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1. Executive Summary

1.1 FAME Program. FAME will provide the po-
sitions, proper motions, parallaxes, and photome-
try of nearly all stars as faint as 15" visual magni-
tude with accuracies of 50 microarcseconds (nas)
at 9" visual magnitude and 500 uas at 15 visual
magnitude. Stars will be observed with the Sloan
Digital Sky Survey g’, 1, i’, and z’ filters for pho-
tometric magnitudes. This is accomplished by a
scanning survey instrument evolved from Hippar-
cos with a mission life of 2.5 years and an extend-
ed mission to 5 years.
1.2 Science Objectives. Results of this survey
will definitively address five key scientific objec-
tives having far-reaching astrophysical and cos-
mological significance:
O Definitive calibration of the absolute luminosi-
ties of the “standard candles” (the galactic Ceph-
eid variables and the RR Lyrae stars) that are fun-
damental in defining the distance scale to nearby
galaxies and clusters of galaxies;
O Calibration of the absolute luminosities of so-
lar-neighborhood stars, including Population I and
IT stars, thus enabling diverse studies of stellar
evolution and other important science. In the case
of Population II subdwarfs, this will allow the de-
termination of the distances and ages of galactic
and extragalactic globular clusters with unprece-
dented accuracy;
O Definitive determination of the frequency of
solar-type stars orbited by brown dwarf compan-
ions in the mass range 10 to 80 Mjup and with or-
bital periods as long as about twice the duration of
the mission. This will include an exploration of the
transition region between giant planets and brown
dwarfs, which appears to be in the range 10 to 30
Mjup;
O Proper motions and distances for individual
stars in star forming regions for determinations of
ages and kinematics; and
O A study of the kinematic properties of the sur-
vey of 4 x 107 stars within 2.5 kpc of the Sun, and
in particular, assess the abundance and distribution
of dark matter in the galactic disk with much
greater sensitivity and completeness than previ-
ously possible.

The proposed investigation will also provide a
catalog of star positions, proper motions, and col-
ors that will meet spacecraft navigation, guidance,

and attitude control needs of the United States De-
partment of Defense (DoD) and NASA.

1.3 FAME Contributions to NASA Themes and
Strategic Plan. FAME will provide vital and fun-
damental astronomical data that address key ques-
tions of three NASA themes:

O For Origins, FAME will provide (a) the dis-
tance scale for the standard candles, (b) knowl-
edge of stars in the solar neighborhood, and (¢) de-
tection of hundreds of substellar companions of
solar-type stars, with a definitive exploration of
the transition region between giant planets and
brown dwarfs and the identification of prime tar-
gets for further research with SIM and TPF.

O For Structure and Evolution of the Universe,
FAME will provide (a) knowledge of stellar prop-
erties of our galaxy, (b) distance scale for the stan-
dard candles, (c) accurate reference for Gravity
Probe B, (d) distribution of matter in the disk of
our galaxy, and (e) understanding of how both
dark and luminous matter determine the geometry
and fate of the universe.

O For Solar System, FAME will (a) detect or help
identify other planetary systems, (b) help us un-
derstand how stars and other planetary systems
form together, and (c) provide a very accurate ref-
erence frame for solar system observations.

1.4 Technical Approach. Much like Hipparcos,
FAME is based on the use of a telescope that looks
at two fields of view (FOVs) separated by a fixed
basic angle (81.5 deg). The spacecraft rotates at a
rate of once every 40 minutes and measures stars
along a spiral. The rotation axis of the spacecraft
precesses around the Sun direction 18.3 times a
year to scan the whole sky. Unlike Hipparcos,
which used an image dissector tube, FAME will
use a CCD array with high quantum efficiency to
determine transit times while simultaneously ob-
serving many stars. The CCDs will be used in a
time-delayed integration (TDI) mode to synchro-
nize the charge transfer with the rotation of the
spacecraft.

An input catalog will be generated by the sci-
ence team using data from USNO catalogs. The in-
put catalog is required to “window” the pixel data.
The accuracy needed is 0.1 arcseconds, which will
be easily attained using USNO catalogs. The cata-
log will be loaded onboard the spacecraft and will
be re-programmable after launch. Over the course
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of the 2.5-year mission, each of the m, >9 program
stars will be scanned about 950 times. The data
from all the targets will be analyzed in order to de-
rive their positions, proper motions, parallaxes,
and colors.

The FAME baseline mission is 2.5 years of

continuous observations, interrupted only by orbit,
attitude, and rotation adjustments, as necessary.
The observations will include astrometric observa-
tions with the majority of CCDs, bright star obser-
vations through neutral density filters, and photo-
metric observations through four filters. The in-
strument will observe 40,000,000 stars in the mag-
nitude range 5 < m, < 15 with mission positional
accuracies between 50 and 500 pas and photome-
try with milli-magnitude accuracies. The parallax-
es and proper motions will be of equivalent accu-
racy.
1.5 Spacecraft. The FAME spacecraft consists of
a spacecraft bus and a single instrument sub-
system. The primary requirements of the instru-
ment are to measure the positions, proper motions,
parallaxes, and photometry of stars as faint as 15%
magnitude. The primary requirements of the S/C
bus are to place the instrument in the proper orbit,
provide a long term stable platform for the instru-
ment, and collect and forward the science data to
the ground network.

The instrument for the FAME mission is based
on an evolution of that flown on the ESA Hippar-
cos mission. The FAME instrument takes two
essential geometric characteristics from Hippar-
cos: 1) two widely separated fields of view that are
combined on a single focal plane, and ii) a scan
pattern that involves both a nominal spin axis
orthogonal to the look directions and precession of
that spin axis around the Sun direction. The instru-
ment improves on the Hipparcos mission by using
solar pressure for precession, thus eliminating
thruster firings, and using a large format, high sen-
sitivity mosaic of CCDs.

To put the instrument in the proper orbit, the
S/C bus was designed with a central thrust tube
and structure to accommodate an apogee kick
motor and a hydrazine propulsion system.

To provide a stable platform for the instrument,
all actively moving components were eliminated.
The S/C bus thermal design and operations modes
are such that constant power and temperatures are

maintained to eliminate structural expansion/con-
traction. Passive damping is employed to maintain
a low level of jitter.

Additionally, the spacecraft bus collects, buff-
ers, formats for downlink, and transmits the instru-
ment data to the ground network. The vehicle atti-
tude and state of health are continually monitored
for nominal conditions.

1.6 Educational, Technology, and Public Out-
reach.

1.6.1 Education. FAME provides an exceptional
opportunity for education and public outreach be-
cause many of the concepts related to the mission
are easily understandable by non-scientists, in-
cluding school-aged children. FAME instructional
materials can be readily aligned with the National
Science Education Standards (NSES) content stan-
dards.

We will partner with the Science Education De-
partment (SED) of the Harvard-Smithsonian Cen-
ter for Astrophysics (CfA) and the Carnegie Acad-
emy for Science Education (CASE) of the Carn-
egie Institute of Washington to develop and imple-
ment a comprehensive E/PO program.

The SED programs work on a national scale

and link together educators and scientists to work
on projects combining curriculum development,
learning theory, teacher enhancement, and tech-
nology. The CASE program works on a local level
and is designed to increase District of Columbia
Public School (DCPS) teachers’ knowledge of sci-
ence and present new methods of bringing science
to their students.
1.6.2 New Technologies. FAME will introduce
new technologies in a conservative manner such
that there are alternative approaches or back ups, if
required. Solar radiation pressure will be used to
provide smooth precession of the rotation axis,
thus avoiding frequent thruster burns. To the ex-
tent that the solar radiation pressure is variable, or
does not result in the desired precession, thruster
burns will be used. The mission is planned such
that this will not prevent either the accomplish-
ment of the baseline mission or the extended mis-
sion.

FAME will use an array of 24 CCDs. While the
use of such a large number of CCDs has not been
previously accomplished in space, smaller arrays
have been used in space on the HST, and a larger
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array has been used on the ground for the Sloan
Digital Sky Survey (SDSS). The USNO has had
experience with both applications, including per-
forming the engineering for the SDSS array and
for a smaller array designed for astrometry and
photometry at the USNO Flagstaff Station.

1.7 Public Outreach. The FAME public aware-
ness/media relations program shall be coordinated
by the USNO Public Affairs Office. The USNO
Public Affairs Office will issue national press re-
leases and will coordinate issuing local press re-
leases by the principal collaborating institutions
and corporation.

A FAME web site has been established (ht-
tp://www.usno.navy.mil/fame) to disseminate in-
formation about the status of FAME and as a por-
tal to access the FAME data products. The web site
will be updated as required to provide the public
with the latest information on FAME and its
progress in answering fundamental astrophysical
questions.

1.8 Management. FAME’s management team
contains the scientific, technological, and manage-
rial expertise to execute this mission on cost and
schedule.

1.8.1 FAME Team. The US Naval Observatory
(USNO) has assembled a team with complete, in-
depth experience in the necessary technologies of
astrometry and spaceflight. This team comprises
Lockheed Martin Missiles and Space Advanced
Technology Center (LMMS ATC) for the instru-
mentation, the Naval Research Laboratory (NRL)
for the spacecraft bus and systems integration, and
the Smithsonian Astrophysical Observatory (SAO)
for synthesis and verification of the scientific mea-
surement system. USNO will provide the manage-
ment and scientific leadership for the project and
perform the data management, analysis and ar-
chiving. Our science team represents US and Eu-
ropean academic and government institutions. The
team has broad experience with ground based as-
trometric techniques and space flight programs
and includes scientists with expertise in the use of
astrometric data for various astronomical investi-
gations. The engineering team is similarly experi-
enced with precision ground and space-based opti-
cal systems.

FAME uses a Principal Investigator (PI) model
for management.

O The PI, Dr. Kenneth Johnston, USNO’s Scien-
tific Director, is accountable to NASA/Goddard
Space Flight Center (GSFC) for the FAME mis-
sion. This responsibility includes on-time and on-
budget delivery of the instrument, spacecraft,
ground data analysis system, and archival data
products.

(0 The Project Manager (PM), Mr. Mark
Johnson, NRL, is responsible to the PI for devel-
oping mission elements to a consistent set of re-
quirements, supporting the Level 1 baseline
agreed upon by the Science Team, and assuring the
budget and schedule are met.

(O A Senior Executive Board, comprised of se-
nior executives, assures that mission institutional
activities are aligned and resolves top-level issues
that conventional project management mecha-
nisms cannot successfully resolve.

O The Science Team defines and monitors scien-
tific mission requirements. It is chaired by Dr.
Kenneth Seidelmann, with Dr. Robert Reasenberg
as deputy.

1.8.2 Management Approach. FAME stresses
cost containment. Realistic requirements will be
set to satisfy the baseline science investigation
achievable within cost and schedule risk. Clear
lines of accountability make a person, not an orga-
nization, responsible for each program element.
The partnering institutions stress a “badgeless
team” approach, and maintain a systems engineer-
ing focus throughout definition, development, and
test activities. Frequent and rapid communication
using e-mail and teleconferencing ensures coordi-
nation of all project elements.

Institutional and individual roles and responsi-
bilities are clearly delineated. Each individual
overseeing a project element reports to the PM.
Designated System Engineering and Mission As-
surance personnel conduct requirements analysis
and verification, specialty engineering, and quality
assurance activities. Design reviews and safety
studies are concurrent with design and fabrication
of the instrument, the spacecraft, and processing
for launch.

1.8.3 Risk Management. The principal risks for
FAME involve the CCD performance, solar radia-
tion precession, continuous observations and data
transmission, and possible spacecraft jitter. Each
risk is being aggressively addressed to achieve re-
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quired performance. In each case any compromise
of performance would result in some loss of astro-
metric or photometric accuracy. With the excellent
baseline accuracy, the possibly reduced accuracies
would still deliver exciting scientific results.

Decisions involving descope options reside
solely with the PI acting with the advice of the Sci-
ence Team and approval of the NASA Midex pro-
gram office. Descope options include a smaller ap-
erture, a focal plane populated by fewer CCDs,
and a reduction in accuracy to 80 pas for stars
brighter than 10" magnitude.

1.8.4 Master Schedule. The master schedule es-
tablishes task interrelationships, time phasing of
events and key activities, and critical path. The PI
oversees the schedule and the PM executes it. The
schedule includes three months of funded reserve.

1.9 Cost Estimate.

1.10 DoD Interest. The proposed investigation
will produce an archival catalog of positions and
proper motions that will meet a documented re-
quirement, that will not be met otherwise, of the
U.S. Department of Defense in the next century.
The catalog will achieve an absolute astrometric
accuracy of better than 50 pas and proper motions
of 50 pas per year for stars of 9" magnitude and
brighter.

1.11 Changes Made During Concept Study.

There were no changes in the proposed science or
descoping of the science as a result of the concept
study. A number of trade studies and concept de-
signs were conducted during the concept study.
These include:

O Optical design focal length, FOV, spin rate,
O Optical system manufacturability,
O Focal plane assembly design optimization,

O Input catalog vs. threshold readout,

[ Science data compression and formatting stud-

CCD studies and centroiding test,
Photometric filter selection,

Thermal control for optical systems,
Solar radiation precession analysis,
Orbit selection vs. communication rate,

Ground station operation design,

(8 [ [ R [ [ [y

Spacecraft location with respect to ground sta-
tion location,

O Project cost analysis, and
O Risk analysis.

Thus, the concept study did result in some changes
in the implementation and methods of achieving
the science. These are reflected in Sections 2 and
4.

The changes made to the instrument design
have significantly reduced technical risk and con-
sequently improved cost realism and schedule
achievement. We have developed an improved de-
sign that will give a more accurate individual ob-
servation and is easier to manufacture and align.
The new design has twice the focal length of the
original, thus the field of view is one half the orig-
inal and the point spread function covers about
twice the number of pixels in the integration direc-
tion. Doubling the focal length of the optics then
leads to doubling of the rotation and precession
periods of the S/C. The basic angle has been in-
creased to 81.5° to allow for a larger primary and
to reduce the separation between the compound
mirror and the primary. With this design the entire
detector plane could be covered with CCDs, al-
lowing for a more compact arrangement of the
CCD:s in the focal plane.

We have added two new science team mem-
bers, Drs. Charles Beichman and Alan Boss. We
have an identified, experienced project manager in
Mr. Mark Johnson from NRL and an experienced

instrument manager in Dr. Richard Vassar from
LMMS ATC.
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Science Objectives. FAME will measure the posi-
tions, proper motions, parallaxes, and four-color
magnitudes of 40 million stars brighter than 15th
visual magnitude during the observational pro-
gram. The positional accuracy will be the finest
yet achieved. The positional, parallax, and proper
motion accuracies will be better than 50 pas, 50
pas, and 50 pas/year, respectively for brighter
stars.

O We will calibrate the absolute luminosities of
“standard candles” that define the distance scale to
galaxies. This supports the Origins, and Structure
and Evolution of the Universe themes.

O We will calibrate the absolute luminosities of
hundreds of solar-neighborhood stars for studies
of stellar evolution. This supports the Origins, and
Structure and Evolution of the Universe themes.

O We will detect large planets, planetary sys-
tems, brown dwarfs, and stars with non-linear
proper motions that are not single star systems.
This supports the Origins, and Solar System
themes.

O We will study kinematic properties of stars and
assess the abundance of dark matter in the galactic
disk. This supports the Structure and Evolution of
the Universe theme.

Mission Overview. The FAME spacecraft will be
placed in a geosynchronous orbit, with a rotational
axis 45° from the Sun, rotating with a 40-minute
period. The rotational axis will precess around the
Sun every 20 days. FAME will sweep the sky re-
peatedly, in a pattern similar to the Hipparcos
project. The mission life is 2.5 years, with a poten-
tial extended mission life of 5 years.

Science Payload. The scientific instrument has a
compound mirror looking in two directions sepa-
rated by an angle of 81.5°. The two fields of view
are combined on a focal plane with 20 astrometric
charge coupled devices (CCD) and four photomet-
ric CCDs. The CCD charge transfer rate is main-
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tained at the spacecraft spin rate providing integra-
tion time for the observations. The pixels with
stellar images are read out, time tagged, and trans-
mitted to the ground station.

Key Spacecraft Characteristics. The spacecraft
is a spin stabilized vehicle with a prescribed angu-
lar motion. A solar radiation shield generates the
correct precession rate, and the sky is observed in
a continuing spiral pattern. The spacecraft’s thrust-
ers reset attitude and spin rate, and perform sta-
tionkeeping maneuvers as necessary. The geosyn-
chronous altitude enables the spacecraft and the
ground station to communicate continuously.

Mission Operations. The Ground System in-
cludes a control center, a dedicated 11.3 m anten-
na, and a Science Data Processing Center. These
facilities are linked via dedicated T1 lines and to
NASA’s communications system.

Anticipated Launch Vehicle. Delta II 7425.

Mission Management. The U.S. Naval Observa-
tory (USNO) will manage the mission, science,
and data processing. Lockheed Martin Missiles
and Space (LMMS) Advanced Technology Center
will build the instrument. The Naval Research
Laboratory (NRL) will build and integrate the
spacecraft and provide the ground station. The
Smithsonian Astrophysical Observatory (SAO)
will provide synthesis and verification of the sci-
entific measurement system.

Schedule.

Phase A January to June 1999
Phase B October 1999 to June 2000
Phase C July 2000 to March 2001
Phase D April 2001 to June 2003
Launch July 2003

Phase E July 2003 to January 2007
Extended Mission January 2006 to July 2009

Cost Estimate.
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QUICK FACTS
Spacecraft, Launcher, and Orbit
Launcher (to GTO, 28.7 degree inclination) Delta Il 7425
Launch capability to GTO 1132 kg
Apogee Kick Motor Star 30BP
Geosynchronous Earth Orbit (GEO) 35786 km, 88° West Longitude
Instrument Mass with Contingency 229 kg
Total Spacecraft mass and Contingency w/AKM 1031 kg
Mission Lifetime 2.5 years
Instrument
Effective Focal Length 15m
Number of Apertures 2
Aperture Size 0.60m x 0.25m, each
Primary Mirror Size 0.60m x 0.58m

Focal Plane Scale

0.01375 arc-sec/micron

Diffraction width at nominal wavelength (600nm)

0.413 arc-sec (2.0 pixels)

CCD Size 2048 x 4096 pixels
Pixel Size 15 microns

Pixel on Sky 0.206 arc-sec
Rotation Period 40 minutes
Precession Period 20 days

Rotation Rate

2618 CCD rows/sec; 0.382 msec per row

Time for star to traverse a CCD

1.56 sec

No. of amplifiers per CCD 2

Mean angle between Sun and spin axis 45 degrees

Drift of star due to precession <5.7 pixels/CCD crossing
CCD Binning 1x20

CCD readout rate per amp after binning 134 kHz

Number of Astrometric CCDs, Total 20

Number of Astrometric CCDs with Neutral Density Filters 6

Number of Photometric CCDs 4

Photometric Bands

Sloang’, r, i,z

ADC

3 at 12 bit (staggered)

No. of times a m, =9 star is observed (astrometric)

950

No. of times a m, =8 star is observed (photometric)

35

Instrument Performance

Wavelength Range

400 to 900 nm

Magnitude Range (m,)

5-15

Astrometric Accuracy (positions and parallaxes in pas; proper motions in pas/yr)

50 form, <9, 500 for m, < 15

Photometric Accuracy

1 millimagnitude

AO 98-0SS-03

Concept Study Report




Full-Sky Astrometric Mapping Explorer

2. Science Investigation Description
2.1 Science Goals and Objectives.
2.1.1 Science Description.
2.1.1.1 Mission Goals. FAME will accurately
measure, to 10% error or better, the absolute trigo-
nometric parallaxes (i.e., the distances), positions,
and proper motions, as well as the apparent magni-
tudes, of stars brighter than 9" visual magnitude
that lie within 2.5 kpc of the Sun. Results of this
survey will definitively address five key scientific
objectives having far-reaching astrophysical and
cosmological significance:
O Definitive calibration of the absolute luminosi-
ties of the “standard candles” (the galactic Ceph-
eid variables and the RR Lyrae stars) that are fun-
damental in defining the distance scale to nearby
galaxies and clusters of galaxies;
O Calibration of the absolute luminosities of so-
lar-neighborhood stars, including Population I and
Il stars, thus enabling diverse studies of stellar
evolution and other interesting science. In the case
of Population II subdwarfs, this will allow the de-
termination of the distances and ages of galactic
and extragalactic globular clusters with unprece-
dented accuracy;
O Definitive determination of the frequency of
solar-type stars orbited by brown dwarf compan-
ions in the mass range 10 to 80 Mjup and with or-
bital periods as long as about twice the duration of
the mission. This will include an exploration of the
transition region between giant planets and brown
dwarfs, which appears to be in the range 10 to 30
Mjup;
O Proper motions and distances for individual
stars in star forming regions for determinations of
ages and kinematics; and
O A study of the kinematic properties of the sur-
vey of 4 x 107 stars within 2.5 kpc of the Sun, and
in particular, assess the abundance and distribution
of dark matter in the galactic disk with much
greater sensitivity and completeness than previ-
ously possible.

The proposed investigation will also provide a
catalog of star positions, proper motions, and col-
ors that will meet spacecraft navigation, guidance,
and attitude control needs of the United States De-
partment of Defense (DoD) and NASA.

The volume of space included in the survey is
large enough to contain significant numbers of all
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Figure 2-1. Hippacros and FAME
Observation Coverage in the Milky Way

classes of stars found in the Milky Way Galaxy
(see Figure 2-1). The survey will provide the sci-
entific community with an invaluable and durable
resource that will support a large number of other
significant and fundamental, astrophysical investi-
gations, beyond the few to be addressed within the
immediate scope of the proposed investigation.

2.1.1.2 FAME Contributions to NASA Themes
and Strategic Plan. FAME will provide the posi-
tions, proper motions, parallaxes, and photometry
of stars as faint as 15" visual magnitude with ac-
curacies of 50 microarcseconds (nas) at 9th visual
magnitude and 500 pas at 15" visual magnitude. It
will provide vital and fundamental astronomical
data that address key questions of three NASA
themes:

O For Origins, FAME will provide (a) the dis-
tance scale for the standard candles, (b) knowl-
edge of stars in the solar neighborhood, and (c) de-
tection of hundreds of substellar companions to
solar-type stars, with a definitive exploration of
the transition region between giant planets and
brown dwarfs and the identification of prime tar-
gets for further research with SIM and TPF.

O For Structure and Evolution of the Universe,
FAME will provide (a) knowledge of stellar prop-
erties of our galaxy, (b) distance scale for the stan-
dard candles, (c) accurate reference for Gravity
Probe B, (d) distribution of matter in the disk of
our galaxy, and (e) an understanding of how both
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dark and luminous matter determine the geometry
and fate of the universe.

O For Solar System, FAME will (a) detect or help
identify other planetary systems, (b) help under-
stand how stars and other planetary systems form
together, and (c) provide a very accurate reference
frame for solar system observations.

The results of the FAME project will contribute
to the NASA Strategic Plan by helping to answer
the fundamental questions of “how did the uni-
verse begin and what is its ultimate fate?” and
“how do galaxies, stars, and planetary systems
form and evolve?” FAME fits into the following
strategic plan science goals: (1) understand how
both dark and luminous matter determine the ge-
ometry and fate of the universe; (2) understand the
dynamical and chemical evolution of galaxies and
stars and the exchange of matter and energy
among stars and the interstellar medium; and (3)
understand how stars and planetary systems form
together. FAME will help fulfill the following stra-
tegic plan scientific objectives: (1) measure the
amount and distribution of dark and luminous mat-
ter in the ancient and modern universe and (2) ob-
serve and characterize the formation of stars, pro-
toplanetary disks, and planetary systems, and de-
tect Neptune-size planets around other stars.
FAME will complement and support SIM and TPF
in fulfilling the strategic program for 2000-2004
goals to: (1) understand how both dark and lumi-
nous matter determine the geometry and fate of the
universe and (2) understand how stars and plane-
tary systems form together.

In addition, for all themes and all astronomy,
FAME will provide the most accurate reference
frame ever obtained.

2.1.1.3 Relationship to Other Missions and
Ground Observations. FAME is a small, low-
cost survey instrument to determine the positions,
proper motions, parallaxes, and photometry of
40,000,000 stars from 5" to 15% visual magnitude
with 50 uas accuracy at 9" visual magnitude. It
will greatly expand upon the observations of the
successful Hipparcos satellite. It will help define
positions for SIM grid stars, identify candidate
stars for SIM and TPF, and complement the obser-
vational program of the pointed SIM instrument,
which can observe about 10,000 stars at 4 uas.
SIM science center and FAME personnel will be

involved in data reduction procedures that have
some commonality. There will be early identifica-
tion of relevant techniques and reusable software.
FAME will give an additional temporal baseline
for SIM observations.

FAME will be launched at least 5 years before
the proposed GAIA mission. In addition, DIVA, a
proposed German mission with similar goals to
FAME, but with reduced size, cost, and capabili-
ties, is planned to be a second epoch Hipparcos.
Neither DIVA nor GAIA is currently funded.

FAME vastly surpasses ground-based astromet-
ric programs. The best wide-field accuracies from
the ground are achieved by optical interferome-
ters, which can reach 1 milliarcsecond (mas) accu-
racy for about 50 stars per night. There are no as-
trometric optical interferometers in the southern
hemisphere. Narrow field accuracies of hundreds
of pas can be achieved by interferometers and spe-
cial instruments on very large telescopes for only a
small number of stars. Ground-based survey in-
struments using charge coupled devices (CCDs)
can at best achieve 25 mas relative accuracies.
Thus, there is no current means of achieving a full-
sky survey of millions of stars at microarcseconds
accuracies other than by a space instrument.

2.1.2 Objectives and Significant Aspects.

2.1.2.1 Background. Our most fundamental
knowledge about stars (their masses, absolute lu-
minosities, distances, and motions in three-dimen-
sional space) rests ultimately and inevitably upon
direct measurements of the apparent places of stars
relative to a frame of reference ideally defined as
an inertial rest frame. From such measurements
over time, we can derive the trigonometric paral-
laxes (the reciprocal of distance measured in par-
secs), as well as the proper motions (the annual
change in apparent place caused by a star’s move-
ment perpendicular to the line of sight). When the
speed of motion along the line of sight is also
known from spectroscopic measurement, the
space velocity of a star is fully defined. In the case
of binary stars, this information can yield the
masses of the components. These parameters are
basic to our knowledge of stellar structure and
evolution, the structure and dynamics of the gal-
axy, and the scale of cosmological distances.

Prior to CCD development, trigonometric par-
allaxes could only be measured photographically
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(with ground-based telescopes) to within an accu-
racy of about 10 mas, corresponding to an uncer-
tainty of 10% at distances of 10 parsecs. The best
modern ground-based measurements, using CCD
detectors, achieve accuracies of about 1 mas, (Mo-
net et al. 1992), pushing the limit of accurately
known stellar distances out to about 100 parsecs.
These are relative parallaxes as they are measured
with respect to background stars. Hipparcos mea-
sured absolute parallaxes to 1.5 mas, independent
of background stars.

