they orbit the Sun. Astronomers keep track of the small
differences between these similar planes by referencing them to the orbit
plane we’re most familiar with: the Earth’s. This plane is known as the
ecliptic plane; in the context of Figure 1-4, it would be the sheet of paper it's
printed on.

From our viewpoint on Earth’s surface, these bodies (as well as the Sun)
appear to rise at roughly the same place in the east (but at different times),
traverse up into the sky along an arc, and set at about the same place in the
west, again at different times. This track that the train of objects seems to
be chugging along on is simply our edge-on view of the ecliptic plane, and
their rise-and-set behavior we observe is caused by the turning of Earth on
its axis. The planets, asteroids, and comets also move against the fixed starry
background from night to night—moving through the signs of the Zodiac, as
we say—but this motion is trivial compared to the rise and set motion.
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Now let’s visualize where Voyager 2 is again. It started at Earth,
visited Jupiter, Saturn, and Uranus, and is now relatively close to Neptune;
all are residents of the ecliptic plane, including Voyager 2. We now have
enough clues to figure out where to point our finger.

So where is our remote explorer? Step outside on a clear night and
mentally draw the arc that passes through that day’s sunrise and sunset
points on the east and west horizons, respectively, and one or more of the
visible planets (Mercury, Venus, Mars, Jupiter, or Saturn). This arc is the
current edge-on view of the ecliptic plane. Then, on this arc, find—or have
a friend that knows the stars help you find—the constellation Sagittarius,
which appears near the eastern edge of the Milky Way. In that region of the
sky Neptune is imperceptibly marching in its 165-year orbit from west to
east along the ecliptic arc. Just a fraction of a degree more to the west, an
aging, yet accomplished, spacecraft is closing in fast.

Not even the strongest telescope on Earth can see Voyager 2, but we
know it’s there, because we can hear it. And, after all these years, it can still

hear us. In spite of the long wait, Voyager 2 is ready for Neptune, and
S0 are we.

Aiming for Neptune

So . .. we're ready for a tour of the Neptunian system and our des-
tination looms larger ahead day by day. Where do we want Voyager 2 to go,
exactly? We don’t get to pass through this distant place very often, and with
so many tantalizing sights to train Voyager’s sensors on, we would like it to
be at all the right places at all the right times. Chapter 2 highlighted the
interest in the large moon Triton. In addition to a close pass by Triton, we
would also like Voyager to get close to Neptune and well into its magneto-
sphere, passing behind the planet if possible to ensure that the spacecraft's
sensors and the Deep Space Network (DSN) antennas on Earth can take
advantage of the high-value Earth and Sun occultation conditions that such
atrajectory produces. Occultations by Triton would be great to have as well.
A variety of views of the purported ring-arc system would also be welcome,
with one or two bright star occultations if possible. But in our zest to gather

all of this exciting science, we should not endanger
TIME: -0 Days, 1:05:00

1980/08/25 2:55 GMT (SCT) our vulnerable spacecraft by placing it too close to the

potential hazards posed by the ring-arc system, at-
mosphere, and radiation belts (see Chapter 8). In
short, we are presented with a virtual smorgasbord of
science, and we would like Voyager to gulp in as much
as it (and we) can handle.
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In this regard, Figure 6-1 is offered to whet your appetite. It shows the
path Voyager 2 will take through the Neptunian system—one which satis-
fies nearly all of our science desires without taking on undue mission risk.
(For reference, this view is close to what you would have if standing on the
surface of far-away Nereid during the encounter.) Let’s investigate why
this trajectory was selected.

Although the success of this encounter depends on dozens of critical
decisions, among the most important is the selection of the aiming point—
exactly where in space and time Voyager 2 will come closest to Neptune. The
aiming point sets up the geometry and timing for all encounter events, and
thus controls most of the science-related parameters.
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Figure 6-1. From this perspective, Neptune is coming at you out of the paper, and
the Voyager-2 trajectory is in the plane of the paper. Note the position of Triton,
and the gravitational bending of Voyager’s trajectory required to reach it by diving
closely over the northern polar regions of Neptune.
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An added bonus (and complication) at Neptuneis that, for the first time
on the Grand Tour, we are free to target Voyager 2 to any reasonable aiming
point. At Jupiter, Saturn and Uranus, we had to worry about getting to the
next planet, so rigid “swingby corridor” aiming-point constraints were
imposed to comply with the Grand Tour trajectory design requirements.
These constraints simplified the aiming-point selection process, and served
their purpose well; they are chiefly responsible for guiding Voyager to
Neptune.

Incidentally, you may be wondering why we don’t send Voyager 2
towards Pluto after the Neptune encounter. After all, we have never been
there, and being so close now, it seems to be a waste not to give it a try. It
turns out that there is an aiming point at Neptune that could gravity-assist
Voyager to Pluto, but there’s a big problem with it: it requires such a close
pass by Neptune that the spacecraft would actually have to go deep into the
planet itself! Clearly, this option is not practical. Pluto will have to wait.

Thus, here we are, with a multitude of aiming points from which to
choose. Among these possibilities, might one class satisfy our desires more
than the others? After much study and analysis, the scientists and encoun-
ter designers have concluded that the answer to this question is yes, for
several reasons.

The aiming point selection process for Neptune proved to be an arduous
task, and was certainly one of the most challenging of all the Voyager
encounters, including those for Voyager 1. A discussion of the detailed steps
of this process is beyond the scope of this Guide, so only the highlights of this
eight-year exercise (1980-1988) will be treated here.

To visualize the aiming-point possibilities that were considered in 1980
(before Voyager 2 had even arrived at Saturn!), imagine a scene where a
huge sheet of thin paper thousands of kilometers on a side is placed
perpendicular to the line connecting Voyager and Neptune on the space-
craft’s post-Uranus trajectory, like a huge billboard between the two. (Recall
that from Neptune’s point of view, Voyager is heading straight for it, and
thus straight for this billboard.) Think of this sheet as a big target that the
Voyager navigators want to shoot the spacecraft through, using Voyager’s

——— maneuvering capability. Shoot Voyager.through a
1989/08/25 2:60 GMT,(SCT) different spot on the sheet, and you get a different set
: of encounter conditions (geometry and timing) at
Neptune. Figure 6-2 shows what we would want to
draw on this target to help the Navigation Team with
“ their shot.
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The circular region of aiming points on our target leads to a collision
with Neptune, so we certainly don’t want to shoot anywhere in there. This
holds even for point P, which would send us on to Pluto . . . but for the fact
that we cannot shrink Neptune’s mass to a point to allow the math to be
realized. At the far right side of Figure 6-2, near the point labeled N, a line
of aiming points results in a collision with Triton, as does a small arc of points
in the northern polar area of the planet. Targeting just to the side of either
arc would give us an arbitrarily close pass by Triton, with the possibility of
Earth and Sun occultations by Triton in some cases. The Earth and Sun
occultations by Neptune are a bit easier to get: the acceptable aiming points
map into a broad region across the target (mostly because Neptune is so big).

