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moving COSTAR

4 spacewalker astronauts

carefully remove the Corrective

Optics Space Telescope Axial
Replacement (COSTAR) to make
room for a new scientific
instrument, the Cosmic Origins
Spectrograph (COS).

Replacing Insulation

In preparation for installation
of a New Outer Blanket Layer
(NOBL) insulation panel on the
Equipment Section, the old
multi-layer insulation (MLI)

is removed.
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Who Was Edwi ubble?

O ne of the great pioneers of modern astronomy,

the American astronomer Edwin Powell Hubble

(1889-1953) started out by getting a law degree
and serving in World War |. However, after practicing law
for one year, he decided to “chuck law for astronomy
and | knew that, even if | were second rate or third rate,
it was astronomy that mattered.”

He completed a Ph.D. thesis on the Photographic
nvestigation of Faint Nebulae at the University of

hicago and then continued his work at Mount Wilson
Observatory, studying the faint patches of luminous
“fog” or nebulae in the night sky.

Using the largest telescope of its day, a 2.5-meter
reflector, he studied Andromeda and a number of other
nebulae and proved that they were other star systems
(galaxies) similar to our own Milky Way.

He devised the classification scheme for galaxies that is
still in use today, and obtained extensive evidence that
the laws of physics outside the galaxy are the same as
on Earth—in his own words: “verifying the principle of
the uniformity of nature.”

Photo courtesy of the

Edwin Hubble (1889-1953) at the 48-i
on Palomar Mountain

In 1929, Hubble analyzed the speeds of recession of a
umber of galaxies and showed that the speed at which
galaxy moves away from us is proportional to its dis-
ance (Hubble’s Law). This discovery of the expanding
niverse marked the birth of the “Big Bang Theory"and
s one of the greatest triumphs of 20th-century astronomy.

In fact, Hubble's remarkable discovery could have been
predicted some 10 years earlier by none other than
Albert Einstein. In 1917, Einstein applied his newly devel-
oped General Theory of Relativity to the problem of the
universe as a whole. Einstein was very disturbed to dis-
cover that his theory predicted that the universe could
not be static, but had to either expand or contract.
Einstein found this prediction so unbelievable that he
went back and modified his original theory in order to
avoid this problem. Upon learning of Hubble’s discover-
ies, Einstein later referred to this as “the biggest blunder
of my life.”

— ESA Bulletin 58
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Fig. 6-2 Space Telescope Operations Control Center
at Goddard Space Flight Center

telemetry and how to point the high gain
antennas (HGAs). Two to three other loads
are uplinked daily to the payload computer.
These contain commands for configuring
the science instruments for eight to 12 hours
of observations.

Engineering telemetry is received in the
STOCC via transmission through the
NASA Integrated Services Network (NISN),
which provides general communications
services for HST and most other NASA
space missions. The engineering teleme-
try—received in real time while HST is in
contact with a Tracking and Data Relay
Satellite (TDRS)—provides information on
spacecraft subsystem health and status.
Recorded engineering data, generated
between the real-time TDRS contacts, are
dumped to the ground at least twice every
three days. All of the data are analyzed to
ensure they are within proper operational
limits and for longer-term trending that
may reveal operational issues. Altogether,
several thousand engineering parameters
are generated continuously. Some teleme-
try reveals pointing control system opera-
tion and stability of the telescope during
science observations; other telemetry
reveals temperature trends of HST's bat-
teries. Occasionally these latter trends
require power system reconfigurations.

The initial step in ground system handling
of HST science data is PACOR processing.
When data arrive from NISN, PACOR

reformats the information. It strips out bits

that have been added by the spacecraft
and are essential to reliable data transmis-
sion, checks for noise or transmission
problems and passes both the data and a
data quality report to STScl. PACOR also
reports transmission problems to the FOT
so that, if necessary, a re-dump of missing
science data can be obtained before data
still on the recorder are overwritten.
Another important function of the PACOR-
STScl interface is to support observers
requiring a "quick-look” analysis of data.
Whenever STScl alerts PACOR to that
need, the incoming data are specially han-
dled and delivered to the observers.