Measurement of relative parallax down to 20-
30 uas can be achieved with ground-based optical
interferometers over narrow fields. However,
when these measurements are converted to abso-
lute parallaxes, the final accuracy is not better than
about 1 mas because distances and surface charac-
teristics of the not-very-distant background refer-
ence stars are unknown. Very high accuracy (10-
20 uas) measurements of absolute parallax are
achieved in differential radio interferometry over
small angles. Both these measurements are neces-
sarily limited to relatively small numbers of ob-
jects.

Accuracies of 1-10 pas (yielding distances to
10% accuracy from 10 kpc to 100 kpc) would be
achieved in the optical measurement of absolute
parallax by proposed space missions such as SIM
in the United States and GAIA in Europe. These
missions will cost over $500 million each, and
would logically follow FAME in the middle to lat-
er part of the next decade.

FAME, as a survey mission, complements the
pointed mission, SIM. A survey mission will cata-
log a very large number of stars (>107), while a
pointed mission of 5 year duration will study at
most 10,000 objects very accurately. A survey
mission such as FAME will yield knowledge on
stars with excellent statistics, seeing as far in the
galactic plane as extinction permits. The large
number of stars will also allow corrections for red-
dening along the line of sight to program stars
such as Cepheids and RR Lyrae via cluster main
sequence fitting. The resulting data set will greatly
expand our knowledge of the basic parameters of
stars, the building blocks of galaxies and the uni-
verse. This knowledge will lead to fundamental
advances in galactic astronomy and cosmology.

2.1.2.2 Specific Objectives. It is in this context
that we see the opportunity for a MIDEX-class
mission to make a definitive contribution to the so-
lution of a number of very far-reaching problems
in astrophysics and cosmology by providing accu-

rate absolute parallaxes of 4 x 107 stars out to 2.5
kpc (25 times the current distance limit and over
15,000 times the volume of space for ground-
based wide-field astrometry and Hipparcos), as
shown in Figure 2-1. This volume is sufficient to
contain significant numbers of all classes of stars,
including Cepheid variables, RR Lyrae and 6 Scuti
stars, O, B and A stars, and Population II sub-
dwarfs, as well as star-forming regions such as the
Orion Nebula, as shown in Foldout 1, Figure C.
Compelling reasons to undertake such a mission at
this time can be cited in the context of several dis-
ciplines in astronomy and astrophysics. The key
objectives we propose to address specifically and
definitively in this mission are described in the fol-
lowing:

O Fundamental Calibration of the Absolute Lu-
minosities of RR Lyrae Stars and Galactic Ceph-
eids, the “Standard Candles” for Measuring Cos-
mological Distances: The period-luminosity rela-
tion for Cepheid variables, and the luminosity-me-
tallicity relation for RR Lyrae stars, are
fundamental to the determination of distances to
the galaxies in nearby clusters and thus, ultimately,
to the determination of the expansion age of the
universe (c.f. Madore & Freedman 1991). Despite
the fact that these stars have been used as distance
indicators for a great many years, their calibration
in absolute units is still very much an issue. See
Foldout 1, Figure C for FAME’s coverage.

o Cepheids. Although the slope of the period-lu-
minosity relation for Cepheids is known from ob-
servations in the Magellanic Clouds, the zero-
point of the relation must be derived from Galactic
Cepheids. Such a zero-point derivation is currently
uncertain by 10-20%, since the distances of Galac-
tic Cepheids (with the exception of Polaris) are be-
yond reach of current capabilities for measuring
trigonometric parallaxes. Instead, indirect methods
are used (c.f. Evans 1995, 1992; Jacoby et al.
1992; Feast & Walker 1988). FAME will measure
the absolute parallax of a significant sample of
Cepheid variables directly, and thereby obviate all
of the traditional, intermediate calibrations. Feast
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and Walker (1988) give a list of cluster Cepheids,
and Foldout 1, Table C shows the SNR that FAME
will deliver. With FAME-determined parallaxes,
field Cepheids can also be used as primary dis-
tance calibrators. This increases the number of cal-
ibrators, and provides many more of the long-peri-
od Cepheids that are of most value in measuring
distances. Foldout 1, Table A lists field Cepheids
within 1 kpc and the expected SNR that FAME
will provide. This rich sample of Cepheids with
accurate distance determinations will be the basis
for a calibration of the period-luminosity relation,
and for the investigation of possible three-parame-
ter relationships.

© RR Lyrae Stars and Globular Clusters. The
ages of globular clusters give a lower limit to the
age of the universe and hence provide an impor-
tant constraint on cosmology. At present, however,
the ages are uncertain by about 30%, primarily be-
cause the distances are uncertain by 15% and age
scales are the inverse square of the distance. Sev-
eral methods support the “short” RR Lyrae dis-
tance scale (My (RR) ~0.75 at [Fe/H]= -1.6) in-

cluding statistical parallaxes of RR Lyraes and ki-
nematic distance to clusters. Main-sequence fitting
of Hipparcos subdwarfs supports the “long” dis-
tance scale (My (RR) ~0.45). Baade-Wesselink

and theoretical methods can support either scale
depending on assumptions. (See Popowski &
Gould 1998 for a comprehensive review.) The
long scale is roughly in agreement with the stan-
dard Cepheid scale, which currently stands at the
base of the extra-galactic distance ladder (van den
Bergh 1995).

FAME will definitively measure My, (RR) by

obtaining accurate (<10% error) trigonometric
parallaxes to 22 nearby RR Lyraes, Foldout 1, Ta-
ble B. Assuming an intrinsic dispersion of 0.14
mag in absolute magnitude, this will determine My,
(RR) to 0.04 mag (2% in distance).

In addition, FAME will lay the basis for two di-
rect checks on this fundamental measurement.
First, FAME will measure proper motions of ~500
halo RR Lyraes within 3 kpc. If radial velocities
are measured for these, they will yield a statistical
parallax solution for My, (RR) accurate to 0.06
mag. While not as robust as trigonometric paral-
lax, statistical parallax is more nearly free of sys-
tematic errors than other currently used methods

(Gould & Popowski 1998) and is currently limited
primarily by the smallness of the sample.

Second, FAME will obtain trigonometric paral-
laxes with smaller than 5% errors to approximate-
ly 250 metal-poor subdwarfs. These can be
matched to main sequence stars of similar metal-
licity in globular clusters to independently mea-
sure their distances. Reid (1997) and Gratton et al.
(1997) have applied this method to a much smaller
and less precisely measured sample of Hipparcos
subdwarfs and obtained results that support the
“long” distance scale. If the FAME determinations
of globular cluster distances from subdwarf and
RR Lyraes are in agreement, then the conflict over
the RR Lyrae distance scale will be resolved. If
not, it will demonstrate that there is something
fundamental that we do not understand about ei-
ther subdwarfs or RR Lyraes. In either case, the
present rather murky state of the globular-cluster
distance scale will be cast in a clearer light.

O Determination of the Local Mass Densities: A
catalog of relative velocities of stars to 15" magni-
tude would, of course, have a vast number of uses
over many years. We plan to use this catalog to in-
vestigate definitively the distribution of mass as
functions of height above the galactic plane and of
galactic radius. In particular, we will determine the
local mass density and the local surface mass den-
sity of the galactic disk.

This relates directly, within the volume of space
included in the survey, to the long-standing and
apparently universal issue of missing mass or
“dark matter” implied by dynamical studies of gal-
axies and galaxy clusters. The one place where
there is a complete inventory of the luminous stars
is in the immediate neighborhood of the Sun.
From the mass-luminosity relation (determined
from observations of binaries), we know the total
mass in these stars and hence the total mass densi-
ty of luminous material in the neighborhood of the
Sun. What we do not know is the total mass densi-
ty. If the total mass density were substantially
greater than that of the luminous matter, this
would demonstrate the existence of significant
disk dark matter. Because disks are formed by dis-
sipation, such dark matter would almost certainly
be baryonic. Detection of baryonic dark matter
would be a clue to the nature of the dark matter
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overall and would greatly constrain our models of
external galaxies.

Most previous measurements of the local mass
density relied on stellar radial velocity and density
measurements in a cone perpendicular to the ga-
lactic plane. The results have differed by up to a
factor of 2 (Bahcall 1984; Kuijken & Gilmore
1989, 1991; Bahcall et al. 1992; Flynn & Fuchs
1994) most likely because of systematic errors.
Creze et al. (1998) pioneered a radically different
type of survey based on Hipparcos proper motions
of ~3000 nearby stars and found that the local
mass density is almost completely accounted for
by visible material. However, because Hipparcos
was complete only to my < 8, they were able to
probe only within 100 pc of the Sun. Moreover,
since they were mainly restricted to bright (and
hence young) A and F stars, it is possible that their
sample was not dynamically mixed.

FAME will provide an estimate of the local
density of matter (which can be directly compared
with the local density of stars and gas) that is es-
sentially free of systematic error, by measuring
proper motions within 30° of the galactic plane. A
study based primarily on proper motions is to first
order free of systematic errors because the quanti-
ty to be determined (i.e., the disk epicycle frequen-

cy o = ,[4nGp,) and the quantity being measured

(i.e., proper motions) have the same units (1/time).

FAME will measure accurate proper motions
(< 4km s”! kpc™) of ~10° early G stars with dis-
tance < 500 pc and |b|<30°. The resulting trans-
verse velocity errors (<2 km s ') are small com-
pared to the stellar motions, so this will allow a
measurement of p, to a 3% error.

This G dwarf study will be the anchor point of
the FAME attack on this problem, but many other
classes of stars can also be used. For example, K
giants can be used to probe at much greater dis-
tances from the plane (because accurate proper
motions and parallaxes can be measured at much
greater distances). In addition, F and A stars can
give a very detailed look at the mass distribution
close to the plane because of their low velocity
dispersion. Even though these stars are not dynam-
ically mixed, in the large volume probed by FAME
the phase inhomogeneities of many unconnected
subsamples will tend to cancel, permitting the use
of these stars.

In brief, FAME will improve on the pioneering
Hipparcos study of local dark matter by almost
one order of magnitude in distance and two orders
of magnitude in numbers of stars. It will also be
less susceptible than the Hipparcos study to sys-
tematic errors caused by phase inhomogeneities.

O Giant Planets and Brown Dwarfs: Radial ve-
locity surveys of several hundred nearby solar-
type stars have discovered a few dozen unseen
companions with minimum masses below the sub-
stellar limit, in the mass range 0.5 to 80 Mjup.
Most of these have orbital periods shorter than 5
years. An analysis of the secondary mass distribu-
tion for low-mass companions suggests that the
frequency of stellar companions (i.e. brown
dwarfs) drops off rapidly near the substellar limit,
while the frequency of giant planets rises toward
lower masses (Mazeh et al. 1998). The transition
region between giant planets and brown dwarfs
appears to lie in the range 10 to 30 Mjup, although
this result is still very preliminary and uncertain
because of the small number of systems available
for the analysis.

FAME will provide a definitive determination
of the frequency of solar-type stars orbited by
brown dwarf companions in the mass range 10 to
80 Mjup and with orbital periods up to about twice
the duration of the mission. This will include an
exploration of the transition region between giant
planets and brown dwarfs. To be specific, FAME
has the sensitivity to derive orbits for companions
with masses down to 8 Mjup around 24,000 solar-
type stars within 100 pc, 4 Mjup around 3,000 so-
lar-type stars within 50 pc, and 2 Mjup for 375 of
the nearest solar-type stars within 25 pc. These
numbers are based on the results from simulations
carried out for the GAIA mission (Casertano
1998), adapted to the FAME mission parameters
of 50 pas astrometric accuracy.

In addition, FAME will be able to derive orbital
inclinations for many of the stellar and substellar
companions with spectroscopic orbits, thus elimi-
nating the sin(i) ambiguity in the masses deter-
mined from the spectroscopic orbits. For the 51
Peg type systems with hot Jupiters in short-period
orbits, FAME will be able to search for additional
companions in much wider orbits. The discovery
of additional companions would be especially sig-
nificant, because it would provide evidence for
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planetary systems (as opposed to just the largest
planet) orbiting solar-type stars.

O Star-Formation Regions: The nearest star-for-
mation regions in our galaxy lie at a distance of
150 pc (e.g., Taurus-Auriga), and the nearest rich
star-formation region lies at 450 pc (Orion). The
stars in these regions were mostly too faint to be
observed by Hipparcos. The improved sensitivity
of FAME will allow large numbers of pre-main-
sequence stars in these regions to be surveyed.
Perhaps the most important result will be to pro-
vide distances to individual stars, thus allowing
them to be placed accurately on an HR diagram.
This is critical for the determination of better ages
of individual pre-main-sequence stars, which are
presently uncertain by about a factor of 2 or more.

Furthermore, accurate proper motions provided
by FAME, together with ground-based radial ve-
locities, will allow studies of the kinematics of
star-formation regions, which will clarify the pro-
cesses by which newly-formed stars are distribut-
ed into the disk of the galaxy.

In particular, FAME will investigate the mem-
bership of many young (~10° yr old) galactic clus-
ters. ROSAT observations have shown that many
of these clusters are surrounded by large popula-
tions of X-ray sources in extended halos up to sev-
eral degrees in size. These extended X-ray popula-
tions can outnumber cluster X-ray T Tauri stars by
a factor of 10, so it is very important to determine
whether they are also young stars that formed at
the same time as the compact clusters. Knowing
whether or not these stars are members of the clus-
ters will fundamentally impact our knowledge of
the mass function in galactic clusters, the lifetime
for accretion disks and planet formation, and dy-
namical evolution of young clusters. FAME obser-
vations of these bright stars (my, ~11 mag for M ~1
solar mass at the distance and age of the Chame-
leon cluster) will determine whether the compact
clusters are at the same distances as their extended
X-ray populations, and FAME tangential veloci-
ties will reveal whether the extended populations
could have traveled from the cluster cores over the
cluster lifetime (as deduced from its stellar evolu-
tionary ages).

Finally, FAME will be able to determine the or-
bital inclinations of selected pre-main-sequence
binaries with spectroscopic orbits, thus contribut-

ing to our knowledge of the masses for pre-main-
sequence stars. There are at present no direct mass
determinations for pre-main-sequence stars less
massive than the Sun.

O Other Science: The data collected will serve as
an invaluable resource in the public domain that
will inevitably bring significant progress to other
fields of astronomy. For example, stellar models
require accurate observational constraints on stel-
lar luminosities, masses, and radii as input. The ac-
curacy required for luminosity is ~1%, for which
parallaxes must be known to 0.5%. FAME will
measure parallaxes to 0.5% accuracy for stars
brighter than 12" magnitude in a sphere of 20-pc
radius.

FAME will reach 1% relative precision for the
luminosities of a sizable number of main sequence
A and F stars. This group is especially interesting
because it includes the transition from radiative to
convective energy transport in the outer envelope,
and many stars with peculiar characteristics such
as Ap and pulsating & Scuti stars. With metallici-
ties obtained by spectroscopy, very precise deter-
mination of the luminosity will allow fundamental
parameters to be derived, such as the depth of the
convective zone and the efficiency of convective
transport. For cooler stars, precise luminosities
will place strong constraints on other fundamental
parameters, such as the equation of state and mo-
lecular opacity. At a 5% level of accuracy, the dis-
tance horizon will include rarer but important
types of stars, such as O stars, supergiants, T Tauri
stars, Cepheids, and RR Lyrae stars.

Our knowledge of stellar masses derives main-
ly from the analysis of binaries. FAME will deter-
mine parallaxes and relative positions of the com-
ponents of binaries, thus contributing significantly
(in terms of accuracy and the number of binaries
with known orbits) to the determination of stellar
masses. Perhaps the most significant contribution
will be for stars less massive that the Sun. In the
range 0.08 to 0.5 solar masses there are only two
double-lined eclipsing binaries that have been
published, both of which yield masses to better
than 1%. All the other masses for M dwarfs, about
2 dozen, rely on astrometric orbits and are less ac-
curate by about an order of magnitude. FAME will
provide orbital inclinations for nearby M dwarf bi-
naries with double-lined spectroscopic orbits, thus
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contributing significantly to the number of low-
mass stars with accurate masses. When supple-
mented by ground-based metallicity determina-
tions, this will allow critical tests of models of
stellar structure and evolution for low-mass stars,
which are now only poorly constrained. Through
analysis of the positions of photocentric emission
and the use of multiple colors, FAME will like-
wise determine the masses in unusual systems
such as those containing white dwarfs and black
holes.

FAME will provide accurate parallaxes for the
determination of absolute dimensions in the cases
where angular sizes are known. Only a few accu-
rate radii are presently available for testing stellar
models, the best of these coming from the analysis
of eclipsing variables. Ground-based interferome-
try and lunar occultation techniques typically mea-
sure angular radii to accuracies in the range 0.2 to
2.0 mas. Future ground-based instruments, such as
the Navy Prototype Optical Interferometer, has the
capability to measure stellar diameters and shapes
(and their time variation) to 0.1 mas.

Likewise, FAME will contribute fundamentally
to calibrating the distances to open star clusters,
determining the absolute color-magnitude dia-
grams of newly-formed star clusters, and identify-
ing candidate stars for the possible detection of
planets. FAME will measure the gravitational
bending of starlight by Jupiter, Saturn, and the
Sun, allowing the post-Newtonian deflection pa-
rameter to be determined with significantly better
accuracy than currently available.

The photometric observations using the Sloan
Digital Sky Survey filters (Foldout 1, Figure A)
will detect many variable stars, provide significant
improvements for HR diagrams, improve knowl-
edge of stellar populations, and provide correc-
tions for use in astrometric reductions.

2.1.3 Investigation Approach. The Hipparcos
project was the first astrometric survey ever con-
ducted without the limitation of Earth’s atmo-
sphere. It measured more than 100,000 stars to an
accuracy of 1 mas and had a magnitude limit of
my=12. Through advances in technology, FAME
will dramatically improve upon the sensitivity and
accuracy of Hipparcos. Measuring over 40 million
stars to better than 50 was (my < 9) and having a
magnitude limit of my=15, FAME will expand the

measurement space by over three orders of magni-
tude (see Figure 2-1).

Much like Hipparcos, FAME is based on the
use of a telescope that looks at two FOVs separat-
ed by a fixed basic angle (81.5 deg). The space-
craft rotates at a rate of once every 40 minutes and
measures stars along a precessing great circle, also
called a spiral. Foldout 1, Figure D illustrates the
rotational observing technique. The rotation axis
of the spacecraft precesses around the Sun direc-
tion (18.3 times a year) to scan the whole sky.
Foldout 1, Figure B illustrates the scanning pat-
tern. Unlike Hipparcos’s image dissector tube,
FAME will use a modern CCD array with high
quantum efficiency to determine transit times
while simultaneously observing many stars. The
CCDs will be used in a time-delayed integration
(TDI) mode to synchronize the readout with the
rotation of the spacecraft. Modern instrumentation
coupled with advances in the design and construc-
tion of low-cost, lightweight spacecraft will make
FAME very cost effective with a high science re-
turn. The FAME mission concept, instrument, and
spacecraft are discussed in Section 4.

An input catalog will be generated by the sci-
ence team using data from the Washington Com-
prehensive Catalog Database and other USNO cat-
alogs. The input catalog is required to “window”
the pixel data. The accuracy needed is 0.5 arcsec-
onds, which will be easily attained using USNO
catalogs. The catalog will be loaded onboard the
spacecraft and will be re-programmable after
launch. Over the course of the 2.5-year mission,
each of the program stars will be scanned in differ-
ent directions over 950 times. The data from all
the targets will be analyzed in order to derive their
positions, proper motions, parallaxes, and colors.
The data will be analyzed using procedures and al-
gorithms somewhat similar to those used in the
Hipparcos data reduction (see Section 2.3).

Table 4-56 lists the predicted astrometric accu-
racy for FAME based on the estimated error bud-
get. The accuracy has three components: systemat-
ic errors, detector read noise, and photon noise.
Systematic errors, arising from instrument limita-
tions (such as pixel variations) will limit perfor-
mance for bright stars (For the brightest stars, the
limiting factor is fewer observations due to the use
of neutral density filters). We have calculated a
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systematic error floor of 10 pas. For faint stars, the

dominant error source is 7 CCD read noise. Be-
tween these extremes, the dominant error source
for stars between 10™ and 14" visual magnitude
will be photon noise. See Section 4.4.7 for a dis-
cussion of the error budget.

2.1.3.1 Baseline Mission. The FAME baseline
mission is 2.5 years of continuous observations,
interrupted by orbit, attitude, and rotation adjust-
ments, as necessary. The observations will include
astrometric observations in the regular CCDs,
bright star observations through neutral density fil-
ters, and photometric observations through four
filters. The instrument will observe 40,000,000
stars in the magnitude range 5 < my < 15 with mis-
sion positional accuracies between 50 and 500 pas
and photometry with milli-magnitude accuracies.
The parallaxes and proper motions will be of
equivalent accuracy.

2.1.3.2 Extended Mission. The baseline mission
described in this proposal is for a 2.5 year lifetime.
However, there are significant advantages to ex-
tending the mission. Increasing the length will in-
crease the number of observations on the target
stars and hence the resulting astrometric accuracy.
Position and parallax measurements will improve
as the square root of the mission length, whereas
proper motion measurements would improve as
the 1.5 power, thereby producing a catalog whose
star positions are accurate for a longer period of
time. The detections of low mass companions and
giant planets are also significantly improved by
the longer mission. Since this catalog is important
for DOD applications, operations for an extended
mission would be paid for by the Navy.

2.1.4 Minimum Science Mission. The FAME sci-
ence team has determined that the science return
from a mission, which is half as astrometrically
accurate as that shown in Table 4-56, would re-
main compelling and exciting. With an accuracy
of about 80 uas for all objects brighter than 9th
magnitude, the number of Cepheids that could be
measured to 10% would decrease from 20 to 5.
Though a serious impact to this science objective,
FAME will still provide the first direct absolute
parallax measurements on these targets. For RR
Lyrae stars, the impact is less; half of the objects in
Foldout 1, Table B can still be measured to 10%
error.

Although a minimum science version of FAME
will still measure 40 million or more stars, de-
creasing the performance by a factor of two will
reduce the volume of stars for a given accuracy by
8. Our survey would still exceed previous capabil-
ity by a factor of 10, measuring stars accurately
within a 1 kpc radius. Again, this would result in
poorer statistics in the study of Population II subd-
warfs and other classes of stars. However for all
but the rarest stellar types, the sample will still
contain an abundant numbers of stars.
2.1.4.1 Descopes. The definition of the minimum
mission is given in Section 2.1.4. At any time dur-
ing Phases A, B, and C, the PI can take descope
action to resolve otherwise insoluble problems.
However, if descopes are used to develop or re-
plenish reserves, they have to be planned and exe-
cuted on a carefully thought-out schedule. This
section addresses descope options that could be
executed to increase funding available for the fu-
ture conduct of the project, or to terminate devel-
opments when funds for the task are depleted.

O Astrometric Accuracy Descope. The minimum
science requirement for astrometric accuracy al-
lows degradation of the following parameters:

o The number of observations per star reduced
by a factor of 4, or

o A decrease in the electronic signal-to-noise
factor of 4, or

o Change to a lower orbit and lack of transmis-
sion of all data, or

o Reduction in the number of CCDs.

These parameters are not independent. Degra-
dations in all will convolve to determine the net
degradation:

o Performance associated with the number of
observations per star acquired depends only on
system architecture (memory sizes, data rates,
number of CCDs, etc.) and can be calculated.

o Signal-to-noise is determined primarily by the
CCD behavior. Experience with devices similar to
the FAME CCDs gives confidence that the noise
specification can be met.

Descopes in astrometric accuracy to build cost
reserves by reducing the number of CCDs must be
made early in the project. Changes in the orbit and
launch vehicle can be made later in the program
and result in reduction of launch vehicle cost and
loss of observational data.
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2.2 Science Implementation.
2.2.1 Instrumentation.

2.2.1.1 General Overview. The FAME instrument
payload is shown in Foldout 4. The optical ray
trace is shown in Foldout 4. The optical system
images two different fields-of-view (FOV) onto a
large-format CCD mosaic camera. Instrument
electronics control and read out this camera and
digitize the pixel output. Field Programmable Gate
Arrays (FPGAs) window the digitized CCD output
around stars listed in the on-board input catalog.
The instrument central processor combines the
windowed data from the 6 FPGAs and timing in-
formation into a single data stream that is trans-
ferred to the S/C to be queued for telemetry to the
USNO Control Center. The instrument electronics
also control the temperatures of the optics and
their support structures. Lockheed Martin Missiles
and Space (LMMS) Advanced Technology Center
(ATC) in Palo Alto is teamed with USNO, NRL,
and SAO to design, construct, test, and support the
instrument.

2.2.1.2 Instrument Architecture. The present in-
strument architecture is the result of a two-year
study that started with an earlier version of FAME
and the heritage of the successful ESA mission,
Hipparcos (Perryman et al. 1989). The main re-
sults of the study are documented in a pair of SPIE
papers (Reasenberg & Phillips 1998; Phillips &
Reasenberg 1998). The optical design was revised
during the concept study and the focal length dou-
bled to improve the sampling and centroiding of
the images. FAME takes from Hipparcos its two
essential geometric characteristics, (1) two widely
separated FOVs that are combined on a single de-
tection plane, and (2) a scan pattern that involves
both a nominal spin axis orthogonal to the look di-
rections and precession of that spin axis around the
Sun direction. The architectural study yielded sev-
en principal results that lead us to the present
FAME design. The “information rate” described
below is the sum of the inverse variance of the po-
sition measurement of the observed targets per
unit time. The seven results are:

a. A central obscuration of the telescope has
minimal effect for this instrument;

b. The aspect ratio of the pupil (here the com-
pound mirror) does not affect the information rate,
which is proportional to the pupil area;

c. Smooth instrument rotation improves the
absolute astrometric accuracy;

d. Solar radiation pressure (instead of thrust-
ers) can precess the S/C smoothly;

e. For a focal plane of fixed size, and over ac-
cessible values of the effective focal length, F, the
information rate varies slowly with F, and favors a
small F;

f. There are many possible values for the ba-
sic angle. For instrument design, a basic angle of
81.5° for the baseline design is selected; and

g. The Hipparcos-type scanning pattern gives
good (complete but not uniform) sky coverage, in-
dependent of the angle (§) between the Sun direc-
tion and the nominal rotation direction.

Based on results a and b, a square primary mir-
ror is used to facilitate packaging. Results ¢ and d
lead to a preference of smooth rotation, and pre-
cession by the action of radiation pressure. The
traditional Hipparcos rotation rate (2.5 hrs per ro-
tation) requires a fine adjustment of the shape
(sweep-back angle) of the solar shield to reduce
the radiation pressure torque (by about 1.5 orders
of magnitude) to an appropriate level. With the
(four fold) faster rotation of FAME, the full torque
of a nearly flat shield is used, and therefore a sim-
ple mechanism can be used. Result e includes the
effects of two conflicting factors. Assuming a
fixed number of pixels: 1) the field of view is pro-
portional to F2 and ii) with a shorter focal length,
there are fewer pixels over the diffraction pattern;
note that the centroid is less precise (in the high-
signal case). Combined with results ¢ and d and
additional considerations, result e directed us to-
ward a fast rotation and short focal length. In the
concept study it was decided to increase the num-
ber of pixels per image to improve the individual
observation centroiding accuracy. This resulted in
an increase in the focal length, a reduction in the
rotation rate, a decrease in the field of view, and a
reduction in the observations per star. There is no
change in the program accuracy. Result f permits
us to set the basic angle to 81.5° for packaging of
the optical design, superior thermal control, and
enhanced baffling. Result g confirms a well adver-
tised aspect of the Hipparcos mission; astrometric
results do not depend importantly on the nominal
value of § or its change over the mission lifetime.