If we really want that close pass by Triton, we have to make a choice.
A point near N, passes far from Neptune; this choice satisfies Triton and
Neptune occultation science objectives and safety concerns, but compro-
mises other Neptune science investigations that would work better if done
closer to the planet. In contrast, close-in aiming points in Neptune’s
northern polar region satisfy all major science objectives (including Triton
occultations), but introduce some concerns about environmental hazards.

Intermediate aiming points such as that labeled N, are also available
if one wants to sit on the fence and be safe about everything, but the result
is a dull encounter—Voyager wouldn’t get very close to Neptune or Triton.

To make the first part of a very long story short, the northern polar
region, near the “inner Triton locus,” was judged in 1980 as the most
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Figure 6-2. Our giant target between Voyager 2 and Neptune is shown here, marked
with the Neptune aiming-point possibilities that were studied over eight years ago.
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desirable place to pass by Neptune. (The ring arcs, incidentally, weren’t
discovered until late 1980, after this original aiming point had been se-
lected!) This region requires a close pass over the northern polar region of
Neptune to gain sufficient gravitational deflection (see Figure 6-1) for a close
encounter with Triton five hours later. Properly executed, such a trajectory
could please nearly all members of the Voyager science, engineering, and
management communities. After considerable study, an original aiming
point resulting in a 44,000 km (27,300 mi) Triton miss distance was chosen,
with an associated Neptune arrival time (closest approach) of 23:12
Greenwich Mean Time (GMT) on August 24, 1989.

As Neptune encounter planning progressed after this original aiming
point was selected, the Voyager Imaging Team saw the need for a closer
Triton pass to reduce the level of smear in the Triton images. (A closer pass
causes the spacecraft to take a more direct, head-on approach to Triton,
reducing the cross-wise motion of the moon in Voyager’s cameras.) In
addition, the Radio Science Team asked for a slightly later arrival time to
bring Voyager 2 higher above Australia’s horizon (by virtue of Earth’s rota-
tion) for the important Earth occultation experiments at Neptune and
Triton.

These requests were approved in the fall of 1985, leading to a new
Triton miss distance 0of 10,000 km (6200 mi) and a Neptune closest approach
time of 04:00 GMT on August 25. This new trajectory was judged to be the
best for science, while still keeping outside the environmental hazard zones,
including the newly discovered ring arcs.

Then, in late 1985, the estimates for four separate parameters describ-
ing the Neptunian system were updated based on the latest available
knowledge, and all four changes caused an increased environmental con-
cern. In fact, the nominal aiming point appeared—on paper—to send the
spacecraft straight through the postulated ring-arc system and dangerous-
1y close to the atmosphere! The Project was sent into high gear reevaluating
the encounter design, and the trajectory had to be moved out. By late 1986,
a new aiming point was baselined that retained the 04:00 Neptune arrival
time, but moved the Triton miss distance out to 40,000 km (25,000 mi).

Figure 6-3 zooms in on Neptune’s northern

TIME: -0 Days, 0:55:00 .

1989/08/25 3:05 GMT (SCT) polar region from Figure 6-2 and depicts our present
' aiming space. The latest physical models of the
Neptunian system suggest that the “40K Triton”
. aiming point is safe with at least 95 percent confi-
dence, probably more. Voyager 2 is expected to pass
about 5000 km (3100 mi) outside the hazard thresh-
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Figure 6-3. The northern polar aiming space at Neptune satisfies all major science
objectives, but introduces some environmental hazard zones to be given safe

clearance.

olds for both the ring-arc system and atmosphere, and will probably be
exposed to measurable—yet tolerable—levels of radiation as it transits
Neptune’s magnetosphere. Chapter 8 describes in more detail what was
donein the encounter sequence design to deal with Neptune’s environmental
hazards. Later discussion in this chapter will fill you in on more of the actual

encounter events and scenes.

Setting Up for the Encounter

Skimming Voyager 2 over Neptune to get it close to Triton raises
another concern that has received considerable attention over the past two
years or so: navigation. There are lots of uncertainties at Neptune, such as
its exact position and size: ditto for Triton. Plus, we never know exactly
where Voyager 2is at a given time, much less where it will be months in the
future. (Actually, considering how far away this is happening, we know
these values fairly well, but still not well enough to do a perfect job.) All of
these uncertainties pile up to make navigating through Neptune’s domain
a formidable task.

For example, although the selected trajectory promises to give us a tour
we’ll never forget, it’s still very sensitive to aiming-point changes. This is es-
pecially true for the Triton science, because relatively small position errors
at Neptune closest approach tend to get magnified by the gravitational
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bending effect, leading to errors nine times bigger by the time Voyager 2
arrives at Triton. Arrival-time errors also get magnified. This means that
good navigation—good shooting at our aiming space target—is a must for
this encounter.

How big is this spot we’re aiming for? Considering how far away it is
from Earth, itisunbelievably small to most people. The skilled Voyager navi-
gators will try to guide Voyager through an imaginary needle's eye about
100 km (62 mi) wide, while the spacecraft is going a blistering 27 km/sec
(nearly 61,000 mi/h)—and they expect to predict when this will happen to
within one second! Threading this needle at Neptune closest approach—just
above its cloudtops—will ensure with about 85 percent confidence that
Voyager 2 passes through the Earth and Sun dual-occultation zone behind
Triton 5 hours and 43 minutes later. (We would like to achieve a 90 to 95
percent probability of success for this dual occultation, but 85 percent is
about the best we can do, given the uncertainties.)