Operational Factors

Three major operational factors affect

daily HST operations:

* The spacecraft's orbital parameters and
characteristics, and other environmental
factors

e HST's maneuvering characteristics and
target acquisitions

e Communications requirements for
sending commands and receiving data.

Orbital Characteristics

Hubble currently orbits approximately
350 statute miles (304 nautical miles,

560 kilometers) above Earth’s surface.
The orbit is inclined at an angle of

28.5 degrees to the equator because the
Shuttle was launched due east from
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Kennedy Space Center. In this orbit
sunlight falls on the Solar Arrays most of
the time. At other times batteries provide
the electrical energy needed by HST. In
addition, 350 statute miles is high enough
that aerodynamic drag from the tenuous
upper atmosphere decays HST's orbit slowly.

HST completes one orbit every 96 min-
utes, passing into Earth’s shadow during
each orbit. The time in shadow varies from
26 to 36 minutes. During a typical 30-day
period, the variation is between 34.5 and
36 minutes. Similarly, depending on their
location in the sky, different targets are vis-
ible to the telescope for as little as about
45 minutes (to be observed they need to
be sufficiently separated from Earth’s limb)
to as much as the entire orbit. If Earth
blocks a target from the telescope’s view,
HST reacquires the guide stars and the
target as they next rise above Earth’s limb.
Faint object viewing is best while the tele-
scope is in Earth’s shadow.

TDRSS is used to obtain HST orbital
tracking data approximately eight times
daily and these data are sent to the
Flight Dynamics Facility at GSFC.
Although this helps predict future orbits
quite well, some inaccuracy in predicting
the precise times of orbital events, such
as exit from Earth’s shadow, is unavoid-
able. The phenomena that most influ-
ence Hubble’s orbit are solar storms and
the 11-year cycle of solar activity.
Increased solar activity heats
the upper atmosphere, causes
it to expand and increases drag
on the telescope—accelerating
its rate of orbital decay. Shuttle
resources permitting, HST will
be boosted into a slightly higher
orbit during SM4.

Celestial Viewing

To perform the cutting-edge
science that is HST's mission,
the telescope is pointed toward
celestial targets for science
instrument exposure times that
can be as short as seconds or
sum in their aggregate to days.
Occasionally, several continuous
days of observation are devoted

to a single target or patch of Continuous Viewing Zone

sky. The longest individual expo-
sures using Hubble’s cameras
are about 20 minutes. Such
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exposures can be compared with one
another to aid in the removal of image
artifacts caused when cosmic rays pass
through the detectors, and they can be
added to one another to produce com-
posite exposures that reveal fainter tar-
gets than would otherwise be detected.

At any time, two HST continuous viewing
zones (CVZs) exist. These zones are
regions perpendicular to the orbital
plane of the telescope that extend up to
18 degrees on either side of the north
and south poles of the orbital plane (see
Fig. 6-3). The famous Hubble Deep Field
and Hubble Ultra-Deep Field were stud-
ied while the patches of sky containing
them were located in one of the CVZs.
The continuous visibility of the target
fields allowed many more exposures to
be obtained in the time allocated to
these two sets of seminal observations.

The orientation of the telescope is normally
selected to make the direction to the sun
nearly perpendicular to the spacecraft’s
Solar Arrays. HST's thermal design also
requires that the sun not be allowed to
shine directly on a “side” or on the
"underbelly” of the spacecraft. These limi-
tations may affect the times of year during
which a desired observation of a target
may be acquired. For example, a specific
orientation of the slit aperture of an HST
spectrograph on a particular target will be
achievable only on certain days.

Orbit Plane

Equatorial Plane

Orbital Zone
K7444_603

Fig. 6-3 Continuous viewing zone celestial viewing



STScl constructs and periodically updates
a long range plan (LRP) for each 12-month
cycle of HST science. The LRP process
takes into account the requirements of
each science program and makes all the
geometric and other calculations needed
to identify the candidate science for each
week of HST observing. This and the
detailed planning that follows has gener-
ated efficient and productive schedules of
HST science, which have also evolved
successfully to account for changes in
Hubble’s capabilities.