2.2.1.3 Instrument Description.
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O Optics: The optical design was revised by
Lockheed Martin to double the focal length and
improve the manufacturability and the alignment
of the optics as shown on Foldout 4. The com-
pound mirror is composed of two 0.6 m x 0.25 m
flats, which accept two FOVs separated by the
81.5° basic angle, and is the system aperture stop.
These two fields are sent into the remainder of the
optical train, a three mirror anastigmat, which im-
ages them coincidentally on its final focal plane.
The primary mirror sends light to a secondary,
which is near the center of the compound mirror.
The light path passes through a hole in the fold flat
mirror at the intermediate image plane while the
reflective portion of this mirror folds the path near
the exit pupil. The rays from the tertiary are then
reflected from field flats, to fold the distance into
the space available, and imaged on the detector ar-
ray. The design has an effective focal length of 15
m, delivers diffraction-limited performance, and
has very low distortion (0.02%) over the entire
field imaged by the detector, Figure 4-22.

All mirror elements are made of ultra-low ex-
pansion (ULE) glass and are lightweight. For ease
of manufacture, conic sections are specified for all
three powered surfaces (primary, secondary, and
tertiary). The compound mirror consists of two
ULE flats, bonded together using sodium silicate,
which is stronger than optical contacting. Stray
light is minimized by the optical design and baf-
fles made of 0.8 mm Al.

Raytheon Systems Company, Inc. has the capa-
bility and heritage (PRISM, MTI, SXI, AXAF,
TRACE, ARES) to complete all of the above
steps; design the mirror light weighting, fabricate
the mirrors including zonal polishing, fabricate the
window, design and fabricate the mounting flex-
ures, coating, and metrology.

Fabrication, alignment, assembly, and test of
the optical systems is discussed in detail in Section
4.6. The system undergoes thermal vacuum and
vibration tests before final acceptance tests and de-
livery.

O Structure: The instrument mechanical design
is based on a composite structure that provides
mounting for the optical elements, baffles, CCD
assembly, instrument electronic boxes, spacecraft
star trackers, and optical cubes.

The composite structure is an optical bench
with integral side, end, and top panels that holds
the compound, primary, secondary, tertiary, fold
flat mirrors and the CCD focal plane assembly.
See Foldout 4 for a section view of the structure.

The CCD focal plane assembly, which mounts
to the composite structure top panel, consists of an
invar assembly housing, BK7 window, titanium
flexures, and 24 EEV CCDs. The CCD focal plane
assembly is thermally isolated from and mounted
to the structure with titanium bipods.

Attached to the side panels of the structure are
two aluminum baffles. The inside of the baffles are
coated black for straylight reduction. The aperture
covers are installed at the ends of the baffles to
prevent particulate contamination. They are de-
ployed by two spring loaded hinges.

The data processing and control electronics box
and CCD control electronics box are mounted to
the optical bench with titanium flexures and heat
sunk using flexible copper ropes.

(O Thermal Design: The instrument’s high mea-
surement precision is achieved without using laser
metrology (along with its associated cost and risk)
by combining stable, low CTE, materials and
multi-layer thermal control. The first thermal con-
trol layer, a nearly flat solar shield, prevents sun-
light from directly reaching the instrument. Fur-
ther, the shield temperature distribution is invari-
ant under S/C rotation around the spin axis. Dur-
ing the rotation cycle, the small heating of the
instrument by reradiation from the back of the
shield does not change. The optics and structural
temperatures must be maintained at 20°C, the tem-
perature at which the materials have low and
matched CTEs.

The instrument is isolated from the S/C by tita-
nium flexures and a 10 layer MLI blanket on the
underside of the optical bench. The instrument
structure is surrounded by a 10 layer MLI blanket.
This blanket reduces both variable heating by
Earth and radiation to space, which would other-
wise need to be replaced by electrical power. The
instrument optics view space over approximately
0.3 m? through the star view ports and their associ-
ated baffles. The port baffles are insulated and
thermally isolated from the optical bench to mini-
mize both the heat loss and the variable heating ef-
fect of the Earth on the instrument.
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The optical bench is heated to 20°C with elec-
tric resistive heaters; this temperature corresponds
to broad minima in the CTEs of the ULE optics
and GrCyn structure. This heating requires 80 W
of electrical power in steady-state operation to bal-
ance the radiative losses to space. Note that the
heat generated by the instrument electronics and
star trackers is dissipated into the optical bench.

Several events produce thermal disturbances at
different times in FAME’s rotation and orbit cy-
cles. Solar input goes to zero during eclipses.
Eclipses last a maximum of 70 min and occur once
per orbit (day) during two seasons a year; each
season lasts approximately 3.3 weeks. The heating
of the instrument by the Earth also varies due to
the 40 min rotation period and whether the Earth
passes through the star view ports, which happens
on ~15% of the rotations. Other disturbance sourc-
es, like the moon, are small compared to the Sun
and Earth and are not considered.

We have modeled these effects on the tempera-
tures and astrometric performance of the FAME
instrument. This model included both solar and
Earth thermal disturbances experienced by FAME.
Results show that during most FAME observa-
tions, the thermal disturbances caused by varying
solar and Earth heat loads on the FAME radiation
shields cause only minuscule changes in the tem-
peratures of the instrument. Figures 4-35 through
4-37 show the static temperatures and gradients of
the optics for the nominal configuration of FAME
in its orbit above the subsolar point. In this config-
uration, even with the instrument heaters running
at fixed power, the instrument temperature at any
point changes by no more than 3.5 mK (compound
mirror) during a single 40 min rotation period.
Such a temperature change yields a 1/3650 pixel
shift of the stellar images on the detectors.

In the most extreme thermal configuration, the
Earth passes directly through both fields and de-
posits approximately 18 W m into the star view
ports. This increased aperture heat load has almost
no effect on the optics temperatures. The tempera-
ture fluctuation of the compound mirror over one
40 minute rotation is shown in Figure 4-38. This
shows a maximum temperature fluctuation of 3.5
mK.

O CCD Focal Plane Assembly: FAME’s excel-
lent astrometric performance is due largely to its

large-format, focal plane assembly. Twenty 4096 x
2048 pixel astrometric CCDs are located in a mo-
saic within 1.1 deg diameter in the FAME focal
plane (Figure 2-2). Six astrometric CCDs are cov-
ered with neutral density filters (labeled ND A and
ND B in Figure 2-2) that extend the system dy-
namic range. Four photometric CCDs are located
in the central section of the array. These photomet-
ric CCDs are each covered with 2 of the different
Sloan passband (g, 1°, 1°, and z’) filters (each filter
covers half of the columns) and some are com-
bined with neutral density filters.

Window

>

>h b e o

Scan Direction

Filter Legend
A-Astrometric NDa - Neutral Density Type A
P-Photometric NDb - Neutral Density Type B

Figure 2-2. Layout of CCDs in Focal Plane

The CCD that is baselined for FAME is a
slightly modified EEV CCD44-82. The EEV de-
vice only needs the addition of notch technology
for greater radiation hardening and an array trans-
fer gate for TDI readout. Other CCD manufactur-
ers make devices that will meet our needs; howev-
er, they require more redesign.

Lockheed Martin Fairchild Systems (LMF),
one of the back up suppliers, can also produce the
FAME CCDs. These are minor modifications of
existing LMF CCD 485 devices that have 4096 x
4096 square 15 micron pixels. Modifications con-
sist of optimizing the response, reducing the size
of the shift registers, geometry, and horizontal
summing well sizes. The spaceflight heritage of
these devices includes the Cassini camera. CCDs
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using the same proprietary process are also used in
the LMMS Autonomous Star Tracker. Another
source of CCDs that meet the FAME specifica-
tions has been identified and contacted, MIT Lin-
coln Laboratories.

The FAME CCDs are three side buttable and
have two output amplifiers. The science does not
require that the chips be butted at the ends. Very
high quantum efficiencies are further enabled by
state-of-the-art anti-reflection coatings (Figure 2-
3). Table 2-1 lists nominal device specifications.

The 4096 columns on each CCD are clocked in
a TDI mode at 2.7 kHz to keep each star’s charges
under its image as it crosses each chip in 1.6 sec-
onds. For most stars, groups of 20 pixels are
binned in the cross-scan (orthogonal to TDI) direc-
tion, which is of secondary importance to the as-
trometric reductions. This binning reduces the
ADC rate twenty-fold and reduces read noise by a
factor of >4.3. Little information is lost since S/C
precession (an essential aspect of the scanning
law) smears the image over a maximum of 5 pixels
(3 pixels RMS) in the cross-scan direction.

TYPICAL SPECTRAL RESPONSE
(At —90 °C, measured with astronomy broadband AR coating)
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Figure 2-3. QE Curve of EEV 42-80 CCDs

The CCD focal plane assembly housing is fab-
ricated of invar. CCDs are individually bonded to
the invar housing. The astrometric bandwidth (400
to 900 nm), neutral density, and photometric filters
are mounted in the focal plane assembly head just

Table 2-1. FAME CCD Specifications

Format 4096 x 2048 backside-illuminated

Pixel Size 15 x 15 microns

Process 3 phase.buried channel, notch, multi-
phase pinned (MPP)

Fill Factor >99%

Output Amps. 2 on-chip

3 microVolt / e-
=90% at 600 nm

7e- RMS at 500,000 pixels s read-
out frequency

<25 pA at 20°C

Amp. Sensitivity

Quantum Efficiency

Noise

Dark Current

Charge Trans eff 0.999995
Pixel Full Well >100,000 e- MPP
Serial Full Well >450,000 e-

in front of the CCDs. The CCD focal plane assem-
bly is thermally isolated from the optics structure
with titanium bipods, and it is maintained at -70°C.
This is accomplished by routing an aluminum con-
ductor to a 0.14 m? radiator located directly above
it, which has a direct view of space. This low tem-
perature ensures negligible dark current over the
short integration periods and minimal degradation
from radiation effects. Actively controlled resis-
tive heaters are also included on the focal plane for
extra regulation to £63 mK. The window provides
a contamination barrier on the front of the CCD
focal plane assembly to prevent contaminants
from condensing on the cold detectors. The focal
plane can also be heated to remove contaminants.

O Instrument Electronics and Processor: FAME
electronics consist of three distinct subsystems.
The first subsystem is the data processing and con-
trol electronics, which contains the primary space-
craft interfaces, power converters, control comput-
er, and the 40,000,000 star catalog database. The
second subsystem is the CCD control electronics,
which contains the camera controllers, bias driv-
ers, and master system clocks. The third sub-
system is the camera, which includes the focal
plane assembly (FPA), FPA thermal controls, and
the analog processing electronics consisting of
pre-amplifiers, double correlated sampling circuit-
ry, and analog-to-digital converters. On-board data
processing ensures that minor variations in space-
craft motion do not interrupt the continuous flow
of science data.
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On-board data processing can be split into 5
main tasks: spacecraft motion variation compensa-
tion, star window determination, data collection,
commanding, and housekeeping.

The instrument’s processor consists of mass
storage, interface, and processing components. A
catalog of 4 x 107 stellar positions and fluxes is
stored before launch in a 3.2 Gbit solid-state re-
corder. Input star catalog positions will be updated
from the ground on a monthly basis. Targets of op-
portunity can be added, and stored values can be
updated during the mission. Table 2-2 lists the pri-
mary instrument processor functions.

Table 2-2. Instrument Processor Functions

= Basic instrument housekeeping.

= Establish the instrument attitude.

= Accept the incoming digitized data from each CCD chan-
nel and extract the pixels that contain desired stellar obser-
vations.

= Time stamp the extracted information and pass it to the
S/C for storage and transmission to the ground.

= Monitor and adjust the CCD column clocking frequency
to maintain time-delayed integration.

O Instrument Processor Operations: Initial oper-
ation is established as follows. Instrument attitude
and rotation rate are coarsely established with star
trackers, which are mounted on the optical bench.
Fine attitude and rotation values are then deter-
mined from the sub-pixel centroids of bright stars
(see Section 2.2.3.1). Once the attitude and rota-
tion are determined to be within adequate bounds,
the major mapping mode can begin.

In the major mapping mode, digital pixel data
from ADCs are sent from the preamp to the pro-
cessor via fiber optic links. These incoming data
are windowed by the processor’s FPGAs; they ex-
tract 10 (in-scan) x 1 (binned cross-scan) pixels
centered at the position expected for each star
from star catalog values. The FPGAs also time
stamp the pixel data for future astrometric process-
ing. Each FPGA processes eight channels of infor-
mation, requiring a total of six FPGAs. The instru-
ment computer’s central processor is a fault-toler-
ant PowerPC flight system (General Dynamics In-
formation Systems) that provides up to 480 MIPS
performance and low power consumption. This
processor receives the extracted pixel and time
stamp information from the windowing FPGAs,
which share its VME bus. The processor packages
and sends these data to the S/C over an IEEE 1553

bus. The processor also monitors the timing of the
TDI and adjusts the CCD vertical clock frequency
so that the CCD readout is synchronized with the
S/C rotation to better than 1/350 pixel over a sin-
gle CCD. A single GDISC CPU computes the cen-
troids of selected bright stars that traverse the lead-
ing and trailing rows of CCDs to determine the ro-
tation rate necessary for TDI. The CCD clocking
frequency can be updated as often as once per sec-
ond, but we anticipate doing so far less often.

2.2.2 Mission.

2.2.2.1 Observing Strategy. After mapping be-
gins, the S/C completes one revolution every 40
minutes, and it uses solar radiation pressure to
smoothly precess the spin vector around the Sun
line once in 20 days. The two FOVs sweep out
overlapping “observing spirals.” In this way, the
entire sky is observed from different angles during
the mission. As the S/C spins, star light enters both
FOVs and crosses the CCD array in a TDI mode.
As an image nears the CCD edge, surrounding
pixel data are binned (cross-scan direction), time-
stamped, and extracted. The on-board star catalog,
knowledge of the attitude, and rotation rate are
used in this process. Data are downlinked to the
ground, where processing continues.

2.2.2.2 Solar Radiation Precession. An innova-
tive aspect of this mission is the use of what is typ-
ically a disturbance torque to drive the required
S/C precession. The Sun shield serves as a solar
sail to produce a torque that precesses the spin axis
around the Sun line. Because FAME’s spin is dy-
namically stable and it is passively damped by lig-
uid propellant, the motion is stable and can be sus-
tained indefinitely.

While solar sails have provided mission-critical
torque balance (Washwell 1996), this is the first
proposed use of solar torque to drive S/C attitude
changes. For an ideal Sun shade (i.e., a flat plus
conic surface with uniform reflective properties),
and given the vehicle mass properties and spin
rate, the shield’s sweep angle can be trimmed so
that the solar torque yields the desired precession
rate. Figure 2-4 shows the torque acting on the S/C
due to solar radiation pressure on the shield, as
well as the resulting S/C precession period. Typi-
cal shield angles are a few degrees. As illustrated,
a torque null occurs at a specific shield angle; the
S/C can be precessed in either direction. Calcula-
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tions show that, even for small angles, there is ade-
quate control authority without the need for high-
precision adjustment (Figure 2-4). Gravity-gradi-
ent torques, spin-axis offset, and spin-axis mis-
alignments also contribute to variations in spin and
precession rates. Each of these disturbances can be
rendered small through proper placement of solar
cells, surface material selection, component place-
ment, and spin balancing before launch. Prelimi-
nary analysis shows that spin axis misalignment
must be < 0.045 deg, and that the inertia ratio (I/I)
must be between 0.9 and 0.67. Both requirements
are met using proposed dimensions.

Solar Precession Models: Simulations show the
solar torque precession approach to be robust to
variations in mass properties and sunshade optical
properties. Sun shade optical properties are consis-
tent with a highly reflective surface on one pair
and partial coverage by solar cells on the other
pair. The effect of gravity is included, and the iner-
tia ratio is 0.83. Figures 4-3 and 4-4 illustrate the
smooth precession of the spin axis about the Sun
line. In the simulations, more than 1,080 spin cy-
cles were completed without a single thruster fir-
ing.
2.2.2.3 Orbit. Section 4.1.1 provides a discussion
of the orbit selection and related information.
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Figure 2-4. Precession Torque and Period

2.2.3 Data Analysis and Archiving. Although

FAME will observe 400 times as many stars 20
times more precisely than the successful Hippar-
cos, the two missions share many similarities.
Both use a precessing, spinning satellite with two

FOVs to determine astrometric parameters for
stars distributed globally. Both have one, high-
quality, coordinate measure, and a much less pre-
cise orthogonal one. The FAME astrometric data
reduction method benefits from Hipparcos heri-
tage (Perryman et al. 1989; Kovalevsky et al.
1992; Lindegren et al. 1992; ESA 1997), but, from
a data analysis perspective, FAME improves on
Hipparcos in two ways.

O First, FAME spins and precesses smoothly,
whereas Hipparcos used frequent ACS jet firings
to precess the S/C. As a result, FAME has long pe-
riods of coherent rotation; there is no need to break
the rotation into small segments and to estimate
the rotation parameters of each segment.

O Second, FAME uses CCD detectors that have
high quantum efficiency, are distributed over a
wide FOV, and simultaneously integrate signals
from many stars. The first two considerations in-
crease the instrument’s information rate, and the
third increases the rigidity, or how well one can
measure the separation of two widely spaced ob-
jects.

2.2.3.1 Astrometric Reduction Pipeline. The as-
trometric data reduction and analysis (Figure 2-5)
has six major steps.

O First-Look and Troubleshooting: Data gath-
ered from the FAME satellite must be checked im-
mediately after downlink. Image detection, image
quality, and satellite attitude are to be continuously
monitored. Any anomalies in the data will trigger
an anomaly recovery activity. One should note that
the FAME control center and the first-look data
analysis will both be located at the USNO, so there
will be continuous contact between the groups.

O Centroiding: All pixel data surrounding each
star will be telemetered to the ground, along with
CCD column numbers and row-shift epochs.
Events are archived both before and after calibra-
tion. Calibration entails correction for known
CCD problems. These corrections include that for
the optical distortion. The calibrated pixel data are
then used to fit the parameters of a target model.
This model includes the location in both the scan
and cross-scan directions of the centroid, the am-
plitude of the signal, and at least one aspect of the
shape of the diffraction-limited image. Initially, a
simple stellar model will be used, but it has been
demonstrated that using a priori PSFs will only
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Figure 2-5. Data Analysis and Archival

yield low precision astrometry (Monet 1999). For
high precision astrometry, an ensemble of obser-
vations must be used and the PSFs and positions
are solved simultaneously. Using this technique,

I:I = Astrometric Pipeline
(USNO)

. = Final Scientific
Processing and
Analysis
(USNO)

the PSF is composed of a weighted sum of mono-
chromatic PSFs, whose shapes are determined
from ray tracing or ground calibration prior to
launch and whose weights are determined by the
fit. The weighting in this algorithm is further con-
strained by the colors derived from the photomet-
ric filters and the knowledge of spectral energy
distributions. An indication of image complexity,
such as an extended object or multiple star system,
is made at this time. Image centroids and ampli-
tudes will be archived. Identification of stars using
a duplicate of the on-board input catalog is made.

O Observing-Spiral Reductions: As FAME ro-
tates and precesses, the CCDs map out a spiral
band, or observing spiral, on the sky. The prime
tasks in the observing-spiral reductions will be to
characterize the satellite’s motion and investigate
changes in the optical path during an observing
spiral. Once these are computed, using an (arbi-
trary) origin and the timing data, coordinates can
be determined for all stars along the observing-spi-
ral.

Knowledge of the S/C’s time varying attitude is
critical to the mission success. Of prime impor-
tance is the S/C’s angular velocity, w(?) since the
separations (and therefore relative positions) of
stars are determined by w(?) and transit times of
the centroided images (of lesser importance is the
slowly varying axis of rotation, discussed below).
A Fourier expansion of w(?) will be integrated
over the time for a star to cross both FOVs. The
Fourier coefficients are obtained by equating such
integration to the basic angle. Using these two
view directions (separated by the basic angle) in
this way imposes many closure conditions on w(?)
and avoids the scenario of w(?) containing increas-
ing errors stemming from a “random walk.” This
use of the two FOVs is taken directly from the
Hipparcos design. In actuality, most stellar images
will traverse two CCDs as they travel across the
focal plane. The angular separation between two
adjacent CCDs can be used analogously to the
large basic angle. During this concept study, nu-
merical simulations show that when these addi-
tional constraints are used, the attitude uncertainty
contributes only 7% to the single observation error
following 1.5 uninterrupted rotations (Germain
1999).
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Simulations show that for FAME, low-frequen-
cy instabilities of the basic angle and CCDs do not
degrade the final astrometric precision when their
period is greater than the time it takes to rotate
through one basic angle. Any such instabilities
will, however, be monitored using the observa-
tions.

The time varying axis of rotation needs to be
determined to precision of 100 pas to minimize
projection effects due to unknown field rotation.
Accuracies at this level must be determined from
the stellar data from the CCD array. The combina-
tion of transit times, location of transit images in
the cross-scan direction, and a priori positions of
those stars will yield the plane of rotation, xy(?),
and axis of rotation, z(¢). The instrumental model
developed for each spiral during this stage will be
archived.

The abscissa, or one-dimensional angular sepa-
ration in the along-scan direction, of each star can
now be calculated and archived. In practice, this
will probably be done with only a fraction of the
stars at this time. (Note that information in the or-
dinate, or cross-scan direction, is an order of mag-
nitude less precise and, in practice, will probably
not be used at this step.) The abscissa is the inte-
gral of w(?) between the transit time of an arbitrary
origin, and the transit time of the star. The estab-
lishment of an origin for each observing-spiral will
be achieved by using a subset of stars whose posi-
tions are known a priori to 20 mas from Hipparcos
data. This origin, however, will contain a small ro-
tation due to scatter in the Hipparcos data. This ro-
tation will be removed in the sphere reconstruction
stage.

O Sphere Reconstruction: Each observing-spiral
defines an independent system. In the sphere re-
construction step, these systems are all brought to-
gether to form a single, global system, removing
all arbitrary rotations. This will be achieved by
solving for the origins as well as the astrometric
parameters of a subset of stars using, primarily, the
abscissae from the observing-spiral reductions
spanning the entire program. Only point-like stars
with constant space-velocities are used.

The observed abscissae from this subset are
modeled as random variables that are expressed as
a function of astrometric parameters (position,
proper motion, and parallax), observing-spiral ori-

gins and orientations, and global parameters. The
global parameters are a combination of periodic
basic-angle variations, corrections due to gravita-
tional light deflection, corrections due to aberra-
tion, and others. A system of unit-weight observa-
tion equations can be formed from the data. The
astrometric parameters are adjusted for each star
being used in this step, then eliminated from the
equations as if the values for the observing-spiral
origins and global parameters are correct. The en-
tire process is iterated until corrections to the ori-
gins and global parameters converge. We are left
with a description of the satellite behavior and a
computation of a rigidly defined origin for each of
the observing-spirals. New values for all abscissae
and ordinates are recomputed and archived.

At first glance this step appears computational-
ly problematic. However, one must note two
things. First, only a subset of the stars will be used
at this step. We envision fewer than 100,000 stars
will be required, possibly much less depending on
the stability of the optical system and satellite rota-
tion dynamics. Second, the matrix containing the
observables is sparse, and thus we will apply suit-
able hyper-structuring to reduce the original ma-
trix to smaller submatrices that can be inverted in-
dividually and later recombined (de Vegt & Ebner
1974).

O Astrometric Parameter Determination: The
new abscissae and ordinates computed in the
sphere reconstruction stage are used to make a
weighted, least-squares fit (one fit per object) to
all stars to yield the five astrometric parameters.
For each my, = 9 star, there will typically be about
950 observations. Residuals will be examined for
signs of nonlinear proper motion, which would in-
dicate the presence of a nearby gravitating body.
Under these circumstances, additional parameters
will be determined. Investigations regarding previ-
ously undetected instrumental biases like system-
atics dependent on CCD, color, and magnitude
will be performed.

O lterations and Global Alignment: The data
analysis is, by necessity, an iterative process since
some instrumental characteristics can only be de-
termined post-launch. For example, due to the
large number of observations to be processed and
the good observational diversity, numerous param-
eters can be estimated for each of the CCD chips.
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These might include coefficients of a cyclic bias
model, displacements from nominal positions, and
even a polynomial describing astrometric shifts as
a function of cross-scan position within each chip.
As the instrument becomes better understood, we
will be able to address these models in more detail.

We will re-centroid each observation using im-
proved instrument models and the photometric re-
ductions. Additionally, we will use updated posi-
tions from the initial reductions where a priori in-
formation is used, such as in determination of the
axis of rotation. It is expected that less than three
iterations will be required before convergence.

The global system defined by FAME will be in-
ternally more precise and rigid than any existing
reference frame. However, due to the observing
strategy, it can contain a global rotation. There-
fore, the entire system will need to be aligned with
another established frame. This will be done by ro-
tating the FAME frame to coincide with the Inter-
national Celestial Reference System (ICRS) with-
in the errors of the ICRS. This is analogous to the
recent alignment of Hipparcos to the axes of the
ICRS.

2.2.3.2 Photometric Pipeline.

O Overview: There are 24 CCDs in the FAME
array, and each has 2 amplifiers with three gain
settings. Hence, there may be as many as 144 off-
sets and gains needed to calibrate the internal mag-
nitudes, and each of these has the potential for be-
ing a function of time, spacecraft attitude, etc.
During the mission, FAME will observe each m, =
9 catalog star about 950 times with an astrometric
CCD and about 35 times in each color with a pho-
tometric CCD. The problem is over-determined,
and it is the goal of the photometric pipeline to
provide initial estimators for each free parameter,
and to monitor and/or model the behavior of each
for the duration of the mission.

FAME has adopted the SDSS filter set (g', 1, 1,
z"), and will tie its photometric reduction to the
SDSS primary and secondary standards. This
choice forces the photometric pipeline to deal with
the following issues.

= The FAME filter set will be slightly different
than the SDSS system arising from finite manufac-
turing tolerances. This is a normal part of photom-
etry, and transformations from the internal to stan-
dard magnitude systems will be computed. For ex-

ample, a similar procedure was needed to convert
the B T and V_T magnitudes produced by the
Hipparcos/Tycho experiment into standard B and
V magnitudes.

o There are only 4 primary SDSS photometric
standards, and only a few hundred secondary stan-
dards. In addition, these are only available in the
northern polar cap, the area covered by the SDSS
survey. In one FAME rotation period (approxi-
mately 40 minutes), about 9 SDSS standards will
be observed somewhere in the astrometric array,
and about 0.5 standards will be observed in each
color of the photometric array.

o The astrometric array is sensitive to the entire
passband of 400-900nm, and photometric data will
be important for the sensing and parameterization
of stellar variability. The data from the photomet-
ric CCDs will provide important additional con-
straints of the parameterization of the PSF needed
by the astrometric centroiding algorithm, and will
be aid in the astrophysical interpretation of the
stars.