So how does one become a good shooter? One way is to take several
shots. For a number of reasons, Voyager 2 is nudged to the nominal aiming
point over several years with a series of Trajectory Correction Maneuvers
(TCMs), rather than one big maneuver just before Neptune. The general
strategy has been to ease Voyager down to the desired aiming point from a
safer one farther out from the planet, away from the hazard zones. As we
learn more and more about the Neptunian system during Voyager’s ap-

| proach, these maneuvers become more refined and precise, homing in on the
| desired aiming point with more confidence. One such TCM was executed in
early 1987, and another in late 1988. TCM B17C (described below) was just
completed in April this year. Three more are planned during the encounter
period as well.

Striving for Perfection
In Chapter 3, you were introduced to the concept of Computer Com-
mand Subsystem (CCS) loads, the computer programs stored on board
Voyager to control its activities. At any given time, one of these programs
must be running, or the spacecraft will cruise along doing nothing. For the
Neptune encounter, ten CCS loads have been de-
TIME: -0 Days, 0:50:00 . 5
1989/08/25 3:10 GMT (SCT) signed to execute the desired sequence of events. One
' additional load is ready to support a contingency
option also. The contents of each CCS load will be
described later in this chapter, but now is a good time
to introduce you to their names.
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Every Voyager-2 CCSload, except the contingency load, starts with the
letter “B”; Voyager-1 loads start with “A”. The OB phase is composed of three
loads: B901, B902, and B903. The FE phase has three as well: B921, B922,
and B923. NE has only two, B951 and B952. B951 is the load that includes
the closest approaches to Neptune and Triton, and is very complex compared
to the others. The encounter ends with two loads in the PE phase, B971 and
B972. The sole contingency load for the Neptune encounter is called R951,
for reasons explained in Chapter 8; it backs up the high-value B951 load. To
keep Voyager-1 cruise activities to a minimum during the Voyager-2 Nep-
tune encounter period, a very long CCS load known as A818 will keep
Voyager 1 going from just after the start of OB until more than two months
after PE has ended.

Completing these loads and getting them “on the shelf," as we say, was
no easy task. In fact, it took about two years of preparatory work (1984-
1985), and over three years of intense activity (1986-1989) by nearly all
facets of the Voyager Project to do it, with assistance from many other
individuals sprinkled around the globe. Even though they are on the shelf,
theseloads are not the best we can do, so even while you read this Guide, they
are being updated.

The encounter CCS load development process essentially got started in
February 1984, when a three-day workshop was sponsored in Pasadena by
the Voyager Project to establish a scientific framework within which to plan
the Voyager Uranus and Neptune encounters. Regular meetings of the
Voyager Science Working Groups (SWGs) in 1984 and 1985 refined the Pro-
ject’s understanding of the Neptune system and the important scientific
issues that could be addressed effectively by Voyager once it arrived. By the
Uranus encounter, a preliminary version of the first month or so of the
Neptune encounter (essentially the OB phase) had already been developed,
but further work had to be put on the back burner to concentrate on Uranus.

Following the highly successful Uranus encounter in early 1986,
everyone got busy on the Neptune CCS loads; the work has been non-stop
since then. Constructing high-fidelity timelines of the desired encounter
sequence of events proceeded by encounter phase—not in chronological
order, but saving the most difficult designs for last (OB, PE, FE, and NE).

This design process consisted of five phases: Guidelines Development,
Scoping, Integrated Timeline, Final Timeline, and Uplink Product. By the
end of the Uplink Product phase, each CCS load is supposed to be mature
enough to actually work on board Voyager, but perhaps not optimally. The
last load to finish this phase was put on the shelf in April this year—over
three years after the process got a serious start!
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But we want these computer programs to be perfect, remember? To
approach this goal, eachload is then taken “off the shelf” (chronologically this
time) and run through another step in this grueling process called the
Updates phase. Each load is updated with the latest geometric and timing
knowledge, and sometimes subjected to a few minor sequence modifications
to correct errors discovered, to eke out a bit more science, or to perform
something more efficiently or safely. The first load of the encounter (B901)
started this phase in March this year, and was done just before it was sent
to the spacecraft in early June. Each subsequent load follows this example.

There is more to say about this Updates phase, because we’re not done
yet! Now the real fun begins.

Critical Late Activities

The geometric and timing updates that each load receives before it is
uplinked are called a Late Ephemeris Update, or LEU. To do one of these,
updated estimates of Neptune system physical constants (body sizes, masses,
locations, etc.) and the latest description of Voyager’s trajectory are fed into
a fancy computer program that calculates all of the changes necessary in a
given CCS load to re-center its observations and reset the various timing
relationships between activities. Feed these updates and the “outdated”
CCS load to the computer, and out comes a more nearly perfect load—just in
time to send it to our distant recipient. This is good enough for most loads,
but not all of them! There’s more . . .

Imagine you are heading for Neptune, riding along with Voyager 2. For
months and months, the planet just seems to hang there in front of you,
growing in size, but not very fast. The view is almost boring, it’s so constant.
Then, in the last month or so, you get closer and closer, and the detail starts
popping out at you. Fairly suddenly, you note sizes and positional relation-
ships with unprecedented clarity and accuracy. Pictures are taken that can
be used to pin down the orbits of the planet and moons. You see things never
seen before. In short, in just a few weeks, all of the uncertainties you had
been struggling with for years begin to shrink down to a mere fraction of their
prior values. The Neptunian system comes alive for the first time ever, and
models transform into reality.

19;;3:;2—: gi?é%‘fég%n This situationis going to happenin late July and

' : all through August, and a plan is needed to deal with
all of these late improvements in our knowledge. For
the CCS loads that orchestrate Voyager’s activities
close to Neptune, special updates will be needed to
factor in the most current data at the latest possible
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time—so late, in fact, that these updates must be sent to Voyager after the
CCS load has already started executing! Reliance on the LEU alone simply
is not good enough, because the most sensitive observations would fail if
attempted without the latest information, and critical maneuvers to fine-
tune the aiming point could miss the planned target by more than the
sequences could tolerate.

Two special update techniques are invoked to make these critical
updates. To update selected observations, a procedure similar to the LEU,
called the Late Stored Update or LSU, is used. For putting some “English”
on the TCMs, a TCM “tweak” is done.

LSUs will be required for two loads: B951 and B971. One is needed for
B951 because it controls activities closest to the planet, where the effects of
the various uncertainties are most evident. The B971 load demands an LSU
because we won’t know—until it happens—exactly at what angle Voyager 2
will be leaving Neptune after its gravity-assist slingshot over the northern
polar region, and several high-value observations in B971 are sensitive to
this angle. Predicting this outbound trajectory beforehand is beyond our
capabilities, so we'll tell Voyager what it is—once we can pin it down—with
an LSU.