Solar System Object Viewing

For Hubble to view objects in our solar
system, the commands sent to HST must
compensate for the relative, continuous
motion of both the telescope and its tar-
get. For example, planning for an image
of Mars must take into account both the
orbit of Mars around the sun and Hubble's
motion as it orbits Earth. Although some
solar system objects are so bright that HST
needs only a very short exposure to image
the target, the motion of the target itself is
usually accounted for during such observa-
tions. Tracking errors will cause blurred
images if they are not compensated for
during longer-exposure observations of,
for example, much dimmer targets
(moons, asteroids and comets). Similarly,
longer exposures needed to obtain spec-
tra of planets and faint moving targets
require continuous corrections for the rela-
tive motion of HST and its target.

Without very special planning, no object is
ever observed by HST when the direction
to it is within 50 degrees of the direction to
the sun. This limitation makes Hubble
observations of Mercury impossible. The
telescope has made only a few observa-
tions of Venus when it has been more than
45 degrees from the sun. These highly
choreographed observations were made
after it rose above Earth’s limb, but prior to
the sun's appearance as viewed by HST.
They were timed so that HST could
maneuver outside the 50-degree solar limit
before the sun appeared above the limb.

Natural Radiation

Energetic particles from different sources
continuously bombard the telescope as it
orbits Earth. Geomagnetic shielding
blocks much of the solar particle radiation,
but when HST passes through the South
Atlantic Anomaly (SAA)—a region where

the Inner Van Allen Belt dips below HST's o=
orbital altitude—charged particles can (ﬁ;
penetrate the interior of spacecraft com- -
partments and interfere with its electronics

and detectors. j

Each day HST passes through the SAA for
segments of eight or nine consecutive
orbits and then has no contact with it for e
six or seven orbits. The FGSs cannot be
used while the telescope is within the SAA,
and its science instruments must be con-
figured in ways that minimize the impact
of the heightened radiation environment
on their sensitivity. SAA encounters vary in
duration and can last up to 25 minutes.
Careful scheduling minimizes the effects of
the SAA on Hubble productivity but it has
some unavoidable impact.

Earth's magnetic field shields the region of
near-Earth space through which HST orbits
from solar flares and the bursts of ener-
getic particles that accompany them.
Occasionally, however, cosmic rays can
penetrate the telescope’s shielding and
upset one of its electronic components. In
such a case, recovery procedures are then
used to return HST to full operation.

Maneuvering Characteristics

HST has no propulsion system. Its orienta-
tion in space is altered by changing the
spin rates of its four reaction wheels and
then restoring the original rates. The effect
involved is expressed in the principle
called the Conservation of Angular
Momentum. To conserve the spacecraft's
total angular momentum, electric motor-
driven increases in reaction wheel spin
rates (producing a change in their angular
momentum) cause the telescope to rotate
in the opposite direction (to offset and null
that change). Restoring the original rates
halts the spacecraft’s change in orientation.
The spacecraft can maneuver approximately
90 degrees in 14 minutes. Figure 6-4 shows
a roll-and-pitch maneuver.

After HST completes a large maneuver, its
Fixed Head Star Trackers are used to remove
most of any error between the actual and
desired pointing of the telescope. The
residual pointing error is usually less than
30 seconds of arc (eight thousandths of a
degree). It then takes a few minutes for
two FGSs to lock onto the guide stars to
be used for scheduled observations.

Hubble Space Telescope Operations ~ 6-7



oo When HST performs a maneuver
('é; from one target in the sky to
' another, it cannot allow the tele-
scope aperture to point within
50 degrees of the sun. For example,
j if two targets just outside the
50-degree Solar Avoidance Zone
are on opposite sides of the
zone, HST follows an imaginary
circle of 50 degrees around the
sun until it reaches the second
target (see Fig. 6-5).