O Approach: The first part of the photometric
pipeline is the generation of approximate bias and
flat field frames for each CCD, and the character-
ization of the bias and gain values for each of the 3
gain stages used for each of the 48 signal chains.
In addition, PSFs will be collected and compared
to those predicted by the optical design. This
ground truth will be used as the first approxima-
tion to the on-orbit values.

The second part will be the generation of a set
of intermediate standards. These should be bright
enough to be dominated by photon statistics, and
each member must be tested for variability and re-
jected if it is present. This set will provide enough
stars to check for changes in the photometric cali-
bration on each CCD at frequent intervals. These
internal standards can be transformed to the stan-
dard SDSS system once enough standards have
been observed.

The third part is a global relaxation solution
solves for the mean flux of all constant stars and
the ensemble of calibration parameters (and per-
haps their time dependence) in a single solution.
Given the large number of stars and the large num-
ber of observations of each, this solution should be
very close to the internal, incremental solutions
based on the ensemble of intermediate standards.
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Once the internal magnitude system has been
established, the transformation coefficients to the
standard SDSS magnitude system can be comput-
ed. In the mean, the error introduced by this trans-
formation should be negligible.

O Expected Performance: Table 2-3 shows the
expected photometric uncertainty for a single
FAME observation. The photometric accuracy of
the z’ filter is degraded from that of the g’, r’, and
1’ filters. For reference, the Hipparcos photometric
performance is also listed. In this comparison, the
FAME astrometric array delivers the Hipparcos
level of performance for objects about 5.0 magni-
tudes fainter.

Table 2-3. Expected Photometric Uncertainty

Magnitude Astlr:cslrg.:tric g',ri" Filter Hiplgi;COS
0.0010 0.0016 0.011
0.0016 0.0025 0.015
11 0.004 0.006 0.033
13 0.010 0.016 -
15 0.025 0.040 -

FAME will observe each m, = 9 star about 950
times in an astrometric filter and about 35 times in
each photometric filter. Assuming that the ensem-
ble solution can remove the systematic errors, the
precision of the mean magnitudes (in the internal
FAME photometric system) is as shown in Table
2-4. Again, similar data from the Hipparcos mis-
sion are shown for comparison.

Table 2-4. Precision of the Mean Magnitudes

Magnitude g',r.i' Filter Hipparcos H_p
8 0.0002 0.0013
9 0.0003 0.0019
11 0.0007 0.0044
13 0.0020 -
15 0.005 -

O Products: The photometric pipeline is an inte-
gral part of the astrometric pipeline because the
band-to-band flux ratios provide critical extra con-
straints on the parameterization of the PSF. Hence,
the output of the photometric pipeline will be
merged with the astrometric pipeline as part of the
centroiding process. The photometric pipeline will
be responsible for other data such as stellar vari-

ability and the time dependence of the CCD signal
chains.

2.2.3.3 Data Validation Plan. Many different in-
vestigations can be undertaken to ensure that the
data are being acquired and processed correctly.
We will determine whether centroided pixel data
fit the expected RMS error, whether the S/C rota-
tional data fit a reasonable model of rotation, and
the changes in the rotational parameters using dif-
ferent subsets of stars. We will analyze the data to
ensure that subsets of observing-spirals give the
same results, within the errors, as the complete en-
semble of observing-spirals. We will ensure that
the residuals are small and non-symmetric with re-
spect to CCD phase, star color, and S/C rotation
(with respect to the Sun and Earth). Although the
FAME astrometric parameters will be the most ac-
curate available, stars observed with both Hippar-
cos and the Navy Prototype Optical Interferometer
(NPOI) will have position and proper motion ac-
curacies of 1 mas and 100 pas/yr. Although of
lower accuracy, these will provide an independent
data set of a few thousand brighter stars with
which to examine the computed astrometric pa-
rameters.

2.2.3.4 Data Archiving. Although the S/C pro-
duces on the order of 30 Tbits (4.0 T bytes) of data
over the lifetime of the mission, currently avail-
able databases can manage this volume. There are
seven stations in the analysis system at which the
data or analysis results are archived and may be
distributed to the public. These are: (1) the pixel
data archive, to contain the raw data from the sat-
ellite; (2) the centroid archive, to include time, lo-
cation, and amplitude of transit events; (3) the in-
strumental model archive, to comprise the descrip-
tion of the satellite motion and characteristics of
the optical path; (4) the spiral archive, to include
the positional data from each observation; (5) the
photometric archive, to hold data from the photo-
metric pipeline; (6) the astrometric parameter ar-
chive, to include positions, motions, and parallax-
es following their determination; and (7) the final
catalog archive, to encompass the results of the as-
trometric and photometric pipelines, project de-
scription, hardware details, and reduction method-
ologies.

The PI is responsible for all data deliveries. The
specific products to be delivered to NASA’s Astro-
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nomical Data Center will be all of the seven ar-
chives. These data will be available within 1 year
after the satellite data acquisition is completed, to
allow for the data analysis and verification pro-
cesses to be completed. It will be possible to make
available an interim solution containing only posi-
tional and photometric data (not proper motions or
parallaxes) about 18 months after launch. Howev-
er, the experience of the Hipparcos consortia dem-
onstrated that it is not advisable to provide less
than full-accuracy astrometric data since many
systematic effects can still be present, thus leading
to spurious scientific conclusions.

2.2.4 Science Team. FAME’s science team (Table
2-5) consists of scientists whose roles and exper-

tise allow the mission to accomplish all of its ob-
jectives. The team will publish scientific findings
from the mission and communicate these findings
to the public. FAME’s scientists are well-versed in
precise astrometry (deVegt, Gatewood, Johnston,
Seidelmann, Roser, and van Altena), instrumenta-
tion (Shao, York, Horner, and Phillips), analysis
(Reasenberg, Jefferys, Urban, Beichman), astro-
physics and distance scales (Huchra, Sandage),
dark matter (Gould, Bahcall), photometry (Beich-
mann, Harris, van Buren), stellar evolution and lu-
minosity (Greene, Monet), low mass companions
and exoplanets (Boss, Latham, Horner, and Sha-
piro), and astronomical catalogs (Urban).

Table 2-5. FAME Science Team

Commitment
Name Role & Responsibility (%) per Phase

B/C/D E
Dr. Bahcall, Princeton Col, Application of astrometric results to astrophysics 1 10
Dr. Beichman, JPL Col, Photometry 1 5
Dr. Boss, Carnegie Institution Col, Low mass companions 1 10
Dr. deVegt, Hamburger Sternwarte | Col, Astrometric accuracy and error sources 10 30
Dr. Gatewood, Univ. of Pittsburgh Col, Parallax investigations 1 10
Dr. Germain, USNO Col, Double stars, statistical modeling 60 60
Dr. Gould, Ohio State Univ Col, Galactic Structure, mass density and profile of the disk 1 25
Dr. Greene, NASA ARC Col, Young stars 15 20
Dr. Harris, USNO Col, Photometry 10 20
Dr. Horner, USNO Col, Low mass companions, stellar structure, stellar activity 100 100
Dr. Huchra, SAO Col, Cosmological distance scale 1 10
Dr. Jefferys, Univ. of Texas Col, Statistical modeling, data processing 20 25
Dr. Johnston, USNO Pl, Celestial reference frame/system, astrometry 50 50
Dr. Latham, SAO Col, Low-mass companions 1 10
Dr. Monet, USNO Col, Luminosity function of nearby stars 10 20
Dr. Murison, USNO Col, Solar radiation, solar system 25 25
Dr. Phillips, SAO Col, Companions, general relativity, distance scale 75 75
Dr. Reasenberg, SAO Col, Low-mass companions, general relativity, distance scale 75 75
Dr. Roser, ARI Col, DIVA collaboration 1 10
Dr. Sandage, Carnegie Observatory | Col, Distance scales 1 10
Dr. Seidelmann, USNO Science Team Chair, Astrometry, non-singular stars 75 75
Dr. Shao, JPL Col, SIM collaboration, instrumentation 1 5
Dr. Shapiro, SAO Col, Low-mass companions, general relativity, distance scale 1 5
Mr. Urban, USNO Col, Astrometry, catalogs, double stars, analysis 100 100
Dr. van Altena, Yale Col, Stellar dynamics, instrumentation 1 20
Dr. van Buren, IPAC Col, Photometric catalog, analysis 25 25
Dr. York, Univ. of Chicago Col, Three Dimensional Motions 1 10
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Table A. Field Cepheid Variables Within Table B. RR Lyrae Stars with Parallax FOLDOUT 1
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AO 98-0SS-03 2-20 Concept Study Report




Full-Sky Astrometric Mapping Explorer

FAME

3. Education, Outreach, Technology, and Small
Disadvantaged Business Plan

3.1 Educational Program Activities. FAME pro-
vides an exceptional opportunity to educate non-
scientists and students about the nature of the uni-
verse, the physical characteristics of stars, and the
extreme distances within and between galaxies. In-
structional materials will align with the National
Science Education Standards (NSES) for profes-
sional development, teaching, and assessment as
well as the content standards for Earth in the solar
system, origin and evolution of the Earth system,
and origin and evolution of the universe. FAME
will be an effective tool to implement standards-
based learning by illustrating concepts such as the
size, age, and structure of astronomical systems
and the universe itself. We will partner with the
Science Education Department (SED) of the Har-
vard Smithsonian Center for Astrophysics (CfA)
and the Carnegie Academy for Science Education
(CASE) of the Carnegie Institute of Washington to
develop and implement a comprehensive E/PO
program. The SED develops innovative research-
based physics and space science curricula, soft-
ware, and science apparatus for elementary and
secondary level classrooms. These programs effec-
tively link educators and scientists in projects
blending curriculum development, learning theory,
teacher enhancement, and technology. The E/PO
program leverages the wide range of existing or
potential SED links to the formal and informal K-
14 educational community. FAME-related con-
cepts will enhance pre-college science education
and science literacy. Planned FAME initiatives in-
clude the following:

O Partner with the Boston Museum of Science
(MOS) to develop and disseminate a planetarium
program focused on astrometric measurements for
use in large planetaria with student groups and
general audiences.

O Develop and disseminate a short planetarium
program and classroom modules focused on astro-
metric measurements for use in small planetaria
with students and general audiences.

O Partner with the NASA Educational Forum co-
located at the CfA (Structure and Evolution of the
Universe). Students will use the SED’s MicroOb-
servatory robotic telescopes to investigate the dis-

tance, size, and scale of galactic and extragalactic
objects.

O Select K-12 classroom educators from a large
pool (530+) of teachers and informal science edu-
cators affiliated with SED-directed programs and
prepare them to lead FAME workshops and in-ser-
vice programs at schools, conferences, profession-
al development institutes, and public venues.

O Present FAME workshops and activities at ma-
jor national, regional, and state science education
or planetarium conventions. The E/PO program al-
so exploits the wide range of opportunities among
the diverse student and teacher population in the
District of Columbia Public School (DCPS) sys-
tem. Specifically, FAME project scientists will be
actively involved in the CASE program, designed
to increase DCPS teachers’ knowledge of science
and present new methods for conveying science to
their students. The planned initiatives include:

O Develop FAME lesson plans and activities for
elementary-aged students; integrate FAME data
and analysis software into a web-based format for
interactive use with the lesson plans.

O Feature the FAME lesson plans in the CASE
First Light School, including visits to the project
center at USNO.

(3 Feature lesson plans in the CASE Summer In-
stitute, train DCPS science teachers, and field-test
their implementation of materials in schools.

(0 Maintain an active relationship between
FAME project scientists and the local community;
interact with students using the FAME materials;
and lead workshops at the Carnegie Institution.

3.1.1 Management Structure. Dr. Kenneth
Johnston, the FAME Principal Investigator (PI),
oversees the E/PO program. A full-time website
manager, located at USNO, will develop and
maintain the FAME E/PO web site and create data
analysis software for use in conjunction with the
CASE initiative. Dr. Robert Reasenberg, FAME
Project Scientist, will oversee the SED portion of
the E/PO program. He will meet regularly with the
SED team leaders: Dr. Philip Sadler, Director of
the SED, Assistant Professor of Education at the
Harvard Graduate School of Education and F. W.
Wright Lecturer on Celestial Navigation of Har-
vard University, and Dr. R. Bruce Ward, Project
Director for AIRES and SEDNet and Adjunct Pro-
fessor of Astronomy, Middlesex (MA) Community
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Table 3-1. Summary of E/PO Activities

Activity/Product

Partners/Contacts

Target Populations

Evaluation

Estimated Cost
FY98

= Design, Develop, Produce, and
Disseminate a Planetarium Show on
Distance, Size, and Scale.

Boston MOS
Larry Schindler
Ron Dantowitz

= Grades 6-14 Students
and General Audiences
= 25 sites

= 10,000/site.

Pilot in MOS
Visitor Interviews
Visitor-Response Forms

= Produce and Disseminate a
Small Planetarium Show and Com-
panion Activity-Based Module on
Distance, Size, and Scale.

SED
Philip Sadler
R. Bruce Ward.

= Grades 4-12 Students,
Teachers, and General
Audiences

= 25 sites

= 15,000/site.

Pre- and Post-test
Evaluation Feedback

Forms

= Partner with NASA Education
Forum to Disseminate “From the
Ground Up,” a Unit for MicroObser-
vatory Net.

SAO
Roy Gould
Mary Dussault.

= Grades 7-14 Students
and Teachers
= 500+ sites
= 30-60 site

Pre- and Post-test
On-Line Evaluation

= Select Master Teachers from
Existing SED Networks and Prepare
them to be FAME Workshop Pre-
senters.

SED
Philip Sadler
R. Bruce Ward.

= Grade 3-14 Students,
Teachers, and General
Audiences

= 58 Teachers. 525+
Workshops

= 11,000 Teachers

= 350,000 Students

Pre- and Post-test
Evaluation Feedback

Forms

= Present FAME Workshops at Sci-
ence and Planetarium Conventions.

SED
Phil Sadler

= Grade 3-14 Teachers
= 30 Workshops

Evaluation Feedback

Forms

R. Bruce Ward. = 30-60 sites

CASE = Grade 3-8, 20 Work-
= Feature Interactive FAME Work- shops . . g
shop in First Light School. I %iéjﬁjrgr?tsés = 30 students per Work- Pre- and Post-test.

’ shop.
= Develop Web-based FAME Les- = Grade 3-8 Teachers.3 |, it :
son Plans, Activity Booklet, and Cc.ﬁai"lis Workshops . ,Ei'lecl’(tjlr-l‘-efzs'{sl:nl"%::lgﬁtg?o'
Poster. Provide In-Service Teacher J. Edmunds = 100 teachers per tion in Schools P
Training of Their Use. ’ Workshop
. . . USNO . .
= Maintain Interactive Program with ACPS = Grades 3-8 Students = Web Site Evaluation
Washington, D.C. Area Schools CASE and Teachers Forms
= Develop and Maintain a FAME
. = Grade 3-14 Students

E/PO Web Site. Develop Software . . .
for Student Analysis of FAME Data USNO ?ndGTeachlia? di On-Line Evaluation
in Lesson Plans. eneral Audiences

USNO * Interviews and Evaluation

= Overall E/PO Project Evaluation E/PO Advisory Board

Forms

College. Dr. Irwin Shapiro, Timken University
Professor at Harvard and Director of the CfA, will
review all SED materials and programs for accura-
cy. The CASE portion will be managed by Charles
C. James and Dr. Ines Ciefuentes, CASE co-direc-
tors.
3.1.2 Summary of E/PO Activity Summary. Ta-
ble 3-1 summarizes the E/PO activities.
3.1.3 Strategies to Fulfill the E/PO Objectives.
a. Developing and disseminating an astro-
metric planetarium program for large planetaria.
The SED will partner with the Boston MOS to de-
velop a planetarium program based on astrometric
measurements. This free program will be distribut-
ed to museum and science center planetaria else-
where through national and international planetar-
ia associations and the Association of Science-

Technology Centers (ASTC). The SED will re-
quire planetaria using the free program to run it for
at least 6 months, report attendance figures, and re-
turn completed visitor-response evaluation forms
to the project evaluator. As structured, the program
will introduce viewers to increasingly complex
methods for measuring distances, size, and scale.
The program will describe how missions such as
FAME determine distances. The SED will begin
developing the program in July 2002 so that the pi-
lot version will be in the Boston MOS at launch.

b. Developing, reproducing, and disseminat-
ing a short astrometric planetarium program mod-
ule for use in small planetaria. Working with the
Boston MOS, the SED will scale down the techni-
cal requirements of the large planetarium program
to create a version for use in small planetaria (in
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both school and informal science education set-
tings). The module will include astrometric-based
activities related to the FAME mission, teacher
notes for activities in a planetarium, and student
activity guides. The planetarium program and
printed materials will be disseminated free of
charge through organizations serving the K-14 as-
tronomy and space science community, including
the ASP and NASA’s Classroom of the Future
(COF). Two age-appropriate versions will be de-
veloped. One will target grade 3-6 students and the
other grade 7-12 students. The SED starts develop-
ing the activities and teacher notes for the module
in July 2001 to ensure availability when the plane-
tarium program is developed.

c. Partnering with the NASA Educational Fo-
rum co-located at the CfA to facilitate students’
use of the MicroObservatory for astrometric inves-
tigations. The NASA Educational Forum is now
taking advantage of an overlap between its mission
and the SED’s NSF-funded MicroObservatory, an
on-line network of small telescopes that students
can use from their classrooms. A program (“From
the Ground Up”) currently being developed for
MicroObservatory users includes a module on
size, distance, and scale, starting with simple par-
allax investigations and moving to more complex
measurements and estimations. The vision is to
provide students with examples of how working
scientists use larger telescopes such as FAME. The
SED will use its teacher networks to disseminate
the program to secondary school and higher edu-
cation faculty. Currently more than 500 teachers
are enrolled and using the MicroObservatory tele-
scope on-line from their classrooms.

d. Preparing SED-affiliated K-14 classroom
teachers and informal science educators to lead
FAME space science workshops and in-service
programs at schools, conferences, professional de-
velopment institutes, and public venues: The exist-
ing SED teacher networks include all 50 states and
link numerous other networks in urban, rural, and
suburban settings. These SED representatives
work with students of all abilities and from all un-
der-represented and underserved populations. The
SED plans to incorporate FAME educational ma-
terials into their networks as follows:

O SPICA, ARIES, and STAR: More than 320 K-
14 classroom teachers have attended institutes at

the CfA and are trained as workshop presenters in
astronomy and space science. To date, the teachers
have conducted more than 14,500 workshops,
reaching as many as 3,500,000 students. During a
4-year period, the SED builds toward a cohort of
58 master educators to serve as FAME space sci-
ence education ambassadors and workshop lead-
ers. These educators will come to the SED in July
2001 for a 2-week institute. At this time the SED
will develop and produce a FAME workshop guide
and a three-tier model for conducting workshops
of varying lengths. During the 2001-2002 academ-
ic year, this first cohort of presenters will conduct
pilot FAME workshops in schools, science cen-
ters, planetaria, and at conferences. The SED will
reconvene the group several days in advance of the
2002 summer institute to assess and revise the
workshop model and to provide additional train-
ing. These leaders serve as mentors at future sum-
mer institutes and as regional contacts for other
workshop leaders attending subsequent institutes.
In July 2002 to 2004, a 2-week FAME summer in-
stitute will be conducted at the SED. The SED an-
ticipates that each participant will present at least
eight workshops during a span of 2 years, reaching
200 teachers.

O SEDNet: Recently funded by the NSF, SED-
Net is the department’s nationwide leadership de-
velopment network of Challenger Learning Cen-
ters (CLCs). Each year approximately 15,000
teachers and 400,000 students visit CLCs for sim-
ulated spaceflight missions. Mentor teams (com-
prising two CLC flight directors and one class-
room teacher) attend 2-week summer institutes at
the SED for two successive summers (beginning in
1999) and prepare to lead summer or school year
workshops featuring SED’s Project ARIES (as-
tronomy-based physical science for grades 3-8)
and NASA (Astronomy Village Two) curricula.
The SED will work with the teams to integrate
age-appropriate material about FAME into all their
professional development and public outreach pro-
grams. The SED anticipates that each year SED-
Net trainers will reach approximately 400-450
classroom teachers serving at least 9,000 students.

e. Presentations by SED staff, CLC teams,
and affiliated teachers at major national and re-
gional science education conventions. Annually,
SED staff present at conventions sponsored by the
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National Science Teachers Association (national
and regional), the ASP, ASTC, the International
Planetarium Society, regional planetarium confer-
ences, and state science associations. Presenters
will include FAME-related astrometric activities in
these workshops and disseminate up-to-date print
information about the mission.

f. Using FAME to enhance the teaching and
understanding of science in the Washington, DC
area through web-based lesson plans and direct
interaction with the community. The 6-week
CASE Summer Institute exposes teachers to new
ways to teach math and science. Under a NSF Ur-
ban Initiative Grant, the CASE Summer Institute
will educate five teachers from each of twenty Dis-
trict of Columbia Public Schools for each of the
next five years (500 teachers). Developed by
CASE staff in consultation with FAME scientists,
FAME lesson plans illustrate topics such as rela-
tive distance scales, the galactic environment, and
methods to detect planets. The lesson plans in-
clude web-based activities involving mission data
and analysis software, a 14 to 16 page activity
booklet, and a color poster. CASE creates two age-
appropriate versions of the lesson plans, one for el-
ementary schools (grades 3-5) and a second for
middle schools (grades 6-8). CASE anticipates
that the FAME lesson plans and activities will be
featured in the program for three consecutive sum-
mers. CASE staff will field-test the effectiveness
of the lesson plan implementation by visiting vari-
ous DCPS classrooms during the school year. If
necessary, teachers will be retrained in monthly
seminars and workshops. The CASE program op-
erates a Saturday school called First Light in
which thirty students from the DCPS engage in
weekly science activities, trips, and special sum-
mer programs. The school provides science en-
richment for children who have little or no science
education in their elementary classrooms. The
FAME lesson plans will be evaluated in the First
Light School. Visits to the USNO and interaction
with FAME projects scientists will be included in
the First Light School’s FAME-themed work-
shops. CASE anticipates that lesson plans (minus
the real mission data) will be available for use in
the First Light School before launch so that stu-
dents will be able to visit the mission control cen-
ter during the height of activity surrounding the

launch date. School districts surrounding Wash-
ington, D.C. have also expressed interest in receiv-
ing the lesson plans and participating in an interac-
tive program with the FAME scientists. Teachers
from these schools serve as CASE regional repre-
sentatives and receive lesson plans to integrate into
their curriculum. Alexandria, VA public schools
(ACPS) pilot the FAME lesson plans. The ACPS
has a very diverse student body, comprising stu-
dents of many nationalities. Network Resource
Teachers, educators with amateur astronomy back-
grounds, assist the students and teachers in the in-
teractive program with FAME scientists at USNO.
They plan to use CU-See Me cameras via the In-
ternet to converse with the FAME scientists
throughout the mission and to present the results
from their FAME activities for critiquing.

g. Developing and maintaining a FAME
E/PO web site. A FAME educational web site at
the USNO links the E/PO program components. A
webmaster will develop the site and maintain it for
5 years. The web site conveys mission updates, an-
nouncements for related outreach activities (con-
ference presentations, scheduled workshops, plan-
etarium shows), program evaluation, and the web-
based lesson-plan components. The webmaster as-
sists the CASE staff to create the interactive por-
tion of the lesson plans and plays a key role in de-
veloping the analysis software.

3.1.4 Evaluation Plan. The FAME PI will appoint
an E/PO Advisory Board comprising local teach-
ers, FAME scientists, and representatives from
CASE and the SED who evaluate their program.
Teachers and students using FAME educational
materials will be polled to evaluate program effec-
tiveness, independent of the CASE and the SED
evaluation structure. Web-based forms are used.
The E/PO Advisory Board will convene at least
three times during the project, creating a dialog
between each of the E/PO program components
and the teachers using the material. The SED will
select an outside evaluator to direct their program
assessment and build on their protocols. New pro-
grams (planetarium) and materials (modules and
activities) will be piloted, revised, and field-tested.
In turn, they build on existing SED pre- and post-
tests to develop brief, age-appropriate measures
used in conjunction with the small planetarium
modules and the workshops. The SED proposes to
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use the interactive system at some large planetaria
to obtain viewer responses to several summary
questions at the end of the show. CASE plans to
test the effectiveness of the lesson plans in their
First Light schools before the in-service teacher
training at their Summer Institute. CASE also
plans to field-test the implementation of the lesson
plans in the DCPS.

3.2 Public Awareness.

3.2.1 Media Relations. The USNO Public Affairs
Office (PAO) coordinates FAME and related US-
NO public awareness/media relations. They issue
national press releases and coordinate issuing
press releases in the localities of the principal col-
laborating institutions, corporation, and science
team members. The local press releases highlight
the participation of the local institution. Table 3-2
lists the public affairs officers who develop and is-
sue the press releases. Press releases are published
on the FAME web site and the public affairs web
sites of the participating institutions, and are dis-
tributed to the media and public via e-mail distri-
bution systems and the postal service. Table 3-3
provides a partial list of press release distribution
services. Press conferences are held for major pro-
gram events, including launch. NASA officials
(MIDEX PM, the Origins and SEU Theme Direc-
tors, Chief Scientist, and the Administrator) are in-
vited to participate in press conferences.

Table 3-2. FAME PAO Officers
Org Name

email/phone

grc@usno.navy.mil
(202) 762-1438

lloyd@ccf.nrl.navy.mil

USNO Geoff Chester

NRL Maria Lloyd (202) 767-2541
: pubaffairs@cfa.harvard.edu

SAO Jim Cornell (617) 495-7462

LMMS Buddy Nelson (510) 797-0349

buddy1 @home.com

Table 3-3. Press Distribution Services

Org Name email/phone
NASA Science linda.por-

News Linda Porter ter@msfc.nasa.gov
(NASA MSFC) (256) 544-7588

Space Science

3.2.2 Public Outreach. The FAME website (ht-
tp://www.usno.navy.mil/fame) disseminates infor-
mation about the status of FAME and serve as a
portal to access the FAME data products. This web
site is updated and maintained to inform the public
about the progress of FAME in answering funda-
mental astrophysical questions.

O USNO conducts regularly scheduled public
tours highlighting the relevance of positional as-
tronomy and the Observatory’s historical role in
providing accurate astrometric positions during
the past 170 years. FAME’s SOC, located at US-
NO and FAME-related materials will be featured
on the public tours.

O LMMS ATC maintains an ongoing commit-
ment to educational outreach that involves schools,
museums, articles in major magazines and popular
science journals, local and national radio and TV
programs, and the Internet. More than 250,000
posters and 300 different videos were distributed
free to schools, universities and the public. LMMS
ATC continues to support E/PO through its student
work experience program; summer undergraduate
hire program; industry initiatives for science and
math education; California partnership academies;
and mathematics, engineering, and science
achievement program.

3.3 SB/SDB Subcontracting Plan. The FAME
development team is committed to exceeding
NASA’s goal of 8% for SB/SDB subcontracting.
During Phase B, we will work with NRL and US-
NO’s Business Office to identify and maintain ad-
ditional contracting options to meet these goals.