The TCM tweak technique will be used in B903 for TCM B18, in B922
for TCM B19, andin B923 for TCM B20. For TCM B19 and TCM B20, a tweak
option even exists to make Voyager 2 do a last-minute trajectory “bailout”
maneuver, to avoid any environmental hazard surprise discovered during
the last few days before Neptune closest approach.

Developing the sequence of events for all of these late updates—the
Late Activity Timeline—required a considerable effort by most of the
Voyager teams. The process started in early 1987 and, after a great deal of
study and analysis, by mid-1988 a reasonable timeline for the LEUs, CCS
load uplinks, LSUs, and TCM tweaks had been worked out. The busiest part
of these “late activities," as they are called, is shown in Figure 6-4. Figure
6-5 breaks down a typical late activities block into its component steps.

For most of August, the late activities will be keeping many encounter
teams busy around-the-clock. The Navigation Team will gather data from
Voyager 2 to improve their mathematical models of the Neptunian system
and Voyager’s orbit; the scientists will evaluate these new models and
recommend changes to the various parameters that control their observa-
tions; maneuver designers will request minor changes to the TCM designs;
spacecraft and sequencing experts will push each CCS load through a series
of computer programs to incorporate these changes and check for errors;
operations people will grease the skids to make sure the updates are sent to
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Figure 6-5. The Voyager encounter teams will work around-the-clock in a fast-
paced effort to incorporate the latest knowledge about Neptune’s system into
the CCS loads, using a series of activity blocks like this one.

the spacecraft on time; and mission management will be hosting meeting

after meeting to approve the change requests and maintain coordination.
If we pull off the late activities as planned—and we are confident we

shall—Voyager 2 will execute CCS loads that are as perfect as its keepers on

Earth can supply.

Practice Helps to Make Perfect, Too

After the preliminary Late Activities Timeline had been developed in
mid-1988, a new phase in encounter preparations began: Test and Training.
Asthenameimplies, this activity is concerned with testing some of the clever
ideas planned for Neptune (see Chapter 9) and conducting some rehearsals
ofthe more complex periods of the encounter (including the LEUs and LSUs),
so we don’t try everything “cold turkey."

This work began essentially one year before the start of the encounter,
and ended virtually at the start of B901, in June 1989. It, too, required a
major effort by nearly all Voyager encounter teams. Refining all of the
preliminary notions of the various encounter activities into final, precise
descriptions that satisfy everyone—and then checking them all out—was by
no means a simple job.
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The Test and Training phase was a mixed bag of activity, involving
nearly all Project teams and the generation of lots of detailed plans and
procedures for every team to follow during the various exercises. Since
October 1987, a series of Operational Readiness Tests (ORTs) has been
conducted to validate and calibrate the Earth-based communications net-
work to be used for gathering the important radio science occultation data
coming from Voyager 2 as it passes behind Neptune and Triton. These “RS-
ORTSs” continue well into the encounter. Special Capability Demonstration
Tests (CDTs) were conducted on Voyager 1 (our “testbed”) and Voyager 2 in
1988 and early 1989 to verify new spacecraft operating techniques and to
gather some performance calibration data. One of these CDTs completed in
April with Voyager 2 served a dual purpose: it validated the roll-turn TCM
concept planned for use with TCM B20 (see Chapter 9), and in the process
performed another TCM, called TCM B17C.

As a final dress-rehearsal for the encounter, a high-fidelity Near En-
counter Test (NET) was executed in May on board Voyager 2. It simulated
the most complex chunk of the B951 sequence, with everyone on Earth
playing their appropriate roles. Now, it’s time for the real thing.

How the Bits Flow

To maintain its busy schedule of activities, Voyager 2 requires periodic
bursts of instructions from Earth. Various teams at JPL, in turn, demand
near-daily infusions of Voyager engineering and science data and ground-
computed navigation data to help them keep track of what is happening at
its distant locale. In Chapter 3 you were introduced to the system that
facilitates this flow of information: the Ground Data System (GDS).

As the excitement of the encounter builds, more and more images and
data plots will be displayed on TV monitors at JPL only minutes after the raw
information required to display them arrives at Earth from Voyager 2. The
casual observer may think that the spacecraft is beaming everything we see
on the TV monitors directly to JPL, much like a cable TV satellite does when
it transmits a newly released movie or popular sporting event to the local
distribution station or even individual homes. But in the case of Voyager 2,

this is simply not what happens; the digital data bits
TIME: -0 Days, 0:35:00
1980/08/25 3:25 GMT (SCT) must first zip around a fair part of the globe via the
' ‘ GDS before they reach JPL and those eagerly await-
ing their arrival.

Figure 6-6 shows the telecommunications “high-

way” for the first part of this journey — after the data
travel over 4.4 billion km from Voyager to Earth, that
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Figure 6-6. Land-based telephone lines, land-based microwave links, submarine
cables and communications satellite links are all fair choices for constructing
possible data paths with the GCF; ultimately, availability, reliability, and cost
dictate which route is best.

is! From one or more antennas at the DSN sites (California, Australia, or
Spain), the data bits (including navigation data) are routed to JPL by one of
many possible routes arranged ahead of time by NASCOM telecommunica-
tions network personnel based at NASA’s Goddard Spaceflight Center in
Greenbelt, Maryland. The NASCOM people employ a world-wide switching
and routing system called the Ground Communications Facility (GCF) to get
their job done.

For the Neptune encounter, two special cases for routing Voyager data
arise. The signals from the Very Large Array in New Mexico are sent via
satellite link to the Goldstone, California, DSN site, where they are com-
bined (arrayed) with Goldstone’s signals; the product is then relayed to JPL
via the GCF. At Usuda, Japan, the radio science occultation signals are
recorded as they are received, and tapes of the recorded data are then sent
directly to JPL for further combining with the comparable signals that
arrived via the GCF from Australia. This combining takes place days after
Neptune closest approach, since shipping tapes by conventional mailis much
slower than electronic transfer of data.
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Data arriving at JPL via the GCF are first manipulated in the Mission
Control and Computing Center (MCCC), in particular the third floor of
Building 230 (see Figure 6-7). Note that commands to Voyager leave the
MCCC, pass through the GCF, and get transmitted to the spacecraft by the
appropriate DSN antenna.