Target Acquisition

The major steps in the observation

process are:

1. Vehicle maneuver, guide star
acquisition, target acquisition
(if needed to place a target in a
precisely defined location) and
science instrument exposure

2. Data storage and transmission

3. Data calibration, distribution and
archive

4. Data analysis.

Each science instrument has one or more
selectable apertures located in some por-
tion of HST's focal plane. The use of small
apertures can make precise target posi-
tioning a relatively lengthy procedure,
especially when a target is faint. To center
a target in a small aperture, microproces-
sor algorithms in the science instruments
are used to finely sample the distribution
of light coming through the aperture. At
other times, precise calibrations are
employed to move a target from one loca-
tion in an instrument’s field of view to
another. If exposures of the target will
span several orbits (and target occulta-
tions), the target acquisition process must
be repeated for each orbit. However, infor-
mation about the precise target position-
ing is retained from one orbit to the next,
shortening subsequent acquisition times.

Most observations with HST are made
while two FGSs are locked onto guide
stars. Two guide stars allow the best point-
ing performance. However, to increase the
probability of a successful acquisition,
Hubble's flight software contains algo-
rithms that allow a fail-down to single-star
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(Viewing away from sun)

i
-V2 V2 (Pitch) Maneuvers
(Maneuver plane contains sun)

-
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Fig. 6-4 HST single-axis maneuvers

guiding if an FGS cannot lock onto one of
the guide stars. The telescope’s pointing
performance is still excellent when only
one guide star is used and most observa-
tions are little affected.
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Fig. 6-5 Sun-avoidance maneuver



Communications Characteristics
Hubble communicates with the ground
via TDRSS, which is the orbital compo-
nent of NASA's Space Network (SN).
The SN's ground control facility, called
the White Sands Complex (WSC) and
located at White Sands, N.M., controls
all TDRS spacecraft. In addition to the
WSC, the SN has another ground terminal
on Guam.

The typical HST weekly communications
schedule has Hubble using only the east
and west TDRSs. However, a recent
enhancement to the ground and flight sys-
tems enables use of a combination of four
different satellites. That is, while HST com-
municates only through a single TDRS at a
time, mission planning can schedule up to
four different TDRS satellites during a
given week.

There is a small “zone of exclusion” where
Earth blocks HST' line of sight to both the
east and west satellites, but up to 91 per-
cent of its orbit supports communications
(see Fig. 6-6). TDRSs receive and send
both single-access S-band radio transmis-
sions—for Hubble's recorder-stored
science and engineering
data—and multiple-access
(MA) radio transmissions—
for Hubble's commands
and real-time engineering
data. To avoid unneces-
sary gaps in communica-
tion, each HST HGA
points toward and tracks a
TDRS whenever possible.
Each antenna tracks “its"
communication satellite,
even during maneuvers.
HST's two low gain antennas

TDRS East

‘Q'Q-..___

Longitude 41° W.

TDRS West Shadow Zone

provide at least 95 percent orbital coverage
via a TDRS for the minimum MA command
rate used.

WMC's Data Services Management Center »
(DSMC) schedules all TDRSS communica- _’
tions. HST has a general orbital communi-
cation schedule, supplemented by specific
science requests. The DSMC prepares
schedules 14 days before the start of each
mission week.

A ground network of tracking stations
that can receive engineering and science
data provides a backup communications
link to Hubble if the HGAs cannot trans-
mit to the TDRSS. The longest continu-
ous ground contact is between eight
and nine minutes. The limiting factor of
this backup system is the large gap in
time between potential contacts with
the telescope. This gap can be as short
as 30 minutes but as long as nine hours;
the average time is approximately one
hour. The FOT performs routine monthly
proficiency passes with the ground net-
work stations to ensure preparedness if
their use is required during an actual
contingency event.

TDRS West
Longitude 171° W

TDRS East Shadow Zone

No Coverage Zone
K7444:606

Fig. 6-6 TDRS-HST contact zones
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