O USNO employs an aggressive program using
SB/SDB in subcontracting and procurement ac-
tions. More than 25% of USNO contracts in FY97
were awarded to SB/SDB and these included
women-owned businesses, historically black col-
leges and universities, and minority institutions.
Because a vital SB/SDB program is a primary
NASA goal for the investigation, a designated US-
NO Business Manager administers the SB/SDB
program, and the PI approves it. Both are jointly
responsible to assess and supervise the acquisition
program and to establish SB/SDB subcontracting
goals that satisfy NASA guidelines. Detailed
records are maintained concerning SB/SDB sub-
contracting and these are available for NASA re-
view (Table 3-4).

News (NASA HQ) Craig Tupper dtupper@hqg.nasa.gov
NASA GSFC’s -
Office of Public stomiam | (301) 286-5017
Affairs 9
hrsma-
AAS Steve Maran ran@stars.gsfc.nasa.gov
(301) 286-5154
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Table 3-4. SB/SDB Subcontracting Records

= Documentation of USNO and key subcontractor SB/SDB out-
reach activities, including participation in SB/SDB programs, and
source search activity.

= Documentation of industrial contracts and their subcontracts for
awards in excess of $100,000, indicating whether or not SB/SDB
concerns were solicited and the reason for the award not being
made to a SB/SDB.

= Documentation of acquisitions and demonstration of compliance
with SB/SDB procedures and performance.

= Documentation of workshops, guidance, and training given
acquisition personnel regarding SB/SDB use.

O NRL, our major governmental participant, sets
goals for awarding contracts to women-owned
businesses, SB/SDBs, and historically black col-
leges and universities. Table 3-5 compares NRL’s
FY97 goals and achievements. Although some of
these categories overlap, the results clearly exceed
NASA’s 8% target goal.

Table 3-5. NRLl’s SB/SDB Goals

% of Contracts Awarded Goal (%) | Achieved (%)
Women-owned business 3.4 5.3
SB/SDB (minority-owned) 7.5 7.9
Historically Black Colleges, Uni- 5.0 4.0
versities, and Institutions

O LMMS ATC, our major industry participant,
has an outstanding record meeting SB/SDB goals.
For example, LMMS won the 1996 Defense Lo-
gistics Agency and Small Business Administration
“Outstanding Program Award.” In 1997, LMMS
awarded 15% of its subcontracts under NASA
prime contracts to SDBs. LMMS was recently
named “Corporation of the Year” by the Industry
Council for Small Business Development.

3.4 New Technology. FAME uses older technolo-
gies in new ways and introduces new technologies
into the space mission arena.

3 Solar Torque: Our innovative use of solar radi-
ation pressure provides smooth precession of the
rotation axis. This avoids frequent thruster burns
that degrade mission accuracy by enlarging and
complicating the model used to analyze the data.
While this method does not eliminate the need for

occasional thruster burns to reinitialize the S/C’s
attitude and rotation, it does minimize the burn fre-
quency. If solar radiation pressure varies or fails to
provide the desired precession, thruster burns can
be made more frequently. This “fallback™ ap-
proach interrupts the total data acquisition cycle
and reduces the extended mission duration (due to
consumable sizing), but it still allows the baseline
2 1/2 year mission to be accomplished.

O Astrometry Using CCD Focal Plane Arrays:
FAME uses an array of 24 CCDs for mission as-
trometry and photometry. This is a much larger ar-
ray than previous flown. HST used small space-
qualified arrays and the SDSS used larger ground-
based arrays. USNO has substantial experience
with both applications, including engineering for
the SDSS array and for a smaller array designed
for astrometry and photometry at USNO’s Flag-
staff Station.

FAME is pushing the levels of astrometric ac-
curacy achievable with CCDs and with the space-
flight application of time delay integration (TDI).
Ongoing USNO and LMMS ATC laboratory tests
will verify that the combination of point spread
functions, CCD architecture, integration time, and
readout electronics provide the required precision
for this mission. These same laboratory test results
will refine the mission error budget and establish
that the total system error budget will be achiev-
able with the promised accuracy. Additionally, the
current error budget has margin providing addi-
tional confidence of achieving the promised accu-
racy.

For the first time, FAME will perform astrome-
try at the microarcsecond level of accuracy, requir-
ing development of refined theories and algo-
rithms. These same developments are required for
the SIM project. FAME serves as a “pathfinder” to
test new methods and identify required improve-
ments.
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4. Technical Approach

4.1 Flow Down of Science Requirements. The
primary science requirements of the FAME mis-
sion are listed in Table 4-1. To achieve these
requirements, the FAME team will build, launch,
and operate an astrometric survey instrument that
incorporates the basic measurements strategy of
the successful Hipparcos mission. However, the
FAME instrument employs a high-sensitivity CCD
focal plane array to make measurements on stars
brighter than 15th magnitude, uses proven but
state-of-the-art fabrication techniques and thermal
control to measure star position to <50 pas for m,
<9, and employs on-board computing and bulk
memory to perform these measurements on a cata-
log of 40,000,000 stars. The FAME S/C uses solar
radiation pressure to produce the precession of the
spin axis, which is required to continuously map
the sky. This innovative use of solar pressure
allows long periods of data acquisition, uninter-
rupted by discrete attitude maneuvers. The geo-
synchronous FAME orbit provides continuous
data downlink using a single ground station and
minimizes disturbances caused by gravity gradi-
ent, magnetic field, and eclipses. FAME measure-
ments that satisfy the science requirements and the
requirements for the instrument, spacecraft (S/C),
and orbit to support these measurements are sum-
marized in Table 4-1. The following sections dis-
cuss the mission design, S/C, and instrument.

4.1.1 Mission Design. The FAME mission was
developed to satisfy the science and system design
parameters. Previous work identified a simple, yet
powerful, mission concept. As with Hipparcos,
only one passive observation mode is required to
collect data. For FAME, under normal observing,
no active attitude compensation in required. Addi-
tional features include the following:

O The S/C collects power from fixed Solar Ar-
rays (S/A), which also serve as a thermal shield for
the science instrument and provide a means to har-
ness solar pressure for spin axis precession. Bat-
teries supply power during eclipses.

O Redundancy in selected subsystems, including
solar precession, minimizes overall mission risk.

O The S/C is positioned at GEO to minimize the
effects of gravitational and magnetic torques and
to maintain a continuous data downlink capability.

Table 4-1. Science Requirements Flow Down

Science FAME Technical Requirements
Requirements | Measurements Instrument s/C
Absolute paral-
Calibration of |laxes to 50 uas
Absolute Lumi- | (wide angle
nosities astrometry); pho-
tometry at m, <10
Proper motions to
B%%ﬂit';gzss 500 pas @ m, = |= Collecting area
15 0.6x0.25m
: = Two fields of Rotation
Accurate posi- view separated by | period 40
Survey for }g{;ssetlg%gi:; 81.5° min. with a
glgnt Planets proper motions E) 9CCD QE (0.4 tc]Jc 20 day pre-
oroun | fnominean, 50 | ) aversge o | ceseion
(e} .
ugggr over 2.5 = 07.206/pixel for | Rotation
y 15um pixel rate varia-
Parallaxes; = ~1000 observa- | tions less
Egr%eaytigrt\ar proper motions; | tions of 1 mas than 1
Reaions within |Photometry to m, | accuracy needed |mas/s
A KgPC Stthe | =15 mag with to achieve 50 pas
Sun accuracies listed |accuracy
in Table 4-56
Observations
over max time
1C§gaslct>agrgf 40x period with accu-
racies listed in
Table 4-56
e avecio |2 Collcting aea | Potaione
Cpsenalonsi . |+ Soanfiers | T M
Photomeetry of |bration to 1 milli- single meagure- cession
XIS s SR aran (et 00070 | ROy
mag.; CCD flat e P : period vari-
fielding monitor; stagcﬂ?drsatlon Via | ations 40
CCD degradation mas/s

The launch vehicle (L/V) places the FAME S/C
into a Geosynchronous Transfer Orbit (GTO) with
apogee 300 km above GEO altitude. The S/C uses
its Apogee Kick Motor (AKM) to circularize the
orbit, then disposes of the spent AKM casing at the
super-synchronous disposal altitude. On-board
propulsion trims the orbit to the desired GEO alti-
tude for the science operations phase and moves
the S/C back to the super-synchronous disposal
orbit at the end of the mission. In addition to the
primary command, control, and communications
site at Blossom Point (BP) MD, the DSN sites at
Madrid, Goldstone, and Canberra are baselined for
the 2.5 days of GTO operations. After circulariza-
tion, BP is the only required downlink site.

4.1.2 Mission Phases. Table 4-2 and Foldout 2,
Figure A define FAME’s mission phases. Table 4-3
details the mission’s sequence of events and time-
line. Foldout 2, Figure C shows the orbit geometry.

4.1.2.1 Nominal Launch Window. The Design
Reference Mission (DRM) indicates a baselined
launch date of 7/21/2003. The time of day and
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Table 4-2. Mission Phases

Phase Description
Launch From booster lift-off to S/C separation from
Third Stage (~1600 seconds).
G%’asr}’sr}gt"of’pgﬁ‘s S/C Separation to AKM firing (<2.5 days).
Supersynchronous | AKM firing to final orbit slot and operational
Orbit attitude (8 Days).

EE&C and instrument commissioning to the
end of Operational Life (2.5 years for Baseline
NASA mission with an option for a 2.5 year
extended mission).

Science Operation

Following the Operational Phase, the S/C is
boosted 300 km above GEO altitude into a
disposal orbit.

Disposal

Table 4-3. Mission Sequences and Timeline

the S/C separates from the L/V. No ground station
contacts are required during this phase.

4.1.2.3 GTO Phase. This phase starts with S/C
separation from the third stage and is completed
with the firing of the AKM 2.5 days later. After
separation, the S/C controller enables a 10 minute
timer to allow a safe distance before maneuvering.
After timeout, the S/C controller powers the star
trackers and IMUs and initiates Sun acquisition.
The S/C aligns its -Y axis to the sunline to maxi-
mize the S/A power output. Six S/A panels are
exposed when the arrays are stowed, three of
which are used to maintain a positive energy bal-
ance. RF downlink communications are main-
tained at a low data rate (800 b/s). The S/C stays in
this 10.6 hour GTO orbit for 5.5 revolutions
around the Earth. Foldout 2, Figure F details the
ground track from Launch through the Orbit Trim
Phase. Table 4-4 lists the early on-orbit events.

Table 4-4. Early On-Orbit Events

The DSN ground station at Madrid is baselined for the first
orbit. It has a 10 hour view of the S/C. Initial S/C State of
Health (SOH) is verified and state vector information is col-
lected via active ranging.

Rev 0

The DSN ground station at Goldstone is the primary site
for this 10 hour rev with a hand-off to BP at the end. Addi-
tional orbit information and SOH is verified during this
pass. An Apogee Trim Maneuver (ATM) burn schedule is
uploaded on this pass to trim the L/V apogee injection
errors. The ATM will be performed at perigee during the
end of Rev 1.

Rev 1

The DSN ground station at Canberra is baselined for this
Rev 2 |pass. Itis shorter (6.5 hours) and will be used to verify the
orbit and SOH after the trim maneuver.

BP is the primary site for this pass and has a 10 hour con-
tact time. The S/C will be uploaded with the scripted activi-
ties to plan the AKM on Rev 5. The load will be verified, as
will the SOH of the subsystems.

Rev 3

Mission Sequence and Events Duration
Ascent and GTO Injection into a185x36086 km orbit @ L+27 Min-
launch and third-stage injection, separation, and Sun utes
acquisition
Geosynchronous Operations
T=L + 27 minutes; Separation from third stage
T=Separation+10 minutes; Activation of S/C
T= Activation; Power Star Trackers/IMUs L + 27 min-
T= Activation + 5 minutes; Slew to Initial Attitude utes to L+2
T= A + 21 hours; Apogee Trim Maneuver 1/2 days
T= A + 2.25 days; Initiate AKM Prep. (Slew, Spin up)
T= A + 2.5 days; Fire AKM
Initial Checkout of S/C Subsystems Throughout
Supersynchronous Operations
T= AKM + 5 minutes; Spin down, Slew to Sun L42 1/2
T= AKM + 4 Days; Deploy Sun Shield, Release AKM davs to
T= AKM + 4 Days to + 8 Days; Initial trim of Solar Pre- L+1y0 1/2
cession, Trim Mass correction, State of Health Check- Davs
out Y
T=AKM + 8 Days; Lower orbit to GEO
S/C Outgassing, P/L Electrical Checks, S/C Calibration L5a1yos 1(/)2
and Performance Verification, and Dynamic Balance L+30 Days
Open FAME Sensor Protective Covers; Conduct
Instrument Tests and Calibrations; Commission Instru- | L+31 Day
ment
Complete EE&C; Hand Over of Routine Flight Ops to L;)SE +?18y
FAME Flight Ops Crew Days
Funded 30 Month MO&DA; Science Ops, Science L*t'glfsags
Algorithm Validation Mo

window for the launch will be selected to mini-
mize the duration of the eclipses during the base-
line mission.

4.1.2.2 Launch Phase. This phase starts with first
motion and is complete with separation of the S/C
from the Delta’s Star-48 third stage. The S/C con-
troller, Sun sensor, receivers, and power control
and distribution electronics (PCDE) are powered
during this phase. The S/C controller is pre-loaded
with an event list that is activated by third-stage
separation. All solar array (S/A) panels are stowed
during launch. The S/C Ordnance Control System
(OCS) is “safed” and cannot be armed until after

The DSN ground station at Canberra is baselined for this
pass. This pass will be used as a backup if other activities
Rev 4 | preclude the AKM script load on Rev 4. If everything is on
schedule, the pass will be used to monitor SOH and orbit
information.

NRLs BP Satellite Tracking Facility is the primary site for
Rev 5+ | this pass and actively monitors the AKM firing. The S/C is

in continuous view of BP for the remainder of the mission.

4.1.2.4 Supersynchronous Orbit Phase. This

phase starts with the AKM firing on 7/23/2003,
and is completed after the S/C is placed into the
GEO slot eight days later. The S/C’s AKM is fired
at apogee on Rev 5 at a longitude of ~57° west.
The sequence of events for the burn consists of: (i)
slew to the desired burn attitude, (ii) spin the S/C
to 60 RPM, (iii) begin active nutation control to
dampen nutation, (iv) fire the AKM, (v) despin the
S/C, and (vi) slew to initial acquisition attitude
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with the Sun on the -Y side of the S/C. At this
point the S/C is in a super-synchronous orbit with
a drift of approximately 3.8° per day to the west.
Over the next 4 days, the following activities are
performed: (i) slew the S/C to operational attitude
with the Sun 45° from the -Z axis, (ii) eject the
SRM casing, (iii) deploy the S/A/Sun shield, (iv)
deploy the omni antenna, and (v) spin the S/C to
40 minutes per revolution. At this point the S/C
can begin to be coarse trimmed for solar preces-
sion, and the high data rate mode of the RF com-
munication system can be verified. Upon arriving
at 88° west longitude, the S/C performs two burns,
one to lower the perigee 300 km, the other 12
hours later to lower the apogee. At this point, the
S/C 1s transitioned to the science operations phase.

4.1.2.5 Science Operations Phase. This phase
starts with the S/C located at its GEO slot on
7/31/2003 and is completed after the S/C is placed
into a disposal orbit. NRL’s BP is the only ground
antenna site required for science operations. The
S/C checkout lasts for 20 days before powering on
and operating the instrument. The instrument cov-
ers are left in place until operation commences.
Once operation commences, the solar precession
trim tabs are positioned to trim the precession rate
and the trim masses are moved to align the spin
axis of the S/C with the geometric axis. Once tran-
sitioned to science operations, the attitude control
system on the S/C is effectively “disabled” and is
in monitor only mode. In this mode, the star track-
ers and IMUs are active and process information
for use by the instrument, but are not required to
actively control the attitude of the S/C. No North-
South stationkeeping maneuvers are required.
Every 6-8 weeks, an East-West stationkeeping
maneuver is planned to counteract the nominal
orbit drift. The instrument does not accrue data for
6 to 8 hours during orbit repositioning.

4.1.2.6 Disposal Orbit Phase. When the baseline
and extended missions are complete (nominally 5
years), the S/C is placed in a disposal orbit 300 km
above GEO altitude. This is performed as a set of
thruster burns; one to raise apogee by 300 km and
the other 12 hours later to raise perigee. If
required, the S/C can be operated upon completion
of these burns to collect data.

4.1.3 Launch Vehicle and Trajectories. The L/V
chosen for this mission is the Delta 7425, which

includes the Star-48 third stage. The Delta 7425
launches from Cape Canaveral and can boost 1132
kg to GTO at 28.7° inclination.

4.1.3.1 Selection Rationale. The Delta 7425 was
chosen because of the mass required to be placed
in GTO. The current FAME mass of 1031 kg
includes margin in each of the subsystems based
on unit heritage. This leaves an additional 101 kg
of margin at the system level due to the 1132 kg
throw weight of the Delta 7425.

4.1.3.2 Nominal Trajectory Design.

O Eclipse Issues: Preliminary orbital analysis in-
dicates eclipses lasting <20 minutes during the
GTO phase. (The S/C battery is sized to handle op-
erational eclipses of >70 minutes.) Once leaving
GTO, the eclipse season does not begin until
9/6/2003 except for a single lunar penumbra of 61
minutes on 8/28/2003. The first eclipse season will
end on 9/28/2003. The next eclipse season starts
about 3/1/2004. The duration for this eclipse sea-
son and all following eclipse seasons is 3.3 weeks.
O Insertion Errors: The orbital insertion (3 sig-
ma) at the end of the launch phase is anticipated to
be 185 +6 km (perigee) and 36,086 £1000 km
(apogee). The apogee uncertainty is trimmed by
the S/C’s on-board propulsion system.

4.1.3.3 Orbit Characteristics. The orbit chosen
for this mission is GEO altitude with an inclination
of 28.7° and a location of 88° west longitude. The
NASA-GSFC recommended this orbital slot
because it was available and least likely to inter-
fere with adjacent S/C. The inclination results
from the launch site location. To maximize the
throw weight to orbit and because a limited motion
tracking antenna is proposed, inclination or incli-
nation errors need not be removed.

4.1.3.4 Mission Timelines. Table 4-3 describes
the mission timeline. Operations begin after posi-
tioning the S/C at the GEO slot of 88° west, per-
forming the S/C and instrument SOH checks, and
waiting for the S/C hardware to complete outgas-
sing (nominally 30 days). The normal mode of
operations is to position the S/C -Z axis 45° to the
Sun and spin to one revolution per 40 minutes. The
S/C star tracker and IMU are used to determine the
vehicle attitude with time. The S/C bus sends the
attitude updates to the instrument electronics via
the 1553 bus. The instrument uses this information
(position and spin rate) and its on-board star cata-
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log to initiate an acquisition mode. After initial
acquisition, the instrument derives spin rate and
position information internally. The S/C will con-
tinue to monitor attitude and rate information but
does so transparent to the normal operations.
Because the S/C is in continuous view of BP, the
S/C SOH is continually monitored. Normal opera-
tions permit a daily load file to transmit updates to
the on-board star catalog, and correct for clock
drift. Key telemetry is alarmed to indicate red and
yellow limits. Stationkeeping maneuvers are
planned well in advance so that all parties are
aware of the impacts and potential outages.

4.1.3.5 Orbit Determination. The OD process is
driven by the science requirement for post-pro-
cessed velocity knowledge accuracy of 1 cm/sec to
correct for velocity aberration. Special processing
is required because conventional products have
insufficient fidelity. For typical GEO satellites, the
expected Space Surveillance Network (SSN) accu-
racy is ~60-70 cm/sec (largely driven by modeling
errors). Additional post-processing of these prod-
ucts with other data can achieve only ~20-40
cm/sec. To meet FAME requirements, both range
and range rate must be used. FAME will acquire
near-continuous range and range rate data from the
BP ground station. The S/C transponder is nomi-
nally operated in the coherent mode, and the
downlink carrier frequency provides S/C ranging
information. The carrier frequency is always avail-
able during downlink transmission, and its pres-
ence is not dependent on downlink data-rate. The
down-converted carrier frequency information is
processed by the ground receiver and routed to the
Carrier Doppler Measurement Systems (CDMS)
described in Section 4.7. This system is operated
continuously and creates doppler data files for pro-
cessing. By combining doppler and SSN data, the
velocity knowledge requirement of 1 cm/sec is
met. The range rate data are processed using a
polynomial-fitting algorithm to minimize mea-
surement noise and to desample the data from the
planned 1 Hz gathering rate. Data processing uses
the GEODYN orbit model. Preliminary analysis
indicates that SSN and BP CDMS data are suffi-
cient to obtain the desired knowledge of FAME’s
orbit within 1 to 2 weeks of receipt.

4.1.4 Communications Networks. FAME’s data
network uses BP; a Science Operations Center

(SOC) located at USNO, and data distribution
links via the Internet with Co-Is and the public.
During GTO operations (2 1/2 days), FAME uses
NASA’s DSN in addition to BP. FAME complies
with CCSDS Advanced Orbiting System and Tele-
commanding Standards. Commercially available
communication protocols (e.g., TCP/IP, FTP, and
NES) are used to transfer the data from the BP to
the SOC. The processed data products are present-
ed via the Internet in Astro-XML format.

4.1.5 Summary Trade Studies. A number of
trade studies and concept designs were conducted
during the CSR, as shown in Table 4-5.

Table 4-5. Summary Trade Studies

= Optical design focal length, FOV, spin rate,

= Optical system manufacturability,

= Focal plane assembly design optimization,

= Input catalog vs. threshold readout,

= Science data compression and formatting studies,
= CCD studies and centroiding test,

= Photometric filter selection,

= Thermal control for optical systems,

= Solar radiation precession analysis,

=  Orbit selection vs. communication rate,

= Ground station operation design,

= S/C location with respect to ground station location,
= Project cost analysis, and

= Risk analysis.

4.1.5.1 Planned Mission Design Trade Studies.

O Alternative Orbits: Elimination of E-W sta-
tionkeeping is desired to reduce propulsion re-
quirements and to allow continuous stellar map-
ping. A preliminary orbit analysis was performed
that allowed for the annual E-W drift and main-
tained a minimum of 250 km separation from oth-
er GEO S/C. Further work is required to verify that
no other interference conditions exist. To mini-
mize/eliminate stationkeeping requirement, non-
circular orbits that meet our mission profile were
examined. The most promising candidate is a GEO
into which FAME would be inserted from the su-
persynchronous phasing orbit by a single perigee-
lowering maneuver in lieu of perigee and apogee
lowering maneuvers. This alternate plan would
simply lower perigee by 600 km, resulting in an
orbit with an eccentricity of 0.007 and an argu-
ment of perigee of 352.5°. This puts the perigee at
an altitude below other GEO satellites and avoids
possible collisions. The resulting orbit has a first
order perigee rotation rate of approximately
7°/year and results in a minimum of 285 km sepa-
ration from other GEO S/C for 5 years. During this
time, no E-W stationkeeping maneuvers are per-
formed, allowing the LAN to drift freely. The
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baselined ground station antenna can provide cov-
erage over the mission life. Activities covered un-
der Phase B include: (i) communications interfer-
ence, (i1) analysis of luni-solar effects, and (iii)
perturbations to orbit altitude.

O Secondary Experiments: The current system
includes mass uncertainty at the subsystem level
and mass margin at the system level. As the pro-
gram progresses, it is anticipated that the ability to
add secondary experiments to the system can be
addressed. These experiments could be: (i) ejected
by the L/V into GTO orbit, (ii) ejected with the
S/C AKM in supersynchronous orbit (similar to
the Clementine Interstage Flight Experiment), or
(ii1) kept with the S/C in GEO.

4.1.6 Top-Level Mission Requirements. Table 4-
6 lists the requirements, constraints, and environ-
ments having the greatest impact on the mission.

4.2 Spacecraft Bus and Payload Systems.

4.2.1 System Description. The FAME S/C con-
sists of a S/C bus and a single instrument sub-
system. A detailed block diagram of the S/C is pre-
sented on Foldout 3, Figure A. The primary
requirements of the instrument are to measure the
positions, proper motions, parallaxes, and photom-
etry of stars as faint as 15th magnitude. The prima-
ry requirements of the S/C Bus are to place the
instrument in the proper orbit, provide a long-term
stable platform for the instrument, and collect and
forward the science data to the Ground Network.

O To allow the instrument to be put in the proper
orbit, the S/C bus was designed with a central
thrust tube and structure to accommodate an Apo-
gee Kick Motor and a hydrazine propulsion sys-
tem. Trades were conducted to determine whether
to eject the AKM or keep it for the duration of the
mission. The decision to keep the AKM was re-
jected due to uncertainty in balance after firing.
Ejecting the AKM in the disposal orbit enables the
S/C to be accurately balanced on the ground and
trimmed with balance masses on-orbit to achieve
the spin axis alignment requirements. The hydra-
zine propulsion system was selected after analyz-
ing the performance and complexity of various op-
tions, including cold gas and bi-propellants. Hy-
drazine offers higher performance and a simpler
design.

O All actively moving components were elimi-
nated. No reaction wheels are employed in the sys-

Table 4-6. Top-Level Mission Requirements

Requirement

DRM Derived Parameter

= 2 1/2 years (Baseline Mission)
= 5 year extended mission (consum-
ables for 5 years)

27.7 Gbits per day

2 x 1 m cylinder
229 kg
269 W

Class 100,000 until Instrument I&T;
Class 10,000 thereafter

Mission Life:

Science Data Volume

Science Instrument
(siwlp)

Instrument Cleanliness

Maximum S/C Mass to

Orbit 1132 kg (NASA Guidelines)

Geosynchronous at 28.7 deg inclina-
tion, 88° West longitude, inclination with
respect to ecliptic >45°

Required Orbit

Navigation Knowledge 1 cm/sec

Comm Contacts per Day | Continuous (24 hour downlink)

Onboard Time Mainte-

nance S/C time 1 msec/day

= Single ground station with high
Mission Operations Con- |degree of autonomy

cept = Close cooperation between MOC
and SOC

Launch Date = 2003 (AO Guidelines)

Radiation (total dose per 2.5 krads (5.08 mm)

year)
Launch Loads:
Acceleration = 6.5 g axial, +3.5 g lateral
Acoustic = 130dB @ 250 Hz
Shock = 4100 g @ 1500 Hz
= Range requirements (radiated sus-
EMI ceptibility)

= Self compatibility

tem design, and Ring Laser Gyros were eliminated
due to the internal dither mechanism. The S/C bus
thermal design and operations modes maintain
constant power and temperatures to eliminate
structural expansion/contraction. Passive damping
satisfies the instrument’s low jitter requirements.

O The S/C bus accommodates the instrument,
collects mission data, and transmits instrument da-
ta to the ground network. To provide the instru-
ment with initial acquisition information (S/C atti-
tude and roll rate) the S/C bus employs star track-
ers and Inertial Measurement Units (IMUs). After
initial instrument acquisition, the S/C bus collects,
buffers, formats for downlink and transmits the in-
strument data to the ground network. The vehicle
attitude and SOH are continually monitored for
nominal conditions.