The MCCC is where the data are decoded and identified for future use
by the Data Capture and Staging (DACS). After passing through the DACS,
the data are sent to the Test and Telemetry Subsystem (TTS) for display, to
the Data Records Subsystem (DRS) for archiving and storage, and to the
Multimission Image Processing Subsystem (MIPS), where some of the initial
image processing is done. From the MCCC, the data are routed in various
specialized formats to several sites on Lab, as depicted in Figure 6-7.
Processing of these data streams is done in real time and non-real
time, depending on the data type and ultimate use.

Science data of all types are sent to the second floor of Building 230,
where many Voyager Principal Investigators and their staffs will be sta-
tioned. Radio science data are routed to the third floor of Building 264, where
a special program called RODAN deconvolves the signals into scientifically
meaningful numbers. An array of science support workstations on the
second floor of Building 301 (known as VNESSA, the Voyager Neptune En-
counter Science Support Activity) and on the third floor of Building 264
(known as VISA, the Voyager Imaging Science Activity) also receive their
own data feeds, as do additional MIPS computers in Buildings 168 and 169.
Optical navigation (OPNAV) images are processed on the second floor of
Building 264 using dedicated computers and specialized software. And, last
but not least, von Karman Auditorium is connected to most of the other sites
to ensure that encounter surprises are displayed and routed to the thou-
sands on Lab and millions off Lab who anxiously wait to see them.

Neptune at Last!

All of the discussion above was included in this chapter to get you
oriented and sensitized to the enormous effort required to plan for this
encounter. It hasn’t been easy. What we have to show for the past three and

one-half years is ten nearly perfect CCS loads and an
TIME: -0 Days, 0:30:00 . o o
1989/08/25 3:30 GMT (SCT) incredible amount of planning and preparation. The
' ' reward for everyone’s hard work will be the show that
Voyager 2 sends back from Neptune.
With this appreciation, sit back now and relax.
It’s time for the final stop on Voyager’s Grand Tour of

the outer solar system . . . and here we go!

80

TO NEPTUNE: 49620 KM




Bldg. 301, 2nd Floor

VNESSA WS

VNESSA Area

Scientists' Area

SC |- WS
Usuda Bldg. 264, 3rd Floor
Data *
RODAN |(=t{ WS
NASCOM/
GCF
J VISA
WS
G0y Bldgs. 168 & 169
| \ |
LB ™ wmIps
Dec »| Computers T
Y r Y
TTS DRS MIPS
Von Karman
3rd Floor - MCCC Bldg. 186 ;
2nd Floor - Science
-] WS WS <—J
Y
/
Scientists’
Software = SC
Space Flight Operations Facility | | | P
Bldg. 230 To Broadcast TV l,/

WS = Work Station
SC = Scan Converter

Figure 6-7. Data bits can travel down a number of possible paths before they arrive
at their final destinations. The MCCC at JPL serves as the central switchboard for

most data arriving at the Lab.
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Observatory Phase (OB)

The name of this phase describes its primary nature well: it is a
repetitive two-month watch of the Neptunian system, which to some will
seem almost monotonous. For most of those on Voyager just finishing the
hectic Test and Training phase, the relatively slow-paced OB events will
come as a refreshing break (although updates of subsequent loads will
prevent much relaxation); the teams staffing the DSN sites are notable
exceptions to this trend, however, since their workload actually increases at
the start of this phase. Figure 6-8 highlights the last month of Uranus-to-
Neptune cruise activities and all of those in OB. Note that OB starts with
a fairly active load, which is followed by a relatively inactive load twice as
long, and ends with a short, relatively active load.

The first OB CCS load, B901, starts at 80 days, 21 hours, and 17.6
minutes before Neptune closest approach (N-80d 21h 17.6m, for short), and
ends exactly 18 days later. (Refer to Table 6-2 for a listing of the start times
and durations of all ten encounter loads.) Two hours into the load, the first
of many executions of a link called VPZOOM gets underway. (Refer to the
end of Chapter 2 for a summary of how these science links are named.) Each
VPZOOM is designed to take five Imaging Science Subsystem (ISS) narrow-
angle (NA) camera pictures of Neptune every one-fifth of a planetary
rotation (one-fifth of a Neptunian “day”). By stringing together all of the
VPZOOM frames taken during the same times of day, five movies will be
made to highlight the visible atmospheric features marching across Nep-
tune’s disk. Scientists can then use these movies to estimate the velocities
and dynamics of the various cloud features and bands—some of which have
been observed for several months now, though not very clearly. A link
similar in emphasis to VPZOOM, called VPMOVIL, is especially tailored to
bring out faint details in Neptune’s atmosphere.

Shortly after VPZOOM starts, surveys of Neptune with the Ultravio-
let Spectrometer (UVS) also begin, using the USSCAN, USMOSAIC, and
UPAURORA links, among others. USSCAN looks for signatures of neutral
hydrogen and excited ions in a one-dimensional scan across the entire
Neptunian system (out to beyond Triton’s orbit), while USMOSAIC does the

samein atwo-dimensional array. UPAURORA dwells

TIME: -0 Days, 0:25:00 N

1989/08/25 3:35 GMT (SCT) on Neptune only, looking for signs of auroral dis-

‘ ' " charges near the planet’s south pole. These broad
surveys continue for all of OB.

Bursts of Planetary Radio Astronomy (PRA) and

~ Plasma Wave Subsystem (PWS) data are taken once

per day throughout OB as well; the frequency of the
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Table 6-2. Ten CCS loads will be used during the four-month Neptune encounter.

Enc. CCSs Start Time Start Time Load
Phase Load (GMT-SCET) (Enc. Relative) Duration
B901 06:42, Jun 05, Mon -80d 21h 18d 00h
OB B902 06:42, dJun 23, Fri -62d 21h 34d 22h
B903 04:42, Jul28, Fri -27d  23h 9d 04h
B921 08:42, Aug06, Sun -18d 1%h 7d 14h
FE B922 22:42, Augl3, Sun -11d 05h 5d 23h
B923 21:42, Augl9, Sat -05d 06h 4d 18h
NE B951 15:42, Aug24, Thu -00d 12h 2d 05h
B952 20:42, Aug?26, Sat +01d 17h 3d 00h
PE B971 20:42, Aug?29, Tue +04d 17h 12d 23h
B972 19:42, Sepll, Mon +17d 16h 20d 16h
Post-
Neptune  B001 11:42, Oct 02, Mon +38d 08h 6 weeks
Cruise

PRA signal in particular will likely be the best indicator of Neptune’s core
rotation rate.

Three days into B901, the last scheduled scan platform Torque Margin
Test (TMT) is performed (refer to Chapter 9). This one-hour test measures
friction levels in the azimuth (Az) and elevation (El) actuators.

One day after the TMT, the spacecraft gyroscopes (gyros for short) are
turned on to support about two and one-half weeks of calibration-related
activities. First amongthese, at about N-73d 15h, is a calibration of the High
Gain Antenna (HGA) signal pattern and a Sun sensor alignment check. This
calibration also takes about one hour to complete; you may see it referred to
as an ASCAL.

A little over three days after the ASCAL, the spacecraft executes a
tumbling-like attitude maneuver that to the uninitiated observer would
certainly suggest Voyager 2 was out of control. This Cruise Science Maneu-
ver, or CRSMVR, involves cartwheeling the spacecraft end-over-end four
times in yaw (about the Y axis) and four times in roll (about the Z axis) to

sweep the magnetometer (MAG) sensors on theirlong

TIME: -0 Days, 0:20:00 . .
1980/08/25 3:40 GMT (SCT) boom through the interplanetary magnetic field in
' ' order to determine where “zero” is, and also to meas-
ure the local magnetic field generated by the space-
craft itself. Voyager has been doing this calibration
for years now, so it is not as tricky as it seems at first.
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Right after the CRSMVR, the gyros are turned off and Voyager initiates
a routine that determines the orientation of the MAG boom itself—in
bending and twisting—within two degrees. The remainder of B901 (another
week) includes more of the repetitive observations already described.

At roughly N-63d 20h, the transmission of CCS load B902 begins
arriving at the spacecraft, having been sent some 3h 58m earlier from Earth.
Alittle less than one day later, B901 clocks out and lets B902 take control of
Voyager’s activities.

B902 continues with the systems-level observations started in B901,
and also includes calibrations of the UVS and Photopolarimetry Subsystem
(PPS) instruments. Between N-60d 2h and N-59d 15h, these instruments
are pointed at various stars to get baseline data for later comparison to
similar data to be taken during the Neptune, Triton, and ring-arc system
occultations in B951 and post-Neptune calibrations in PE.

Between N-58d and N-57d, RS-ORT 3.5 is conducted; it is a scaled-
down version of RS-ORT 3, performed in conjunction with the NET in May.
This ORT exercises the Neptune-Earth occultation sequence in B951 with
the extensive DSN arrays on Earth, including the Usuda site in Japan, a
newcomer for this encounter. For the first time in the encounter, the S-band
transmitter will be turned on during this test, but only for a few hours.

If there is to be such a thing as a lull during the encounter, the month
following RS-ORT 3.5 has to be it. Between about N-57d and N-28d, our
untiring explorer executes—what else?—a continuous stream of Neptune
system scans. The only significant exceptions to this routine are the turn-
on and checkout of the Infrared Interferometer Spectrometer and Radiome-
ter Subsystem (IRIS) at N-38d and another PPS/UVS star calibration at N-
31d, just before the end of B902. Weekly Very Large Array (VLA) passes are
scheduled into the DSN coverage as well. (The VLA is also supporting
Voyager for the first time this encounter.)

B903 starts at N-28d with a command to turn the Voyager gyros on;
they remain on until almost the end of the encounter. After a CCS timing
test three days into the load, the tweak for the first encounter trajectory
maneuver, TCM B18, is uplinked from Earth. Since a bit more data are
returned during this last week of OB, a little extra DSN coverage is planned,
as one can see in Figure 6-8.

It hasn’t been mentioned until now, but all during OB (and since TCM
B17C in April), Voyager has been beaming back a fairly steady stream of
optical navigation images (OPNAVs) of Neptune, Triton, and Nereid to help
navigators on Earth determine where everything is in the Neptunian
system, and where Voyager 2 is heading. Anything new learned along the
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way is factored into the TCM B18 tweak. By N-24d 3h, the tweak parameters
are loaded in the CCS in time for TCM start at N-23d 16h.

TCM B18 is designed to remove all known errors—aiming-point posi-
tion errors and arrival-time errors—from the Voyager trajectory. Atjust shy
of a month from Neptune, we still don’t know exactly how far off we are from
the desired aiming point, but we know a lot more than we did at TCM B17C
last April!

To ensure the total electrical power usage onboard Voyager does not
exceed allowable limits during the TCM, the radio transmitters are reconfig-
ured from X-band high power/S-band off (X-HI/S-OFF) to X-band low power/
S-band low power (X-LO/S-LO) just before the TCM starts. Once the
maneuver has executed, the system goes to X-HI/S-LO, and stays that way
until the next ORT in early FE. The X-LO/S-LO configuration is used during
TCM B19 as well.

The TCM involves significant power state changes on the spacecraft as
well as attitude changes; both of these influences alter Voyager’s thermal
state significantly, and thus induce a relatively long command moratorium
ofthree days (refer to Chapter 4). While everyone on Earth is waiting for the
command moratorium to end, Voyager executes a UVS Sun calibration at N-
23d10h, checks the IRIS health, and resumes its Neptune system scans. For
the first time in the encounter, a concerted effort to detect very small
satellites begins at N-21d 1h, using the VSATSRCH link. Movies of the ring-
arc region are radioed back on a daily basis as well, in hopes of seeing some
evidence for material there at this early date.

Commandability returns near the end of OB at about N-20d, just in
time to uplink the first FE load, B921.

Far-Encounter Phase (FE)

At the start of the encounter, Neptune was over 11 weeks away, and its
disk and ring-arc system, combined, only spanned one-sixth of the NA
camera field of view. Now, at N-18d 19h, Neptune’s disk alone captures
about one-quarter of this view, and things look much more interesting. The
end of this phase leaves Voyager 2 as on-target as it will ever be, and only

twelve hours from Neptune closest approach.
TIME: -0 Days, 0:15:00

1989/08/25 3:45 GMT (SCT) Asyou can seein Figure 6-9, the first of the three

FE CCS loads is the longest, but still only a half-day
longer than a week; the other two clock out in less
than a week. Needless to say, these shorter durations
are indicative of a higher level of activity than we saw
in OB. More activity means more things for Voyager
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Figure 6-9.