(O The Instrument Subsystem is mounted to the
S/C bus with three point flexures. These flexures
are shimmed at assembly to align the instrument
properly to a geometric reference mirror on the
S/C bus. The instrument deck is thermally isolated
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from the S/C and the interface (I/F) points are ther-
mally controlled.

4.2.2 Design Approach. The system and compo-
nents for the FAME mission were chosen to maxi-
mize the use of current space technologies to
reduce overall system risk. Those technologies are
either baselined for current space missions or have
already flown. The S/C bus uses existing compo-
nents/subsystems and repackaging of existing
designs. The instrument maximizes proven, state-
of-the-art technologies used for current space-
borne optical systems.

A preliminary risk analysis has been performed
to identify and to mitigate the highest risks.
Redundancy in many of the subsystems also
reduces overall risk. The following subsystems
include redundancy: star trackers, inertial mea-
surement units, transponders, solid state power
amplifiers, battery (extra CPV), portions of the
CT&DH (uplink/downlink module, ACS/RCS
module, power converters, oscillators), and the
instrument processing elements. Additionally, the
hydrazine system is planned for use as a backup to
the solar precession, and propellant has been bud-
geted for this use.

4.2.3 Spacecraft Overview.

4.2.3.1 Instrument. Section 4.4 provides an
extensive instrument description, including infor-
mation on size, mass, and power requirements, and
fields-of-view (FOV), pointing, and stability
needs. To accommodate the instrument baseline, a
50% power margin and 20% mass margin is
included in the Power and Mass Budgets.

4.2.3.2 Spacecraft Bus. Section 4.3 describes in
detail the S/C bus subsystems. The S/C bus com-
prises the following: ADCS, EPS, RF, CT&DH,
FSW, thermal, structures, mechanisms, propul-
sion, and S/C integration and test. Because the S/C
bus uses many “off-the-shelf” components, a 25%
power margin was applied. The mass margins vary
between 5% and 20% depending on the heritage of
each of the components; off-the-shelf components
received a mass margin of 5% while derivations of
existing designs received margins of 20%. (A 25%
margin was applied to the propellant budget at the
subsystem level.)

4.2.3.3 Flight Software Overview. The S/C bus
FSW is described in detail in section 4.3.6. FSW
provides the required S/C bus functionality and is

derived from a requirements flow-down from other
S/C subsystems. Maximum S/W re-use is planned
from other NRL programs, including Clementine,
MPTB and NEMO. The RAD6000 provides ample
margins on processor and memory requirements.
The FSW requirements are established during
Phase B, and parsed into functional units with
defined inputs and outputs. New code is written in
the Solaris environment under VxWorks. A S/W
development test bed is established using “brass-
board” hardware and I/F simulators to provide ear-
ly and quick verification of S/W functionality and
I/Fs.

4.2.3.4 Integration. The integration approach is
similar to that employed on the Clementine pro-
gram. The FAME S/C integration is further simpli-
fied by focusing all electronics hardware on two
decks; a single electronics deck on the S/C bus,
and the instrument deck. I/Fs between the instru-
ment and the S/C have been simplified with maxi-
mum use of standard buses and minimum wire
count. The S/C bus integration begins with a
mockup of the electronics deck used for flight har-
ness fabrication. As the brassboard Engineering
Model (EM) hardware becomes available, it is
integrated on this deck. This allows I/Fs, harness,
flight and ground S/W, test procedures, and test
equipment to be verified without jeopardizing the
flight hardware. At the appropriate time, the har-
ness is transferred to the flight structure and the
EM units are replaced with flight units. I/F simula-
tors of both the instrument and S/C bus are manu-
factured and tested to reduce risk when the flight
instrument is integrated to the S/C bus.

4.2.4 Flight Heritage. Foldout 3, Table A pro-
vides an Equipment Manifest detailing the mass,
mass margins, suppliers, and heritage of the equip-
ment chosen for this program. The criteria used to
chose the equipment consists of: (i) requirements,
(i1) heritage, (ii1) cost, and (iv) mass. More than
70% of the hardware chosen for this mission has
design heritage.

4.3 Spacecraft Bus Subsystems.

4.3.1 Spacecraft Bus Overview. The primary
requirements of the S/C bus are to place the instru-
ment in the proper orbit, provide a long-term sta-
ble platform for the instrument, and collect and
forward the science data to the Ground Network.
Table 4-7 lists the top-level S/C bus requirements.
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Detailed descriptions of each subsystem are pro-
vided in Sections 4.3.2 through 4.3.10.

4.3.2 Attitude Determination and Control Sys-
tem (ADCS). The ADCS acquires a safe orienta-
tion after initial separation, orients the spin axis
for perigee raising, and maintains pointing during
AKM firing. Subsequently, it re-orients the S/C for
all orbit trim and stationkeeping maneuvers, as
well as any safe hold operations. The ADCS prin-
cipal function is to generate the critical scan
motion required by the FAME instrument to per-
form its star mapping mission. Figure 4-1 presents
a top-level ADCS block diagram. Independent
review confirmed the viability of using solar radia-
tion pressure (Figure 4-2).

4.3.2.1 Characteristics and Requirements.

O General Requirements: Stringent motion re-
quirements (Table 4-8) to perform stellar mapping
have been developed to: (i) prevent star image
smearing, (i) maintain at least 30% overlap be-
tween adjacent great circle scans, and (iii) provide
the desired spin and precession rates. Other mis-
sion phase requirements are well within conven-
tional capabilities. AKM firing at 60 rpm requires
initial spin axis pointing to +1 deg accuracy. A
static Sun sensor provides 2-axis attitude knowl-
edge well within the £0.5 deg requirement for all
other non-science modes.

O System Design Trades: Early trade studies
eliminated both magnetic torques and reaction
wheels as candidate control actuators to support
star mapping requirements. Magnetic torquers for
spin change, precession, and disturbance rejection
at GEO altitudes grew unacceptably large, and
wheels exceeded the FAME instrument’s low vi-
bration and jitter requirements. The choice re-
duced to using active thruster control for generat-
ing scan motion, or utilizing a passive technique
wherein solar radiation pressure is employed to
precess the momentum vector during stellar map-
ping. During stellar mapping, the S/C rotates about
its principal MOI axis with a period of 40 minutes.
In this mode, the angular momentum axis precess-
es about the sunline describing a cone with a ~45°
half-angle. The precession period is 20 days in du-
ration, and the cone slowly follows the Sun as it
traverses the ecliptic. This motion can be achieved
by either active or passive means by: (i) incremen-
tally slewing the momentum vector along the de-

sired trajectory using thrusters, or (ii) continually
providing a net solar torque normal to the plane of
the momentum and sunlines. We chose the latter
approach because it provides a decidedly smoother
motion. Thrusters serve as the primary actuators
during all other S/C phases, and these same thrust-
ers provide a low-risk alternate back-up capability
for precession.

[ Overview of Attitude Control Modes: Six con-
trol modes support all mission phases: inertial
pointing; Sun pointing; safehold; active nutation
control (ANC); open loop burn; and standby. Table
4-9 summarizes each control mode, along with
supporting information.

o [nertial Pointing: This mode points S/C in in-
ertial space as commanded by ground. Orientation
1s maintained with thrusters activated, or allowed
to drift at prescribed motion for stellar mapping.

o Sun Pointing: This mode points Y or Z axis to
Sun, depending on whether or not Sun shield is de-
ployed.

o Safehold Mode: Similar to the Sun pointing
mode except that it is implemented in the
ACS/RCS module versus the CPU. Safehold is en-
tered from either the Sun pointing or the Inertial
pointing mode when Sun angle or vehicle rates ex-
ceed specified limits. Safehold mode nulls all rates
and places the Sun between the -Y and -Z axes.

o ANC: ANC is used to damp the coning motion
that results from the open loop spin up required for
AKM firing. ANC damps the half cone angle to
below 0.25 deg, with a time constant of approxi-
mately 30 seconds, prior to motor firing. ANC
would be ineffective during the SRM burn and is
disabled during this event. ANC is re-enabled after
the burn to again reduce coning motion in prepara-
tion for the spin down.

o Open Loop Burn (OLB) Mode: This mode is
commanded from ground and permits use of any
thruster, individually or in combination, for a spec-
ified duration, to support spin change or velocity
trim maneuvers.

o Standby Mode: This mode performs no active
control function, but it monitors sensor data. It is
entered on boot-up and if any anomalous ADCS
event occurs. Standby is the only mode, other than
safe-hold, that is autonomously activated. All other
modes must be commanded from the ground.
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Table 4-7. S/C Bus Requirements Summary
Description Requirement Capability Reference

ADCS 432

Attitude Accuracy (Non-Mapping) | 0.5 Deg (3 sigma) Each Axis 0.25 Deg

Attitude Accuracy (Mapping) 30 Arcsec (3 sigma) Pitch, Yaw 10 Arcsec

Rate Knowledge 1 deg/hr 0.2 deg/hour

ACS Capability 3 axis, spin up, spin down, precession Meets

Delta V Capability Orbit Raising/Lowering, Stationkeeping Meets
EPS 433

S/A Power Generation 485 Watts EOL (2 1/2 years) Meets

Battery Storage 25 Ah, 30V (max DOD <80%) Complies (Max DOD = 75%)

Energy Management Provide Charge Regulation and Distribution | Meets

Mechanism Control Control Trim Tab and Trim Mass Motors Meets

Ordnance Provide S/C Ordnance Control Meets
RF 4.3.4

Transmit Data 800 b/s to 409.6 kb/s Meets

Receive Data 2 kb/s Meets

Range Capability Active and Coherent Ranging Meets

Provide RF Link 3 dB Margin in All Mission Phases Meets Foldout 5, Tables A - C
CT&DH 435

Encode Data for Downlink CCSDS w/Reed Solomon & Conv. Encoding | Meets

Process uplink commands Authenticate and Route commands Meets

Clock Accuracy (Drift) 1 msec/Day 10 ySec/Day

S/C Communication Standard Communications Bus Meets (1553)

Instrument Data Hi-Speed Data I/F Meets (QHSS)

Flight Software

4.3.6

Operating System

COTS OS

Meets (VxWorks)

CMD/TLM Processing

Uplink Processing Mission Data and HKP
Processing

Meets

Stored Commanding

Autonomous and Stored Commanding

Meets (SCL)

ADCS Control S/C Attitude Meets
Processor Margin 100% Meets
- Tables 4-20 through 4-26

Memory Margin 100% Meets (except 8051)

Thermal 4.3.7
Instrument I/F 20 +1/2°C Meets
Box Temperatures 0 to 40°C Meets
Battery Temperature -10to 20°C Meets

Structures 4.3.8
Factors of Safety 1.25Yield, 1.4 Ultimate Meets

Mechanisms 4.3.9
(olr?s-t? rttz)itSSpri)inn AAX)I(ISS) Trim Error +30 arcsec +15 arcsec

Reaction Control System 4.3.10
Circularize Orbit AKM (Star 30BP) Meets
Thruster Arrangement Spin Control, Delta V, Stationkeeping Meets
Safety Meet EWR 127-1 Meets
Stationkeeping 88 +1° Meets

Integration and Test 4.6

Instrument to S/C Alignment

0.25 milliradians

0.1 milliradian (shims)

Spin Balance

0.5 milliradians

0.25 milliradian
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Figure 4-1. ADCS Block Diagram

M'CROCOSM, Inc.

S Space Mission Engineering

99-0596
June 11, 1999

Dr. Kenneth Johnston

United States Naval Observatory
3450 Massachusetts Ave., NW
‘Washington, DC 20392-5420

Subj:  Review of the FAME Proposal
Dear Dr. Johnston,

1 have had the opportunity to review the FAME proposal, particularly with respect to
the attitude system and payload measurements. [ believe the mission design is exwemely
well done and will result in the return of an exceptional amount of fundamental reference
data of very high quality.

One identified potential risk area is the use of solar radiation torque for precession
control, since this has never been done before. Nonctheless, I do not believe that this should
be regarded as a significant risk. While very small, solar radiation pressure is exceptionally
well characterized and will be very uniform throughout the life of the mission (except for
brief eclipse periods). This will provide a much smoother level of control (critical for
accurate measurements) than virtually any altemative control system. Tt is an excellent
approach and a well-thought out design.

Data reduction to achieve the desired level of accuracy will provide significant
challenges, particularly the removal of systematic biases. However, the FAME team is
extremely experienced and competent. I believe that they will be able to build on the
Hipparcos experience to create a successful mission that dramatically expands our
fundamental knowledge of the stellar neighborhood.

Tt is an exceptional and worthwhile mission with a very strong team. I wish you the
best of success and would be very pleased to support the mission in any way possible in the

Sincerely,

K

. James R. Wertz,
President

2377 Crenshaw Boulevard, Suite 350, Torrance, California 90501
TEL: (310) 320-0555 FAX: (310) 320-0252
E-MAIL: microcosm@smad.com. Website Address: http://www.smad.com

Figure 4-2. Independent Review Letter

O Attitude Control Mode Sequences: These
modes are applied to each mission phase as fol-
lows. After L/V separation, a stored command ac-
tivates the Sun pointing mode to null S/C rates and
to slew the -Y axis S/A to the Sun. To complete
initial acquisition, the OLB mode is used for spin-
up (<1 RPM) to provide stability during the 2.5
days preceding AKM firing maneuvers. The Iner-
tial Pointing mode despins the S/C and orients the
z-axis for the perigee burn. The OLB mode pro-

Table 4-8. ADCS Requirements

Control Requirement Capability

Spin Period 40 min. +5% Complies
Precession Period 20 days +10% Complies
Spin Rate Variation +54 mas/sec +40 mas/sec
Precession Rate Variation +600 mas/sec +200 mas/sec
Sun Angle 45 £5 deg. Complies
Jitter <500 pas Complies
Spin-Axis Alignment Error +30 as <10 as
Nutation Control (Cone Passively damped
Angle) 10 as to zero
(A)SS())ffset (from Spin- +5 mm Complies
%Jrr;rShleId Sweep Angle +0.25 deg. 0.1 deg

Knowledge Requirement Capability
Sun Angle +0.5 deg. +0.25 deg.
Inertial Attitude +10 as Complies
Transverse Rate +2 as/sec 0.2 as/sec
Spin Rate +1 as/sec 0.2 as/sec

Table 4-9. ADCS Control Modes

Mode Applicability Sensor Used
= Inertial pointing of any axis
: = Prior to spin up for AKM fire
Inertial | . 51it trim maneuvers Star trackers & 1
Pointing |, Null rates of 2 IMUs
= Back up for stellar mapping
= Point X or Z axis to desired Sun
Sun Point- |angle Sun sensor & 1
ing = Initial acquisition of 2 IMUs
= Nulls rates before slewing
= Activated by EPS trigger
Safe Hold |= Switch 1o other IMU Sun sensor &
= Slew to Sun other o s
Active Nuta- [ = Damp cone angle after spin up
tion Control | and prior to AKM fire 10f 2 IMUs
Open Loop |= Spin up/down
Burn = AV trim maneuver None
Initial state at turn on
Standby Monitors ADCS All

vides spinup (60 RPM), and ANC is activated.
ANC is then deactivated for AKM firing. After
AKM depletion, the OLB mode provides spin-
down (to 1 RPM), and the inertial pointing mode is
activated to re-orient for AKM jettison. After jetti-
son, the S/A and Sun shield are deployed and the
Sun pointing mode is activated. The inertial point-
ing mode orients the vehicle for initial orientation,
orbit trim maneuvers, and for stellar mapping. It
supports stationkeeping and the return to stellar
mapping. Our baseline approach minimizes the
number of modes and on-orbit S/W, and was suc-
cessfully used on previous NRL missions.
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O Solar Torque Precession: We have chosen to
employ solar pressure, normally considered a low
level disturbance, to our advantage to provide the
gentle torque needed to produce the slow preces-
sion required for stellar mapping. We do this by
using the physical properties of the instrument’s
Sun shield, and by controlling orientation to
achieve the necessary difference between center of
pressure and center of mass. Errors arising from
CG migration with fuel usage or variation in Sun
shield optical properties, misalignments, and uni-
formity can be corrected by in-orbit adjustment of
the shield’s trim tabs. With no moving parts during
observations and motion provided by solar pres-
sure torque, there is no source for jitter in this es-
sentially rigid S/C. After transition to the initial
state for stellar mapping (Sun angle at 45 degrees
and spin rate at 540 deg/hr), the inertial pointing
mode is turned off and the ADCS remains in
Standby (monitor) mode while solar radiation
torque precesses the S/C’s spin axis. If necessary,
the inertial pointing mode can be commanded on
to precess the spin axis along the desired trajectory
(precessing ~0.5 degrees every 1.3 spin cycles).
Note that there is no active control when using so-
lar torque precession for stellar mapping, and con-
trol is limited to once per spin. Thus, the distur-
bance torque environment must allow the rate vari-
ation and jitter requirements (see Table 4-8) to be
met without active control. Extensive simulations
show that these requirements are met with appro-
priate constraints on the S/C’s mass and optical
properties (see Table 4-6 and Table 4-8). Table 4-
10 lists typical environmental torques, while Fig-
ures 4-3 and 4-4 show the impact of these torques
on the solar precession. The bias solar torque in
Table 4-10 is the passive control torque while the
others are disturbances. Figure 4-4 plots the move-
ment of the tip of the angular momentum vector in
3D space with the x-axis along the Sun line. In this
case, the solar torques are higher than desired and
the precession cone is completed in less than 20
days. Also, because the Sun is moving, the path is
not a perfect circle; instead, it is egg-shaped. The
movement of the Sun, coupled with the precession
rate, is the primary reason for the variation in Sun
angle shown in Figure 4-4. Disturbance torques al-
so affect this motion. Other disturbances include
fluid slosh, Earth albedo, Earth thermal emission,

S/C thermal radiation, S/C expansion/contraction
during eclipse season, solar radiation fluctuation,
and the various facets of the vehicle, including the
cavity left by the SRM jettison. A preliminary as-
sessment of each of these disturbances is under-
way; those that have been completed meet the per-
formance requirements (see Table 4-11). A de-
tailed disturbance analysis will be performed in
Phase B.

O Solar Torque Trim: The S/C’s Sun shield pro-
vides the primary control surface for the solar pre-
cession, and its trim tabs permit on-orbit adjust-
ment for changes in Sun shield optical properties,
shield alignment, uniformity, and for CG migra-
tion as fuel is depleted. For the given mass proper-
ties and spin rate, the required precession torque is
~3 x 10" N-m. This value is achieved by sweeping
the shield back 3 degrees. The sweep angle is set
before launch, and a precise value is not required
(see Table 4-8) given the trim tab’s capability to
fine tune solar torque on-orbit. Figure 4-5 shows
the solar torque sensitivity to variations in Sun
shield sweep angle and to the coefficient of specu-
lar reflection (Cs). To achieve the desired torque,
the sweep angle setting must be adjustable over a 4
degree range before launch. Once on-orbit, any
further adjustments are made by moving the trim
tabs while the Sun shield remains fixed. Figures 4-
6 through 4-8 show the solar torque sensitivity to
variations in tab sweep angle, shield sweep angle,
Cs, and CG location (along the spin-axis). In all
cases, the chosen trim area and location provide
considerable authority and sensitivity in adjusting
for these minor variations. The precession rate da-
ta required for trimming the solar torque are pro-
vided primarily by the science instrument. Data
are processed on the ground and commands gener-
ated for the new tab positions. All trim tabs are
moved together to change the constant precession
torque. Individual tabs are moved to change peri-
odic terms at spin frequency. Solar torque trim-
ming is expected to take several weeks initially,
but subsequent adjustments (on a quarterly or
yearly basis) will have a negligible impact on stel-
lar mapping.

o Attitude Sensor Description:. The ADCS sen-
sor suite consists of a five-eye Sun sensor, two star
trackers, and two IMUs. The selected sensors and
top level performance values are shown in Table 4-
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Table 4-10. Environmental Torques

Table 4-11. Miscellaneous Disturbances

Environmental Torques in Sun Frame

Torque (Nm) Amplitude
Bias Orbital Period | Spin Period
(1x, 2x) (1x, 2x)
Solar 3x10° 0 1x107
Gravity Gradient 0 25x108 2x107°
Magnetic 0 3x10° 15x107®

Motion of H in SF Frame [sweep = 3.3, sigma = 1.3]

0.8 —

0.6

0.4

0.2

Hz
o
|

0.4 —

-0.6 —

-0.8 >
08 g6

0.4 0.2
- 0 K
02 0.4 0.6 08 0.7

Hx (x points at Sun)
Hy (y is along ecliptic normal)

Precession over a 20 Day Period
Figure 4-3. Momentum Vector Precession
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Figure 4-4. Sun Angle Variation

12. These sensors meet the knowledge require-
ments given in Tables 4-8 and 4-13 while balanc-
ing cost and reliability. Both horizon sensors and
magnetometers were eliminated for consideration
as they do not operate well over the full range of
FAME orientations and altitudes. And while most
of the control modes do not require precision
pointing knowledge, initialization of the science

42
0

Disturbance

Max. . .
Torque . Basis for Estimate
Source Disturbance
* CG movement of less than a
few microns and fuel slug
Fluid Slosh Negligible movement dictated by fluid

angular momentum and estj-
mated gap volume (200 cm?)

= 0.25mas/sec |= 90% albedo on 28 m® area
spin) and that this is roughly a factor
Earth Albedo |, 40 mas/sec of 50 less than the nominal
(precession) solar torque of 3%Nm
(

0.05 mas/sec

Earth Thermal | (spin) = Factor of 5 less than 90%
Emission = 8 mas/sec albedo calculation
(precession
= 0.2 mas/sec
SC Thermal |(spin) = Factor of 5 less than 90%
Radiation = 20 mas/sec albedo calculation
(precession)
Expansion/
Contraction of TBR TBR
S/IC
Solar Radia- 0.2to 2 mas pre- |* Spin dynamics simulations

cession angle
fluctuations

incorporating SOHO/VIRGO

tion Variation solar irradiance data

= Geosynchronous orbit is

Eﬂg’u\g;gg Negligible protected from the solar wind
by the Earth’s magnetosphere
. = Cavity is painted to provide
AKM Cavity TBR diffusely reflective surface
Material . . .
between Sun TBR Uniform geometry and opti-

shield panels cal properties

instrument requires 10 arcsec accuracy, making a
star tracker necessary. We have selected the BATC
CT633 star tracker because it meets these require-
ments, is light weight, outputs attitude quaternions
(minimizing code development), and is based on
the flight-proven CT631. S/C rate data are required
for most of the ADCS modes. The Inertial point-
ing, Sun pointing, and Safehold modes use rate in-
formation for nulling vehicle rates and feedback
during slews. ANC uses the rate data for sensing
the transverse rate. The LN200 bias drift, scale
factor stability, and noise characteristics allow the
ADCS performance requirements to be met while
doing so at low cost. NRL has substantial experi-
ence with this device on Clementine and ICM. The
Adcole 16764 five-eye Sun sensor is chosen be-
cause it meets requirements, provides 4wt Steradian
coverage, and NRL has significant experience with
this unit. The Sun sensor is used for the Sun point-
ing mode and Safehold mode. While it may be
used as a backup to the star tracker Inertial point-
ing mode, it will not provide the accuracy required
for science initialization. Nevertheless, this will be
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Figure 4-5. Sun Shield Sweep & Cs Variation

further studied in Phase B. The Standby mode
does not have sensor requirements per se, but the
data are collected for health monitoring and coarse
solar torque trimming. Science data are used for
precision solar torque trimming. The Open loop
burn mode has no sensor requirements.

O S/C Safehold: Three different subsystems
(EPS, ADCS, and RCS, with CT&DH supporting
each) can initiate S/C safing. The S/C’s response
depends on the limit “triggers,” which are tailored
to the mission specifics. When either the attitude
or rate is out of limits, an ADCS trigger places the
system into the standby mode. When the thruster
pulse exceeds a specified “on-time” value or the
number of pulses over a given period is excessive,
an RCS trigger disables the valve drivers. There

Trim Tab Sweep and Cs Variation
Ll Ll Ll Ll Ll
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Figure 4-6. Trim Tab Sweep and Cs Variation
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Figure 4-7. Trim Tab & Shield Sweep Variation

are two EPS triggers. A S/W trigger occurs when
the battery Depth of Discharge (DOD) exceeds a
specified value and results in a load shedding and
transition from the current ADCS mode to safe-
hold mode. A hardware trigger occurs when DOD
reaches a larger value and further sheds loads to
only the essential system bus. Recovery from any
safing activity requires ground commands.

4.3.2.2 Cost-Reduction Design Features. The

ADCS design incorporates sensors with simple
I/Fs for which little S/W or hardware development
is required. Additionally, NRL has significant
experience with the chosen sensors. This leads to
minimal non-recurring costs in S/W development,

20 -15 -10
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Trim Tab Sweep and CG Variation
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Figure 4-8. Trim Tab Sweep and CG Variation
Table 4-12. ADCS Sensor Specs.

Adcole 16764 Sun Sensor

FOV (each sensor) +64° 2-axis

FOV (system) 47 Steradian

Accuracy +0.25°
LN-200 Gyro (Calibrated)

Bias 0.2°/hour

Scale Factor Stability 100 ppm

Max. Rate 1,000°/sec
CT-633 Star Tracker

FOV 20x20

Accuracy (cross-boresight) 10 as

Table 4-13. Control Mode Requirements

Mode Control Knowledge
Inertial Pointing +0.1° +0.05°
Sun Pointing +1.0° +0.5°
Safehold Mode +5.0° +2.0°
Open Loop Burn N/A N/A
Standby N/A N/A
ANC +0.25° +0.5°/s @60 rpm

hardware design, and component integration and
testing. IMU and Sun Sensor S/W can be reused
from LACE, Clementine, and ICM as can the I/F
designs. Most of the CT633 S/W is internal and
the data I/F is the 1553 bus. The ability of the sci-
ence instrument to perform its own inertial and
rate updates provides significant relief to the
ADCS requirements. This permits the selection of
less accurate, less expensive ADCS components.
The S/C bus has been designed such that envi-
ronmental disturbance torques are small and high-

precision closed loop control is not required. This
also permits selection of less accurate, less expen-
sive ADCS sensors.

4.3.2.3 Resource Margins and Reserves. The
ADCS design provides large margins against
almost all key performance parameters (see Table
4-8). Any parameter with a margin below 50% will
be a primary study area in Phase B. One such
parameter is the spin rate variation. Its value is
driven by vehicle mass properties (and the result-
ing gravity gradient torque) and the solar torque
variation from Sun shield optical non-uniformity.
Of these only the second can be a significant cost
driver. Hence, we have added approximately
$k to the budget to cover this effort.

4.3.2.4 Master Equipment List. All ADCS com-
ponents (star tracker, IMU, Sun sensor) are speci-
fied by NRL and subcontracted to a qualified ven-
dor. NRL performs ADCS design, integration, and
test, along with modeling and simulation, algo-
rithm development, coding, and testing. The
ADCS design and its supporting GSE derive
strong heritage from the Clementine, NEMO, and
various classified programs. Foldout 3, Table A
identifies the master equipment list, component
heritage, and a planned qualification approach for
each item.