Voyager-2 Neptune encounter overview timeline for Far-Encounter and

Near-Encounter phases.
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to do, and more CCS words required to do them. In active periods, the CCS
just can’t control things for long before its memory space is used up.

More activity also means more telemetry data, so the DSN kicks into
high gear at the start of B921 with daily VLA passes in addition to the
amount of arraying used in late OB. The FE phase also marks the start of
the busiest series of late activities, depicted in Figure 6-4.

B921 starts with an intensive series of system scans, much like OB,
only more. The UPAURORA links are executed four or more times per day,
as are a variation of VPMOVIL, called VPNAMOVI, which focuses on the
large-scale features in Neptune’s atmosphere. The VSATSRCH links and
probing of the ring-arc system continues, and more links train the sensors
on Triton as well. The PRA and PWS data bursts are beamed back to Earth
twice per day.

Starting less than one day into B921, the last full-scale dress rehearsal
for the encounter, RS-ORT 4, is conducted. The test involves lots of Voyager
and DSN people worldwide, and lasts about ten hours. Anticipation mounts.

Uplinking the parameters for either a backup TCM B18 or contingency
TMT (should either be needed; see Chapter 8) is scheduled for N-17d 3h, just
after the command moratorium caused by RS-ORT 4 ends, and eight hours
in advance of the planned start time for the contingency sequence.

At N-16d 9h, the Navigation Team takes all optical and radio data
returned from Voyager up to this time and starts solving for the latest
Voyager-2 trajectory. With this solution in hand, the detailed design for the
next planned maneuver, TCM B19, proceeds. (The data cutoff for the TCM
B19 tweak occurs at N-12d; the maneuver itself executes at N-9d 18h.)

At N-13d 13h, another IRIS health check is performed in preparation
for the high-value RPDISK observation scheduled in B922. Through the end
of the B921 load, most of the pre-encounter instrument and spacecraft cali-
brations are finished, and all of Voyager’s sensors are kept busy observing
Neptune, Triton, Nereid, and the ring-arc system. Included in the returned
data stream are various optical and radio data-types needed to support the
upcoming all-important TCMs, B19 and B20.

And the view is getting better: at N-12d, the ring-arc system fills the

entire NA field of view.
19;%5;2_: Eiés'a‘;;'f;‘s’%n In the six-day B922 load, which starts at N-11d
' 5h, more and more details appear for the first time.
Faced with so many science opportunities, more CCS
memory would be welcome. To accommodate this
need, the sixth version of the Backup Mission Load
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(BML 6) is removed from the CCS late in B921 to free up much-needed
memory space.

At this time, the Navigation Team is working quickly to solve for the
TCM B19 tweak values. By now, the uncertainties that everyone fussed over
for so many years are dropping precipitously, thanks to Voyager. Neptune’s
position is now known three times more accurately than just two weeks
earlier; Triton three to six times better, depending on the component. Time
of arrival is one-third better. The value of Triton’s radius is no longer a
mystery. And by this time, the mass of Neptune is known three times better
than at the start of FE, because the subtle tug of the planet’s gravity can
already be detected in Voyager’s radio data. Our explorer is accelerating ...

The TCM B19 tweak is uplinked to Voyager 2 at N-10d 9h, and 15 hours
later the maneuver executes. This TCM is designed to remove all estimated
trajectory position errors, but only some of the estimated time-of-arrival
error. The movable blocks in B951 (more on these later) take care of the
residual timing offset. The Navigation Team estimates that there is about
a 25 percent chance that TCM B19 will not be needed, given that TCM B20
remains to remove some position errors.

Immediately following TCM B19, Voyager performs a turn about its
roll axis (Z axis) to acquire a different lock star for its star tracker. This
change from Achernar to Canopus places the onboard fields and particles
instruments in a better position for measuring magnetospheric properties
during the days before Neptune closest approach.

The RPDISK observation in B922 from N-9d to N-7d is the highest-
value science observation in the FE phase; the matching outbound observa-
tion in PE is equally important. Why? Because one of the most meaningful
measurements to get for planets (especially the gaseous ones) is the heat
balance—the difference between how much heat a planet receives from the
Sun and how much it gives off. Knowing this, we can deduce things about
the body’s interior, and unlock some of the secrets hidden by its clouds. At
around N-7d 12h, Neptune’s disk should just barely fill the IRIS field of view;
this is the optimum time to make the heat balance measurement. (Neptune
fills a bit over one-half of the NA camera view at this time; Triton is still very
small.)

One day after the RPDISK observation, at N-6d, the uplink for the final
FE load starts. About 18 hours later, this load, B923, takes control of
Voyager 2. Neptune looms ahead, almost filling the entire NA camera field
of view.

B923 is sequenced with specialized observations of Neptune and its
atmospheric features, its ring-arc system, Triton, and Nereid. All eleven
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Voyager investigations are employed. There are even some images reserved
for moons we didn’t know existed at the start of the encounter—but
suspected they would be found. Fields and particles instruments continue
their search for Neptune’s magnetosphere. The unambiguous sign of
Voyager’s entry into this strange domain of whistlers, chirpers, and electro-
magneticstatic and hissingis the magnetopause crossing, estimated to occur
between about 27 and 9 hours before Neptune closest approach.

In parallel with Voyager’s heightened activity, the activities in and
around JPL quicken, as the various Voyager teams prepare for Neptune and
Triton closest approach, and as the rest of the world takes a serious and
public interest in what is happening far away at Neptune.

The late activities schedule really picks up during B923. The TCM B20
tweak, B951 LEU, B951 L.SU, B951 uplink, B952 LEU, and B971 LEU keep
most of the support teams busy night and day. The Navigation Team works
especially hard to pin down all of the values needed to support the critical
TCM B20 tweak design and B951 LEU and LSU updates.

The final aiming point for the encounter is fixed when TCM B20 starts
executing at N-3d 16h 51m. This special roll-turn TCM is designed to adjust
Voyager’s position such that the probability of it hitting the desired aiming
point in Triton’s dual-occultation zone is maximized. After TCM B20, no
further TCMs are planned—ever—for Voyager 2. Its fate is thus transferred
to the final slingshot over Neptune’s northern polar region and the meager
forces it may encounter in interplanetary and interstellar space.