4.3.3 Electrical Power Subsystem. EPS provides
power to all S/C loads for the baseline and extend-
ed missions. EPS performs the following func-
tions: energy generation and storage; battery
charge control and energy management; S/C elec-
trical load distribution and protection; control for
solar trim tab and trim mass motors; and ordnance
release of S/A panels, omnidirectional antennas,
AKM firing, and for the spent AKM casing. Figure
4-9 provides a top-level EPS block diagram.

4.3.3.1 Characteristics and Requirements.

O Energy Generation: Six S/A panels generate
energy for the S/C in sunlight during the post
launch, GTO, and operational mission phases. The
panels are stored in accordion fashion for launch.
After deployment, the panels are oriented 45° to-
ward the Sun. Each panel uses 228 high-efficiency
tandem solar cells (GalnP/GaAs/Ge), arranged in
12 series strings, with 19 cells per string. The pan-
els are sized to support the GEO/Ops power re-
quirements. This design produces 552 W (BOL)
and 485 W (EOL). The EOL power includes the
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Figure 4-9. EPS Block Diagram

degradation effects of charged particle radiation
(2.5 year exposure), a 45° cosine loss, and a 120°C
operating temperature. The additional charged par-
ticle degradation accumulated from 2.5 years to 5
years is negligible. At 5 years the array will pro-
duce >470 W.

O Energy Storage: The S/C is powered during
eclipse periods by a NiH, battery comprised of
eleven Common Pressure Vessel (CPV) cells col-
lectively producing an output voltage of 30 +6
Vdc. Each CPV has a capacity of 25 Ah. A spare
CPV provides limited redundancy should one of
the battery’s CPVs fail. The PCDE contains cir-
cuitry to trickle-charge the spare CPV and a relay
to switch it into the battery if required. Each CPV
has a diode bypass network to bypass an open-cir-
cuit CPV during charge or discharge without inter-
fering with the operation of other cells. The battery

supports maximum GEO eclipses with a Depth of
Discharge (DOD) of <80% (see Figure 4-10 and
Table 4-14). The battery is similar to those used on
the Mars Global Surveyor. The mounting structure
for the battery (NRL design) will maintain the in-
dividual pressure vessels at 1°C (worst case) over
all cells.

O Battery Charging, Energy Management, Load
Distribution, and Motor Control: This subsystem
functionality is implemented in a Power Control
and Distribution Electronics (PCDE) box. It ac-
cepts power from the S/A panels, regulates the bat-
tery charge, controls the motors for the solar shield
trim tabs and trim masses, and distributes power to
S/C subsystem loads. The PCDE reuses the heri-
tage Clementine design. The design uses a single
circuit card assembly (CCA) that includes the Bat-
tery Charge Electronics (BCE). For FAME the
CCA is updated to include a MIL-STD-1553 data
bus I/F, and motor controller circuitry. Solar cell
string groupings that are electrically connected in
parallel are routed through FET switches in the
PCDE. The BCE controls these FET switches and
provides non-dissipative regulation of the S/A cur-
rent to support battery charge and S/C load re-
quirements. Charge control uses Voltage Tempera-
ture (VT) compensation curves. Non-critical S/C
loads are connected to the power bus through relay
switches and have in-line over-current protection.
Critical S/C loads are permanently connected to
the S/C bus with in-line over-current protection.
The PCDE uses non-intrusive current monitors for
the total S/A and load currents. Current monitors
for the battery charge/discharge current and indi-
vidual loads are provided.

Ordnance Control: This subsystem functional-
ity is implemented in an Ordnance Control Box
(OCB) shown in Figure 4-11. It controls the firing
circuitry to deploy the S/A mechanisms, fire the
AKM, and fire the AKM casing separation mecha-
nisms. The OCB reuses a Clementine heritage
design, and performs nearly identical functions.
Existing ordnance GSE is available for FAME.
The Clementine design, along with its supporting
GSE, was approved by the VAFB Range Safety
Office.

4.3.3.2 Cost-Reduction Design Features.

O NiH, Batteries: Individual Common Pressure
Vessel (CPV) batteries will be procured from the
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Table 4-14. Average Power (Watts)
Initial GEO/ Safe/
Subsystem/Unit Qty | Launch | Acq/ Ops Hold
GTO PS | Mode
CT&DH 1 241 36.5 241 241
ADCS
= IMU 2 0 20 10 10
= Sun Sensor & Elect. 1 1 1 1 1
= Star Tracker 2 0 20 10 0
RF Subsystem
= Receiver 2 7.6 7.6 7.6 7.6
= Transmitter 2 0 24 24 24
= Power Amplifier 2 0 0 58 0
Mechanisms
= S/A Trim Tabs 6 0 0 0 0
= Trim Mass Motors 6 0 0 0 0
EPS
= PCDU 1 15 15 15 15
= Battery 1 0 0 0 0
S/C Heater Power 0 57.5 23.5 90.5
Instrument
= Electronics 0 0 99 0
= Operational Heater 0 0 80 0
= Survival Heater
Feed 0 20 0 60
Subtotal By Opera-
tional Phase 47.7 | 201.6 | 352.2 | 232.2
(gSir?)% Instrument Mar- 0.0 10.0 895 30.0
(25% Design Margin) 11.9 45.4 43.3 43.1
Totals w/ Margins 59.7 | 257.0 | 485.0 | 305.3

vendor rather than a packaged 11 cell battery. NRL
will endeavor to package the CPVs using the same
approach as the Clementine SPV battery. The de-
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Figure 4-11. OCB Block Diagram

sign will ensure that the temperature of the indi-
vidual CPVs stay within 1°C. The Clementine bat-
tery packaging design used a highly thermal con-
ductive graphite epoxy structure that achieved
lower mass, better thermal conductivity, and lower
cost than the vendor's OTS packaging design.

(3 Lithium Ion Battery: Recent data indicate that
Lithium Ion battery cell technology has demon-
strated the cycle life requirements for the FAME
GEO mission. Li-Ion has 3 times the specific ener-
gy (Wh/kg) of nickel hydrogen battery cells. Re-
placing the NiH, battery with Li-Ion cells reduces
the mass of the FAME battery system by 40%.
Each Li-Ion cell has a nominal voltage of 3.5V so
that the number of cells required is less than half
those required for the NiH, battery. NRL is testing
Li-Ion cells as part of the joint AFRL-NASA Li-
Ion consortium. NRL may be able to leverage their
participation in this program and acquire state of
the art Li-Ion cells for FAME flight battery use.
This will be an area of study during Phase B.

O S/A Sizing: Sizing of the S/A panels to support
the initial acquisition and GTO power require-
ments requires twice the number of solar cells as
needed when on-orbit. While there is sufficient ar-
ea on each panel to apply these cells, there may be
other mass and cost efficient alternatives. This is
an area of study during Phase B.

4.3.3.3 Resource Margins and Reserves. Table
4-14 identifies the average power required by each
subsystem or major component, along with the
25% design margin that was applied.

4.3.3.4 Master Equipment List. All power elec-
tronics (PCDE, OCB) are designed and fabricated
in-house at NRL. The S/A substrates are designed
at NRL with subcontracted fabrication. The CPV
battery cells are a build-to-print subcontract. Solar
cell fabrication and laydown is subcontracted.
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NRL performs subsystem design, integration, and
test. All EPS designs, along with it supporting
GSE, derive strong heritage from the Clementine
and ICM programs. Foldout 3, Table A identifies
the master equipment list, component heritage,
and a planned qualification approach.

4.3.4 RF Telecommunications. The RF telecom
subsystem is required to provide a continuous
409.6 kb/s wideband downlink and 2 kb/s uplink
for the mission. The data are transmitted to an 11.3
m antenna system at BP. The RF Telecom sub-
system provides the capability for simultaneous S-
Band uplink and downlink (wideband and narrow-
band), and range/range-rate tracking. It is fully
compatible with NASA ground stations. This sub-
system accommodates the S/C requirements dur-
ing launch and GTO injection with the attached
AKM, while supporting the operational phases
after AKM separation and after the S/A/solar
shield are deployed. Figure 4-12 shows the block
diagram of this subsystem.
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Figure 4-12. RF Telecom Block Diagram

4.3.4.1 Characteristics and Requirements.

O Transponders: We baselined a redundant up-
link receiver and downlink transmitter packaged
into two transponders, each with an output power
of two Watts and a minimum sensitivity of -118
dBm at 10 Bit Error Rate. Each transponder can
be configured to operate in a coherent mode. The
received uplink carrier is used to generate the
downlink carrier at a 240/221 fixed ratio to allow
range-rate measurement at the ground site. If no
uplink carrier is present, an oscillator in the trans-
mitter generates the downlink frequency. The re-
ceiver’s demodulated output is also routed to the

transmitter to support range measurements. The
wideband data rate is 409.6 kb/s encoded with a
Reed-Solomon (255,223) outer code, interleaved
to a depth 5 and then convolutionally encoded with
a K=7, R=1/2 inner code using CCSDS conven-
tions. These symbols are BPSK modulated onto
the downlink carrier. During launch and GTO in-
jection, the antennas cannot support the wideband
data rate, and so a narrowband data rate (800 b/s)
is used. These data are encoded in the same man-
ner as the wideband data and BPSK modulated as
a Bi-phase (Manchester) format onto a 1.7 MHz
subcarrier used to modulate the carrier at a modu-
lation index of 1.4 radians (peak). The transpon-
ders are nearly identical to those used on Clemen-
tine (L3 Comm, Inc., P/N CXS-600B). The tran-
sponders use 10 watt Solid State Power Amplifiers
(SSPA) for power amplification in the wideband
mode. These SSPAs (L3 Comm Inc.) are used on
NRL’s ICM program. Minor modifications to the
transponders and SSPAs are required to lower the
RF output power.

O Downlink Connectivity: Three separate anten-
nas are baselined (see Foldout 2, Figures D and E).
During launch and GTO injection, two antennas
produce omnidirectional coverage about the S/C
spin axis. After the AKM separates from the S/C,
one antenna deploys and orients along the spin ax-
is for use with the third antenna mounted on the
Instrument. To maintain adequate link margins,
each SSPA can be switched to transmit based on
ground station line-of-sight (LOS) viewing. If an
SSPA fails, a transfer switch must be cycled twice
per day (less than 4000 times over a 5-year peri-
od). If no components fail, the SPDT and transfer
switches will be cycled only one time. The SPDT
and transfer switches are designed for 100,000 life
cycles.

O Uplink Connectivity: The S/C command re-
ceivers are always connected to an array of two an-
tennas through the diplexers in both antenna con-
figurations. The 90-degree hybrid connecting the
command receivers to the array precludes an an-
tenna pattern interference null on both receivers at
the same time, while the conservative Telecom
subsystem design permits reliable receiver opera-
tion with antenna gains as low as -20 dBi.

O Antenna Design: The antennas are a quadrifilar
helix design mounted over an 20.32 cm ground
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plane. The antennas are nearly identical to those
used in ICM with minor modifications for sense of
circular polarization. A single antenna pattern is
shown in Figure 4-13. Antenna gain over the hemi-
sphere ranges from -1 dBi to 4 dBi. When two an-
tennas on opposite S/C sides are arrayed, interfer-
ence nulls are generated, and a minimum antenna
gain of -18 dBi over ~99% of the sphere is as-
sumed in the narrowband downlink mode.

O Supporting RF Hardware: Other hardware
used on the program includes diplexers, hybrid
power dividers, and transfer switches, all of which
have heritage from ICM. The 10dB couplers and
50 ohm loads were used on Clementine. The SPDT
switch was spaceflight-qualified on the Meteosat
and Sicral programs.
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Figure 4-13. Antenna Pattern

4.3.4.2 Cost-Reduction Design Features. The RF
telecom subsystem design allows one transponder
to be removed. Fifty-ohm terminations would then
be added to each of the hybrid power dividers.
This reduces the total cost of the RF telecom sub-
system; however, the reliability is reduced. A fur-
ther cost reduction could be realized by eliminat-
ing one of the SSPAs and some of the associated
switching. This further reduces reliability.

4.3.4.3 Resource Margins and Reserves. Link
budgets for the uplink, wideband data downlink
and narrowband data downlink are shown in Fold-
out 5, Tables A through C.

4.3.4.4 Master Equipment List. The transponder,
the SSPA, and the supporting RF hardware, along
with all cabling, are procured from the vendors
identified in Foldout 3, Table A. The antennas are

designed and fabricated in-house at NRL. NRL
performs subsystem design, integration, and test.
All RF Telecom design, along with their support-
ing GSE, derive strong heritage from the Clemen-
tine and ICM programs. Foldout 3, Table A identi-
fies the master equipment list, component heritage,
and a planned qualification approach for each
1tem.

4.3.5 Command, Telemetry, and Data Handling
Subsystem. The CT&DH subsystem uses a highly
Integrated S/C Controller (ISC) based on Clemen-
tine’s DSC architecture. Our approach contains the
risk by using selective design upgrades with prov-
en COTS products. Additionally, we added redun-
dancy in the Uplink/Downlink Module (UDM),
the ACS/RCS (ARC) Module, Power Converters
and the Ovenized Crystal Oscillators. Full redun-
dancy was not employed because of the cost asso-
ciated with the RAD6000 processors. The ISC is a
lightweight, ruggedized, and integrated subassem-
bly with electronics modules evolved from Clem-
entine and MPTB (see Table 4-15). Figure 4-14
provides a top-level block diagram. ISC functions
include: Telemetry and Command Processing
(Uplink and Stored); Instrument control; S/C Atti-
tude Determination and Control; Mission data col-
lection, storage, formatting, and downlink; Time
distribution; Power conversion; and Autonomous
fault protection.

4.3.5.1 Characteristics and Requirements.

O General Subsystem Requirements: The ISC
must provide the capability to decode and process
CCSDS commands received via the uplink, as well
as those stored onboard. Critical commands must
be executed without CPU interaction. The uplink
must be able to support a nominal rate of 2 kb/s.
Downlinked telemetry frames must be CCSDS
compatible and support variable rates from 409.6
kb/s to 800 b/s. Science data must be collected at
the instrument’s maximum rate (~2 Mb/s), and
stored, buffered, and downlinked at a maximum
rate of 409.6 kb/s. The recorder must have a FIFO
capability. Critical S/C and instrument temperature
and power information must be monitored, collect-
ed, and downlinked. Wideband data must be stored
during annual Sun-to-Ground antenna interference
outages (at GEO, interference conditions occur
twice per year with a maximum duration of 36
minutes per occurrence). Wideband and narrow-
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band data interleaving must be supported. Univer-
sal time must be distributed to within 1 msec accu-
racy. ISC must communicate and control ADCS,
EPS, and Instrument subsystems.

O Telemetry and Command Processing (Up-
linked and Stored): The UDM 1/Fs to the S/C’s
transponders and provides for 2 channels each of
up to 409.6 kb/s downlink and 2 kb/s uplink. The
UDM is selectively redundant with a separate data
processing segment for each of the two transpon-
ders. A radiation-hardened 80C51 micro-control-
ler manages uplink and downlink data. Command
and telemetry are in CCSDS format and the telem-
etry data are encoded with a Reed-Solomon
(255,223) outer code, interleaved to a depth 5 and
then convolutionally encoded with a K=5, R=1/2
inner code. Downlink rates of 409.6, 204.8, 51.2,
6.4, 1.6, and 0.8 kb/s are supported. The redundant
micro-controller uses the Intel 8051 core manufac-
tured by UTMC. All hardware is radiation-tolerant
and SEU immune. The micro-controller S/W is
implemented using trusted S/W design criteria.
Data to and from the UDM are passed by the CPU
via the VME bus through a shared memory struc-
ture. This I/F design shares common components
with the ARC Module. The UDM supports sixteen
analog telemetry channels and sixteen critical re-
lay I/Fs. Functions deemed crucial to mission sur-
vival are monitored and provide for direct control.
Commands for critical I/Fs are received and imple-
mented by the UDM without interaction by the
CPU. NRL has extensive experience with the
80C51, having flown it on both the Sodium Sulfur
Battery Experiment (Shuttle Mission) and MPTB.
The MPTB, controlled by four radiation-hardened
UTMC 80C51 microcontrollers, has operated
since November 1997 in a high radiation elliptical
orbit.

O Spacecraft Input/Output Module: The S/C 1/0
Module (SCIO) provides control and telemetry
I/Fs for the S/C subsystems. Our Design Refer-
ence Mission for the SCIO module supports the
I/Fs defined in Table 4-3. Commands and Teleme-
try are directly addressed through VME bus and
accessed by the CPU. This circuitry duplicates that
flown on Clementine with modifications for VME
bus control.

O Attitude and Reaction Control Module: The
ARC module receives position, velocity and accel-

Table 4-15. Integrated S/C Controller Modules

Module Functions Heritage Modifications
RADG6000 32 bit Mars Sur-

CPU RISC Processor veyor, EOS None
S/C1/0 |Command & Telem- : Repackage with
(SCIO) | etry Clementine VME 1/F
Uplink | Critical & Normal Integrate MFTB

Downlink | CMD Processing Clementine (UTMC8051)
Module | TLM Processing & MPTB w/Clementine
(UDM) | Formatting I/Fs
ACS & I/F w/ Valves, Paraf- Integrate MPTB

RCS fin Actuators, IMU, Clementine Controller
(ARC) Sun Sensors & MPTB w/Clementine I/F

* | Transducers

Data .

Wideband Data I/F New Module w/

Reg?/rl(__jer & Storage S|EE/|X Heritage Compo-
(DRIM) MIL-STD-1553 Bus nents

Power
Cvir. & | SIC Power Sonver | MPTB, EOS, | Repackage Flight
Timing Distribution Orbcomm Components
(PCT)

MIL-STD-1553 Bus

QHSS — —

: i ntegrate

W%eband v S/C Controller

ata Solid Stat P
olid State
CMD Spacecraft | "Recorder o - :\)’/ODig
Y o Clock
i2
I~
Eo
VME Bus| i
| * | |
RaD6000 || CMDOLMIN - o fi9- ADCS
CPU Sensors
Uplinké&: RCS Valves &
MEM Downlink Module g
Control Thrusters
RS232 (CCSDS)

Test Port Transponders

Figure 4-14. 1ISC Block Diagram

eration data from the Sun sensor and IMUs via
dedicated I/Fs. S/C Sun angle and rate/accelera-
tion data are passed to the CPU for guidance
and/or thruster calculations. Thruster control com-
mands are sent from the CPU to the ARC module,
where they are authenticated before being execut-
ed (a “lesson learned” from Clementine). The ARC
module independently monitors the Sun angle and
vehicle rate information to determine whether to
initiate safe/hold mode. It uses selective redundan-
cy and supports redundant IMUs. It is based on the
Intel 8051 core used in the UDM, and all hardware
is radiation-tolerant and SEU immune. Micro-con-
troller S/W is implemented using trusted S/W de-
sign criteria. Data to and from the ARC module
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are passed by the CPU via the VME bus through a
shared memory structure. ARC controllers per-
form basic limit checks and limit thruster burn
times to improve reliability. Violations in pre-con-
figured limits cause the safe-hold mode to be exe-
cuted.

O ADCS and General Purpose Processing: The
LMFS RADG6000 radiation-hardened RISC pro-
cessor is the ISC CPU. It provides a maximum
processing throughput of 21 MIPS at 20 MHz and
contains 128 Mbytes of DRAM with single bit er-
ror correction and double bit error detection. There
are 3 Mbytes of EEPROM for program storage
with a serial I/F port for FSW development. The
CPU operates at 20 MHz (maximum), but can op-
erate at 10, 5, and 2.5 MHz to save power. It is the
Slot 1 (Host) VME controller supporting bus mas-
tering and direct memory access (DMA). The
CPU, packaged as a 6U VME card, is a duplicate
of the Mars Surveyor CPU.

O Data Recorder and I/F Module: The DRIM us-
es solid state memory with 4 Gigabit EOL storage
capacity, a Bus Controller MIL-STD-1553 I/F and
a Quad High Speed Serial (QHSS) I/F to collect
instrument data and telemetry. The CPU commu-
nicates with the star trackers, instrument control-
lers, and S/C PCDE via the MIL-STD-1553 bus.
Instrument mission data are collected via the QH-
SS and stored for downlink in the data recorder
DRAMs. Memory is sized to store at least 1 hour
(with 100% margin) of average rate science data.
Science data can be buffered when the instrument
scans the galactic plane and when communications
are lost during annual Sun-to-Ground antenna in-
terference outages. The data recorder is based on
commercial technology 64-Megabit DRAMs with
single bit error correction and double bit error de-
tection. The architecture allows the memory to be
formatted to ignore bad blocks. A FIFO DMA ac-
cess controller provides high-speed memory ac-
cess with minimal processor interaction in addi-
tion to direct address access for testing and error
scrubbing. The FIFO data output to UDM can be
“turned off” for planned Ground System outages
to allow buffering and onboard storage. The 64-
Megabit DRAMs were successfully demonstrated
in space applications (STEX). The MIL-STD-
1553 controller is packaged in an MCM contain-
ing the protocol engine, storage memory and

transceiver. It is capable of both Bus Controller
and Remote Terminal functionality. Direct and
Stub couplings allow a bus monitor to be used dur-
ing test and integration. The radiation-hardened
controller has spaceflight history. The QHSS I/F
uses a LMFS standard design to I/F with the in-
strument. The QHSS I/F collects instrument data
and telemetry and routes it to the on-board DRAM
FIFO. The QHSS has flight history on previous
NASA missions, and it is directly implemented
from the original design.

O Power Converter and Time Distribution: The
PCT module contains the redundant voltage con-
verters for the ISC, and redundant master clock os-
cillators. Redundant converters using diode
switchover provide high reliability and fault toler-
ance. Heritage COTS converter designs (e.g.,
MDI, Interpoint) yield >70% conversion efficiency
with radiation tolerance and SEU immunity. Re-
dundant oven controlled crystal oscillators (OCX-
Os) provide S/C bus timing. The S/C bus time
must be kept within 1 msec of actual time. The
DATUM 9600 OCXO (Orbcomm, MTSat, and
EOS) provides a drift of 40 usec per day, which
meets the requirement. (Note: The instrument con-
tains independent oscillators for star observations.)

O Autonomous Fault Protection: The ISC sup-
ports autonomous operations implemented in both
hardware and S/W. Specific examples include
SEU recovery, and rule-based responses to moni-
tored current or voltage conditions.

4.3.5.2 Cost-Reduction Design Features. Exist-
ing designs and standard I/Fs are reused to reduce
program risk. This minimizes unit development
risk and system level risk during integration with
the instrument and S/C subsystems. By choosing
the VME based RAD6000, project risk is mini-
mized because multiple units have been produced
and many hours have been invested in finding
“design features”. Additionally, the standard VME
I/F simplifies the development of the other ISC
modules. The MIL-STD-1553 bus I/F reduces
integration risk by using a well known standard.
The QHSS I/F further simplifies instrument inte-
gration by using a standard protocol for transmit-
ting high-rate variable speed data. This I/F is well
known to the instrument team and greatly reduces
the integration time and complexity. Reuse of
existing Clementine and MPTB designs reduces
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the development risk associated with complex S/C
design. Extensive analyses, proven by flight expe-
rience, exists for these hardware designs.

4.3.5.3 Resource Margins and Reserves. Table
4-16 lists general C&T support resources.
Resource margins and reserves for the processors,
memory, and EEPROM are provided in the FSW
discussion of Section 4.3.2.3.

4.3.5.4 Master Equipment List. The ISC is con-
tained in an aluminum enclosure with 1.52 mm
thick side walls and 2.54 mm thick baseplate to
meet the mission goals (thermal, mechanical) and
life expectancy (radiation shielding). The six mod-
ules are connected by a Printed Circuit Board
(PCB) backplane meeting VME standards. The
RAD6000 is procured via subcontract from
LMFS. The modules, the enclosure, and the sup-
porting hardware are designed and fabricated in-
house at NRL. NRL performs subsystem design,
integration, and test. All ISC designs, and its sup-
porting GSE, derive strong heritage from the
Clementine and MPTB programs. Table 4-17 lists
ISC mass and power.

4.3.6 Flight Software. The FSW architecture is
derived from heritage systems designed by NRL.
Table 4-19 describes the FSW reuse as a function
of the processor and identified task. Substantial
reuse is planned. Figure 4-15 shows the baseline
FSW and GSW architecture, roles, and responsi-
bilities, and its relationship to the development
environment. GSW and the instrument’s SW are
discussed in Sections 4.7.10 and 4.4.5.1, respec-
tively.

4.3.6.1 Characteristics and Requirements. FSW
is resident across three ISC modules; a main CPU
and microcontroller based ACS/RCS and
uplink/downlink modules. The main CPU, a
RADG6000 processor, executes the majority of the
FSW. Auxiliary FSW resides on the 80C51 proces-
sors resident on the ARC and UDM modules,
relieving the main CPU of low-level hardware
management tasks. FSW hosted on the RAD-6000
CPU’s S/W is divided into five functional areas:

a. Resource Manager: Provides boot process-
ing, task management, memory management, tim-
er services, inter-task communications, MIL-STD-
1553 bus control, SSR management, diagnostic
and logging services, and interrupt handling ser-
vices for higher level processes.

Table 4-16. SCIO CMD and TLM Resources

Resource Capability
Relay Commands 48
Active Analog Monitors for V & | 48
Passive Analog Monitors for Thermistors 64
Relay Position Indicators 24

Table 4-17. ISC Module Mass and Power

Power (W) in Mode
Module Wiass W)
(kg) | Low Power | Ops
CPU 1.18 3.3 13.2
S/C /0 0.57 2 2
Uplink/Downlink 0.57 4 4
ACS/RCS (ARC) 0.57 4 4
Data Recorder and I/F 0.57 5 5
Power Convertor and Time
(25%) 1.25 5.8 8.3
Backplane and Enclosure 212 0 0
Total 6.83 241 36.5
FSW
Manager (NRL)
Instrument Resource
(LMMS) Manager (NRL)
Command and
Telemetry
Processing (NRL)
Stored Command
(NRL)
| ADAC (NRL)
Orbit
Propagation
Ground t 1&T
Science 1&T/Mission Ground
Operations | Ops Center <>|  Station (NRL)
(USNO) (MSC/NRL)
Navigation OS/COMET
Development _:Phase B Study Items
ISC Testbed ADCS Testbed ||| poatoen (FoTB
(NRL) (NRL) 1 [S/C Simulator (NRL)

Figure 4-15. Baseline S/W Architecture

b. Telemetry and Command Processing: De-
codes uplinked commands and data loads and dis-
tributes them to the appropriate S/W process or
hardware entity. Gathers telemetry using an up-
loaded commutation format and distributes it to
the onboard telemetry database, the onboard stor-
age device, the Uplink/Downlink I/F, or any com-
bination thereof.

c. Stored Commanding: A COTS implemen-
tation of Spacecraft Command Language (SCL),
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used on Clementine and FUSE, provides procedur-
al scripts and the capability to respond autono-
mously via rule-based mechanisms to asynchro-
nous events. Scripts and rules tasking the S/C are
generated on the ground, compiled into tokens by
SCL’s compiler, formatted and uplinked, and
stored onboard for subsequent execution. Script
execution time can be absolute or relative.

d. Attitude Determination and Control: Con-
sists of the GNC executive controlling S/C modes
and allowable commands. ADAC generates com-
manded attitude and updates the S/C’s inertial
properties. ADCS passes data to and processes da-
ta from the IMUs and STs. It manages spin rate,
precession, and nutation during spin-stabilized
flight; and controls thruster firing.

e. Orbit Propagation: Accepts state vectors
from the ground and propagates the S/C orbit over
time. Delivers the current S/C position to ongoing
S/W processes.