In less than five days from its start, B923 clocks out and hands over
Voyager operations to B951. FE is over, and Voyager is ready to buzz
Neptune and make its close pass by Triton.

Near-Encounter Phase (NE)
The complex B951 load lasts only two days and five hours (see Figure
6-9), yet contains most of the high-value science we expect Voyager 2 to
gather during the entire four-month encounter. It stands in a class by itself.
With so much happening in this load and its companion, B952, these
highlights will in the truest sense be highlights, because it would require an
entire lengthy chapter to describe all of the activities
TIME: -0 Days, 0:05:00 s X . .
1989/08/25 3:56 GMT (SCT) in detail. Briefly, then, here is the NE phase.
' We pick up Voyager at N-12h 17m 36s, speeding
i towards its nominal aiming point at about 61,000
km/h (37,700 mi/h), only 1 percent faster than its
steady-state Uranus-to-Neptune cruise value. Nep-
tune is still tugging, but not very hard . . . yet.
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By now, it is clear where Voyager is heading: Neptune completely fills
the wide-angle (WA) camera field of view, which looks at fifty times more
viewing area than the NA camera. Even Triton, for so long just a few pixels
across even in the NA camera, spans half-way across the NA view.

B951 starts with the X-band signal (during the XSGRAV link) con-
trolled by a precise tone transmitted by the Canberra 70-m antenna. The
DSN stations near Madrid then carefully listen to the return signal. With
Neptune tugging on Voyager, there will be a measurable Doppler shift,
which can then be used to deduce the strength of Neptune’s gravity. After
XSGRAV gets started, some great full-disk WA images of Neptune are taken
using the VPWA link. While the first set of these images is being shuttered,
the fields and particles detectors kick into high gear with high-rate samples
ofthe flow directions of magnetospheric charged particles every six minutes.
Then the cameras are slewed over to take the best picture we’ll get of the
small moon Nereid (via VNBEST), which will only fill about 20 pixels or so
in the NA frame; Neptune was this size in January 1989. Next, a slew to
Triton for a full-disk NA shot.

It’s two hours into the load, and time for some classic Voyager science!
Follow along with the visual view of what’s happening in Figure 6-10 as we
accompany Voyager 2 on its trek. This timeline shows the order of, primar-
ily, the imaging links as Voyager executes them; the longer timeline in the
Guide’s “Hip Pocket” shows the order as received on Earth, including much
of the late FE phase. Why the difference? Voyager can’t send us everything
in real time—some observations must be recorded first, and then played
back to us anxious Earthlings later.

From N-10h to N-8h, the IRIS is trained on a spot in Neptune’s
atmosphere at -40.5 degrees south latitude, which is the latitude Voyager’s
radio signal will pass through as the spacecraft pops out from behind the
planet at the end of its Neptune Earth-occultation experiment, 55 minutes
after Neptune closest approach. Using the data collected from this observa-
tion (RPOCCPT), scientists can later determine the helium abundance at
this occultation egress point, as it is called. These IRIS data provide pieces
of the puzzle needed to determine the atmospheric structure and composi-
tion there.

After some ISS, IRIS, and PPS observations of Neptune’s sunlit limb
(edge), Voyager trains its cameras on the expansive ring-arc region for a
while. Between N-7h 17m and N-6h 22m, two executions of the retargetable
ring-arc link VRRET1 are completed, employing for the first time the clever
Nodding Image Motion Compensation (NIMC)technique described in Chapter
9 to freeze the motion of selected clumps of orbiting ring-arc material. (The
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Figure 6-10. Data taken by Voyager 2 near Neptune closest approach.



TO

table accompanying Figure 6-10 summarizes the dramatic benefits of the
smear-reducing techniques used in B951.) A long exposure of the region
above Neptune’s north pole is made during this period as well in an effort to
detect a hypothesized polar ring.

By N-5h 18m, a scan of Neptune’s bright limb with the PPS and UVS
iscompleted. Then for almost two more hours,it’s back tothe rings. Between
N-4h 55m and N-3h 3m, Voyager conducts two similar observations. In
PRSIGSGR and URSIGSGR, the sensitive detectors in the PPS and UVS
instruments gaze at the star Sigma Sagittarii as it drifts behind the right-
hand half of the ring-arc system as a result of Voyager’s motion. This stellar
occultation should reap a great harvest of detailed ring-arc region structural
and orbital data. (This star helped us, in a sense, to point our finger at
Voyager 2, remember?)

While the bright limb scans and stellar occultations above are execut-
ing, the bit stream containing the all-important B951 LSU parameters
arrives and is loaded, having travelled from Madrid, Spain to the awaiting
CCSin precisely 4 hours, 5 minutes and 57 seconds. Some extremely critical
numbers reside in this LSU. For example, all Voyager science observations
between about N-3.5h and N+9h are sequenced in what is called a movable
block—three separate ones, actually. The first, the Neptune Movable Block
(NMB), holds all activities around Neptune closest approach from N-3h 20m
to N+1h 46m; another, the Triton Movable Block (TMB), contains the
observations around Triton closest approach from N+1h 50m to N+8h 38m;
the third, the Vernier Movable Block (VMB), encompasses the critical
sequence for controlling the Neptune radio science occultation from N-5m to
N+56m, and overlays the NMB.

One thing the B951 LSU does is tell Voyager’s CCS units how much to
shift these movable blocks in time. By allowing the entire block of activities
in each block to shift, timing errors can be removed from the whole set in one
simple step, instead of changing individual timing parameters in each
observation. (There are so many observations during this busy period that
using the piece-by-piece method would quickly use all available CCS words!)

Shifts in multiples of 48 seconds are possible for the NMB and TMB; for

the VMB, a special technique is used that allows
TIME: 0 Days, 0:05:00 ‘ .
1989/08/25 4:05 GMT (SCT) shifts in vernier multiples of only one second, inde-
= pendent of how much the NMB is shifted. The nature
of the VMB is what forces the Navigation Team to
estimate the time of closest approach to within one
~ second. For everything except the critical radio sci-
ence occultation, 48 seconds is good enough.
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The other parameters in the B951 LSU control scan-platform pointing
values to several high-value targets, maneuver rates for the radio science
occultation maneuver, and rates for a critical Triton Image Motion Compen-
sation (IMC<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>