3 8051 Microcontrollers: These hardware con-
trollers relieve the main CPU from the burden of
managing UDM and ARC I/Fs. The 8051 micro-
controller consists of an RTX51 and two higher
level tasks. The design of the two modules is virtu-
ally identical (see Table 4-18). NRL has extensive
experience with the 8051 (NASB & MPTB). The
RTX51 RTOS was used on both systems and pro-
vides a small, efficient, runtime kernel.

O Software Configuration Management and Doc-
umentation: All FSW within the three processors
is placed under CM beginning with an initial capa-
bility build. The CM system supports multiple
S/W versions and facilitates concurrent baselines
for the development, integration, and test teams.
Additionally, branches and problem reports can be
addressed at different baselines, allowing problem
resolution at the baseline level. Documentation
consists of a S/W Development Plan, S/W Product
Specification (SPS), and S/W Test Plan (STP) for
each of the Computer S/W Configuration Items
(CSCI). The SPS includes the CSCI requirements,
input/output I/Fs, a basic design description, and
source code. The STP include the test methodolo-
gy for the CSCI and any external equipment/simu-
lations necessary for testing.

4.3.6.2 Cost-Reduction Design Features. We
baselined substantial FSW reuse to reduce cost

Table 4-18. Microcontroller Functionality

Module Task

= Uplink Task: Validates command formats, and
: passes the commands on to the main CPU for execu-
UI:%Ivr\mIiannI? tion or storage )

(UDM) = Downlink Task: Accepts a downlink stream from the
main CPU, formats it, and supplies the data to the
downlink at the selected rate.
= Thruster Management Task: Accepts specific com-

ACS/RCS mands from the main CPU and manages the thruster’s

Gontrol hardware I/F. It rejects invalid ADCS commands and

Electron- | €turns an error code to the main CPU.
ics (ACE) | Sensor Management Task: Receives data from the
IMU and the Sun Sensors and passes it on to the main
CPU for processing
Table 4-19. FSW Reuse
CPU Task Previous Use Comments
Advanced S/C |= NRL developed ‘1553
Bus Control Controller  |BC & RT for multiple DoD
9 (ASC), NEMO | Avionics Programs
TM Formatter " * GNC “spin” mode dem-
ﬂgmeongﬁ% onstrated on Clementine;
GNC & ADAC ICM FAME S/W is very similar, &
much of the S/W is reused
8 |Orbit Propaga- | Clementine,
S |tor NEMO
a
< |Payload Event = Extensively used on
T | Table Clementine w/ little change
HW Mgr. & NEMO for FAME
Data Recorder
Magr.
SCL (RTE & Clementine,
Data I0) NEMO, ICM, |= Proven COTS resource
FUSE
05 RTX51 OS = Adapted from MPTB
= usage on 8051
28 B;t l\'\//IIanager& = New Development for
& anager MPTB FAME'’s 8051 Usage
=8 Thruster M = Similar Clementine S/W
o8 ruster vian- is being adapted for stand-
S |agement alone use

and mitigate developmental risk. Table 4-19 pro-
vides data on the heritage of the FSW.

4.3.6.3 Resource Margins and Reserves.

(3 RADG6000 CPU: The estimated processing re-
quirements are shown in Table 4-20. Its RAM and
EEPROM requirements are shown in Tables 4-21
and 4-22, respectively.

O UDM Microcontroller: The estimated RAM
and EEPROM requirements are shown in Tables 4-
23 and 4-24, respectively. Note: The required
100% RAM margin is not met for this processor.
This system closely resembles the MPTB Core
Electronics Unit, which is the source for the size
estimate. Because of the similarity to this existing
system, the indicated margin will be sufficient.

O ACS/RCS Module Microcontroller: Estimated

RAM and EEPROM requirements are shown in
Tables 4-25 and 4-26, respectively.
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Table 4-20. CPU Processing Requirements

Table 4-22. CPU EEPROM Rgmts (kb)

Function Ops Rate (Hz) MIPS Software Component | Code
Timer 4000 100 0.4 Resource Manager
BC Manager 25000 20 0.5 = RTOS 256
GNC Exec 1000000 1 1.0 = Drivers & ISRs 16
ADAC 750000 4 3.0 = Resource Mgr 64
Orbit Propagator (RT) 1000000 1 1.0 Command and Telemetry
TM Formatter 20000 50 1.0 = Bus Controller 6
P/L Event Table Proc 20000 20 0.4 = TM Formatter 12
HW Manager 40000 1 0.0 = SCL RTE/Data I/O 112
SSDR Manager 40000 10 0.4 = SSR Manager 4
SCL Data I/0 24000 25 0.6 Guidance, Navigation, and Control
SCL RTE 32000 25 0.8 GNC Total 87
Total 9.1 Data Structures:
Available 20.0 = SSDR Load Buffers 0
Margin 119% = Command History 0
Table 4-21. CPU RAM Requirements (kb) " Onboard Database, Scripts & TLM 0
= GNC Tables 1,114
Software Component | Code | Data | Total FSW Total K Bytes Required 1114
Resource Manager Total Available 3,000
» RTOS 256 256 512 Margin With 3Meg of EEPROM 169%
= Drivers and ISRs 16 64 80
= Resource Management 64 96 160 Table 4-23. UDM Cntrl. RAM qutS (kb)

Command and Telemetry

Software Component | Code | Data | Total

= Bus Controller 6 4 10 Resource Manager

= TLM Formatter 12 32 44 RTOS 5 4 9
= SCL RTE/Data I/O 112 24 136 Drivers & ISRs 4 4 8
= SSDR Manager 4 1 5 Command & Telemetry Processing:

Guidance, Navigation, and Control Uplink Handling 4 6 10
= GNC Total | 87 | 32 | 119 Downlink Formatting 4 12 16
Data Structures Rate Management 4 2 6
= SSDR Load Buffers 0 | 1088 1088 FSW Total K Bytes Required 49
= Command History 0 32 32 Total Available 64
_-I_L'\(ljl)nboard Database (Scripts & ol 640 640 Margin | | 31%
= GNC Tables 1,152 1152 Table 4-24. UDM Cntrl. EEPROM qutS (kb)
FSW Total K Bytes Required 3978 Software Component | Code
Total Available 128,000 Resource Manager

Margin 3,100% RTOS 5
4.3.7 Thermal Control Subsystem. The simple Drivers & ISRs

and robust thermal design uses no louvers or heat- ~ |Command &Telemetry Processing:

pipes, and relatively little heater power. It uses an Uplink Handling 4
electro-static discharge (ESD) mitigating coating Downlink Formatting 4
on the MLI’s external surfaces to allow complete Rate Management 4
MLI grounding. All thermal hardware meets  |FSW Total K Bytes Required 21
FAME’s cleanliness requirements. Figure 4-16 | ™ot Available 64
shows the planned thermal design concept. Margin 205%

4.3.7.1 Characteristics and Requirements.

O General Requirements: Table 4-27 lists the
S/C component temperature requirements for the

Design Reference Mission. All measurements of
electronics units are at the enclosure baseplate.
Because hydrazine propellant freezes at 1.5°C, all
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Table 4-25. ADCS Cntrl. RAM Rgmts (kb)

Table 4-27. Component Temperature Rgmts.

Software Component | Code | Data | Total Design Requirements
Resource Manager Component Operational (°C) | Non-Op (°C)
RTOS 5 4 9 Min Max Min Max
Drivers & ISRs 4 4 CT&DH Electronics 0 40 -20 60
Guidance, Navigation, and Control ADCS:
IMU Processing 4 6 10 = MU 0 40 -20 60
Thruster Management 4 2 6 = Sun Sensor & Electronics 0 40 -20 60
FSW Total K Bytes Required 33 = Star Tracker Camera 0 40 -20 60
Total Available 64 = Thruster Valves 5 40 5 55
Margin With 64K of RAM 94% = Propellant Tank & Lines 5 40 5 55
Table 4-26. ADCS Cntrl. EEPROM Ramts (kb) | RF elecommunications
= Receiver 0 40 -20 60
Software Component | Code « Transmitter 0 20 20 60
Resource Manager * Power Amplifiers 0 40 20 | 60
RTOS 5 Electrical Power Subsystem
Drivers & ISRs 4 » PCDU 0 20 20 60
Guidance, Navigation, and Control ~ Battery 10 20 NA NA
IMU Processing 4 Structure
Thruster Management 4 «Instrument Mount I/Fs 18 22 | NA | NA
FSW Total K Bytes Required 17 AKM N/A 371 0 23
Total Available 64 Ordnance 0 20 20 60
Margin With 64K of EEPROM 276%

Table 4-28. Heater Power Requirements

Payload Isolated Flexure Subsystem/ | Launch| Stowed Nominal | Safe/Hold,
ML ‘ Interface Component (W) S/A (W) Op?‘l;s;lon SU(W)‘IaI
N High & Paint

T Eectronis. T T—— CT&DH 0.0 0.0 0.0 0.0
/ N VLI RF Telecomm 0.0 225 0.0 30.0
[ ][] ] Y EPS 0.0 11.0 8.5 20.0

4 —
N Radiator /,{ o Low k Composite ADCS 0.0 15.0 9.0 265
MU O ~ ; Instrument I/F 0.0 9.0 6.0 14.0
= Single Layer MLI Mode Totals 0 575 235 905

Figure 4-16. TCS Design Approach

“wetted” components are maintained above 5°C.
On the structure, flexure I/Fs connected to the In-
strument are maintained at 20+2°C to minimize
heat leak variations to the Instrument. The AKM’s
operational maximum temperature is the hottest
local temperature anticipated on the motor casing.
Table 4-28 summarizes subsystem power dissipa-
tions in various mission modes. The CPV battery
is not included in the EPS dissipation. Note that
the battery dissipates a negligible amount of heat
during charge, but the dissipation can be as high as
25% of the discharge power. Heater power is re-
quired during all mission phases. Table 4-28 sum-
marizes the heater power requirements. The
Comm subsystem requires a heater during the ac-
quisition, stowed array, and safe/hold modes to

maintain the SSPA above its non-operational tem-
perature limit. The EPS heater is required only for
the battery. The ACS heater requirement includes
propellant tank, lines, thruster valve heaters, IMU,
star trackers, and Sun sensor and its electronics.

O Heat Transfer: Exterior shear panel surfaces
are covered with MLI to prevent thermal emission
induced perturbations. Internal surfaces are coated
with high € black paint. The top panel’s exterior
surface (Instrument support panel) is covered with
MLI to minimize radiation heat exchange with the
Instrument. The dissipating electronics and the
battery assembly are mounted on the bottom pan-
el’s internal surface. The propellant tank, lines,
and thruster valves are covered with MLI. The S/A
panel backsides are covered with MLI to minimize
radiation heat leak into the Instrument. Because
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the battery requires colder temperatures than the
other electronics, it is covered with MLI to mini-
mize radiation heat exchange with other compo-
nents. It is also mounted away from other compo-
nents to minimize heat leak into the battery due to
lateral conductance through the panel facesheets.
Except for the battery, the electronics box and in-
ternal deck surfaces are painted black. All compo-
nents use a silicone-based RTV thermal material at
the panel I/F. The external deck surface is used as
the radiator.

O Thermal Control Devices: To maintain mini-
mum temperature, thermostatically controlled
heater circuits are applied to the internal panel
facesheet. All heater circuits are redundant with
series/parallel thermostats. Required total heater
power is determined at the worst case cold condi-
tions (beta angle, component dissipation, fluxes).
To avoid rapid thermal cycling, setpoints are main-
tained at least 15°C apart. Heater power is distrib-
uted among six separate circuits activated at differ-
ent setpoints to enable gradual temperature chang-
es. At predetermined set points, thermostats close
to supply incremental heater power to the electron-
ics panel. Thermostatically controlled heater cir-
cuits are provided for the propellant tank, lines,
and thruster valves. Because these components
have minimal impact on the structure temperature,
standard narrow band thermostats are used. Solid
state thermostatically controlled heaters are pro-
vided at the top panel I/F to the Instrument (at the
flexure) to maintain 20+£2°C. These thermostats
sense the resistance of a platinum resistance ther-
mometer attached to the I/F points and autono-
mously close/open a relay circuit in series to the
heaters.

O AKM Thermal Design: The AKM’s thermal
design is totally passive. Only MLI maintains pro-
pellant temperatures before firing and protects the
S/C from high temperatures during firing. High
temperature MLI lining is placed on the internal
AKM support structure surface around the AKM
(but is not attached to it). The MLI insulates the
bus from the hot AKM during firing and heat soak-
back. After AKM jettison, the MLI protects the
bus from heating due to “capture” of the solar flux
inside the now empty cavity. A separate piece of
high temperature MLI covers the exposed (to
space) AKM section to prevent the motor from

getting too cold before firing. Several layers of
stainless steel sheets, separated by fiberglass
scrim, insulate the AKM nozzle, and a single layer
of aluminized polymide film covers the nozzle exit
plane to prevent heat loss before firing. The nozzle
exit plane cover is blown away when the AKM is
fired. A low conductivity composite structure sup-
ports the AKM and minimizes conductive heat
leak into the S/C. That structure is also covered
with MLIL

4.3.7.2 Cost-Reduction Design Features. Devel-
opmental effort was reduced by employing proven
designs. The solid-state thermostatically con-
trolled heaters were built and used on the NRL’s
NaS Battery Flight Experiment. The AKM thermal
design approach was implemented and proven on
Clementine.

4.3.7.3 Resource Margins and Reserves. SIN -

DA and TRASYS thermal modeling and analysis
tools predicted temperatures and supported para-
metric studies. Three operational scenarios were
investigated: initial acquisition/GTO; nominal
GEO operations; and safe-hold. The cold case was
identified as the GEO safe/hold mode, and drives
heater power requirements. The hot case was iden-
tified as GEO operations, and drives radiator siz-
ing. Parameters for the respective cases varied,
including optical properties of tapes, films, coat-
ings, and other surfaces due to on-orbit degrada-
tion, and seasonal solar flux variations, all of
which have significant thermal effects. Optical
properties (solar absorbance and infrared emit-
tance) of the materials also varied.The beta angle
(angle between the orbit plane and the solar vec-
tor) was set to 0° to determine the heater power
needed to maintain minimum temperatures for
components during eclipse. For hot operational
cases, the beta angle was raised to avoid any
eclipse. The MLI effectiveness was also varied
from 0.06 to 0.006. Table 4-29 lists the predicted
temperature extremes during the mission and the
margins. Except for the minimum SSPA tempera-
ture, operational requirements were used for all
components to calculate margins. The SSPA expe-
riences its cold extreme during the safe-hold
mode. For maximum temperatures, a 10°C margin
exists, except for the battery and the Instrument
mount I/F that have a +2°C control requirement. A
thermal design verification test (TDVT) is per-
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Table 4-29. Temp. Predictions and Margins

Predictions ("C)
Component Extremes Margins

Min Max Min Max
CT&DH Electronics 5.0 29.5 5.0 10.5
ADCS:
= IMU 5.0 28.8 5.0 11.2
= Sun Sensor & Electronics 5.0 12.0 5.0 28.0
= Star Tracker Camera 5.0 15.0 5.0 25.0
= Thruster Valves 10.0 225 5.0 17.5
= Propellant Tank & Lines 10.0 23.0 5.0 17.0
RF Telecom
= Receiver 18.9 254 18.9 14.6
= Transmitter 18.9 25.4 18.9 14.6
= Power Amplifiers -10.0 29.5 10.0 10.5
Electrical Power Subsystem
= PCDE 9.1 29.9 9.1 10.1
= Battery -5.0 11.7 5.0 8.3
Structure
= P/L Mount I/Fs 18.0 22.0 0.0 0.0
AKM 19.0 23.0 19.0 20.0

formed at the system level to verify all critical
instrument/bus interactions and overall system
performance requirements.

4.3.7.4 Master Equipment List. Al material
meets NASA outgassing specification for <1%
TML and <0.1% CVCM. All MLI pieces are sepa-
rately grounded. All heaters are thin polymide
(Kapton) film-encapsulated elements. An acrylic
adhesive bonds the heaters to the respective sur-
faces. The thermostats (except for the solid state
thermostats for the P/L I/F) are hermetically sealed
bi-metallic switches.

4.3.8 Structures Subsystem. The Structures Sub-
system provides a load path for all load cases
encountered during the mission, structural mounts,
overall stiffness, and support for all bus mounted
electrical components. This primary structure also
houses the AKM motor and hydrazine tank, pro-
vides sufficient area for solar power generation,
shades the instrument during the science portion of
the mission, and provides proper control for the
ACS authority.

4.3.8.1 Characteristics and Requirements. The

philosophy of the mechanical design was to use a
simple design based on missions successfully
flown in the past at the NRL. To provide the maxi-
mum volume for potential growth, the bus was
optimized for the Delta 7425 fairing. This allowed

for substantial margin in the available volume and
surface area for mounting components. Due to the
requirement to be dynamically balanced during all
phases of the mission, the major components
(AKM, RCS tanks, and the instrument assembly)
were positioned along the spin axis. The main vol-
ume constraint in the fairing came in the axial
direction. The baseline design consists of an all-
aluminum hexagon bus consisting of a main thrust
tube, honeycomb panels and decks, deck angles,
and longerons. The design efficiently transfers
loads to the L/V and provides the necessary stiff-
ness. The primary structure is designed with posi-
tive margins of safety using factors of 1.25 for
yield and 1.40 for ultimate. The structure will be
tested to protoflight levels as described in Section
4.6. The major components of the primary struc-
ture are summarized in more detail:

O Thrust Tube and L/V Adapters: The primary
structure that will provide the load path for launch
loads is a monocoque aluminum thrust tube and
L/V adapters. The thrust tube will house the STAR
30 AKM motor and the hydrazine tank and will
provide structural mounts for the longerons and
deck angles. The design of the thrust tube and
adapters consists of an aluminum skin, rings, and
longerons incorporated into a single structure for
each. The adapters are secured to the thrust tube
using Marmon clamp V bands at each I/F.

O Instrument Shear Panels: The instrument shear
panels transfer the axial and lateral loads from the
instrument assembly to the thrust tube. The panels
are of aluminum honeycomb design. Brackets se-
cure the instrument assembly’s three point flexure
mounts to the panels. These flexure mounts are
shimmed at assembly with the mounting brackets
to meet the alignment requirement.

O Electronics Deck/Enclosure  Panels/Instru-
ment I/F Deck: All panels and deck structures are
aluminum honeycomb. The electronics deck sup-
ports all bus-mounted electrical components while
the enclosure panels and instrument I/F deck pro-
vide stiffness to the overall primary structure.

O Longerons/Deck Angles: Similar to other suc-
cessful NRL designs, a longeron/deck angle de-
sign is baselined. This internal skeleton secures
and transfers shear loads from all panels and decks
to the thrust tube. This design provides a very stiff
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and efficient fully enclosed structure for handling
all load cases throughout the mission.

O Solar Array/Sun Shield Assembly: The
S/A/Sun shield assembly must provide enough ar-
ea to generate required power and also shade the
instrument during the science portion of the mis-
sion. Due to the limitations of the L/V fairing and
S/C volume, all six sides of the array assembly are
hinged at the center. With the limitations of the lo-
cation of the center-of-pressure, each of the six
sides must hinge at the side of the S/C furthest
from the instrument I/F. Low thermal expansion
graphite epoxy facesheets and aluminum honey-
comb core are used to design the S/A panels.
These components were heavily influenced by past
programs at NRL, including Clementine. To pro-
vide the proper control for the ACS authority, solar
trim tabs similar to those used on the GOES I-M
S/C are at the end of each S/A panel assembly.

4.3.8.2 Cost-Reduction Design Features. To
reduce cost, composites were minimized. Addi-
tionally, the mechanical design is based on past
designs successfully flown at NRL. To reduce risk,
both the longeron/deck angle design and the S/A
panel design were heavily influenced by the Clem-
entine program, and the solar trim tabs are similar
to those used on the GOES I-M S/C.

4.3.8.3 Resource Margins and Reserves. Two

major structural trade studies were investigated
during the concept study. They are summarized in
Table 4-30. The mass properties of the design are
summarized on Foldout 3, Table A. It is important
to note that the mass uncertainty of the system is
added at the line item level as a percentage mass
reserve depending on the maturity of the part. This
method better represents the system’s true mass.

4.3.8.4 Master Equipment List. Foldout 3, Table
A identifies a master equipment list, component
heritage, and a planned qualification approach for
each item.

4.3.9 Mechanisms Subsystem. The Mechanisms
Subsystem consists of six assemblies that perform
the necessary deployments and separations to
achieve the S/C’s operational configuration and
provide precise adjustment capability for spin bal-
ance and solar torque.

4.3.9.1 Characteristics and Requirements. The
six mechanism assemblies: (1) S/A/Sun shield
release and deployment subsystem (SSRDS), (2)

Table 4-30. Major Mechanical Trades

Dsn | Struc S/A
Trade Design Vol [Comp| Load | Mass Ass
lexity | Path y
Square Bus Struc-
ture with Internal G G VG G G

Thrust Tube

Hexagon Bus
Structure with Inter- | VG G VG G VG

>9
S 2 |nal Thrust Tube
[}

gg Hexagon Bus

O |Structure with Inter-| VG | G P G VG
stage
Hexagon Bus
Structure with Truss | VG P P G VG
Interstage
Components
Mounted to Enclo- | VG G G P NA
sure Panels
Components

Mounted to Elec- G VG G VG NA
tronics Deck

Component
Layout

Components
Mounted to Thrust P G VG P NA

Tube

L/V separation subsystem, (3) AKM separation
system, (4) balance adjustment mechanisms, (5)
trim tab positioners, and (6) omni antenna release
and deployment subsystem. The L/V and AKM
separation systems are virtual duplicates of one
another. All mechanisms except the S/A/Sun
shield deployment subsystem are straightforward
implementations or adaptations of mechanisms
with NRL and/or industry heritage. The S/A/Sun
shield deployment will require significant develop-
ment work in Phases B & C.

The mechanisms must be capable of operating
in any of the expected on-orbit thermal conditions.
The mechanisms must work properly after expo-
sure to launch loads, vibration, and acoustics.
They must be highly reliable, as they are all mis-
sion critical functions. NRL has always empha-
sized a rigorous test program as the best way to
assure highly reliable mechanisms. All mecha-
nisms are thoroughly qualified, and each mecha-
nism is thoroughly acceptance tested. The mecha-
nisms qualification and acceptance testing are
summarized in Table 4-31. The acceptance test
emphasizes verifying mechanism performance and
in-family behavior. This emphasis on testing has
been one of the key factors in NRL’s excellent on-
orbit mechanisms reliability.

O S/A/Sun Shield Release and Deployment Sub-
system (SSRDS): The SSRDS is the most challeng-
ing mechanism on the FAME bus and the only one
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Table 4-31. FAME Mechanisms Test Matrix

Mechanisms Qualification Testing
Mechanism Burn-in Vibe Tge;g;al Txgtc TC\:)‘I\c(i: Life Comment
SSRDS X X X X
. 3 Manual | System | System SEP System Dedicated Static Loads
L/V & AKM Separation System Releases | Level Level X X Testing
Balance Mechanisms Delta Qual Only as Necessary
Trim Tab Positioners Delta Qual Only as Necessary
Omni Ant. Release & Deploy No Delta Qual Required
Mechanisms Acceptance Testing
Mechanism Burn-in Vibe Tgt‘e,l;:rlneal Tl\_'lﬁtc E‘g’l\g Performance Comment
: Deploy Before System Level Envi-
SSRDS El)g Ak')r Sa/:\t/eerln X ronments Release After System
ploy Level Vibe as Pyroshock Test
: 3 Manual | System Release After System Level Vibe as
L/V & AKM Separation System Releases Level Pyroshock Test
Balance Mechanisms X X X X X X 200 Hour Burn-in
Trim Tab Positioners X X X X X X 200 Hour Burn-in
Omni Ant. Release & Deploy X Sl:\t/eerln X 10 Deployments as Burn-in

Figure 4-17. Sun Shield Partially Deployed

requiring significant development. The SSRDS in-
cludes S/A release mechanisms, spring driven
hinges, latches, and the Sun shield, which must
unfurl reliably after being wrapped for stowage.
This mechanical system is being designed for
maximum simplicity and reliability. Foldout 2,
Figures B, D, and E show the stowed and deployed
configuration for the SSRDS. Figure 4-17 shows
the partially deployed configuration. The S/A con-
sists of six panel triplets. The Sun shield is lightly
stretched between the panel sets as webbing. Each
panel triplet is stowed in a Z-fold manner. On re-
lease, all six panel sets comprising the S/A are si-
multaneously released to the deployed position by
spring-powered hinges acting through the entire
hinge travel. Kickoff springs, which supplement
the hinge springs, provide large force margins to

ensure initial motion of the array. The S/As are
preloaded closed during launch by one bolt for
each set of panels. Six bolt cutters pre-release si-
multaneously; each cutter unlatches one of the six
S/A panel triplets directly. The bolt cutters are re-
dundant. Key to the success of the SSRDS is the
unfurling of the Sun shield, the only non-standard
aspect of the S/A deployment. The Sun shield con-
sists of lightweight thermal blanket material cho-
sen to have the proper solar reflectance for the Sun
side and the toughness and handling properties
necessary for unfurling. The shade material be-
tween each set of panels is rolled into a double spi-
ral that easily unwraps as it is pulled by the de-
ploying solar panels. On full deployment, the ma-
terial is under a very light tension to maintain its
shape and to minimize resistance to the deploy-
ment and latching of the solar panels. This same
scheme is used to unfurl the antenna mesh on the
TDRSS 3.66 m deployable antenna, which has
proven reliable in several flying TDRSS satellites.
With good design and testing methods we are con-
fident that, by keeping the design simple, the SS-
RDS can be an extremely reliable mechanism. A
quarter-scale prototype of the SSRDS is built and
extensively tested during Phase B. This model will
be invaluable to work out the details of Sun shield
wrapping and deployment and to develop the
equally important test techniques. The use of this
model will eliminate the development risk of the
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SSRDS early in the FAME program. Two domi-
nant goals have driven the SSRDS design: (1) de-
sign simplicity and (2) ease of testing. The SSRDS
can be tested as a full assembly in air at NRL using
a system of counterweights to support the panel
mass during deployment.

O Launch Vehicle and AKM Separation System:
A 76.20-cm Marmon clamp is used to release the
FAME bus from the L/V. An identical Marmon
clamp releases the AKM after AKM burnout.
Compression spring cartridges provide a 30.48-cm
per second separation velocity with low tip off on
release of each joint. A Marmon clamp which pro-
vides a straight continuous load path, was selected
for this task because it is the most efficient way to
provide a separation joint for cylindrical struc-
tures. The 106.68 cm Clementine Marmon clamp
will be scaled down for FAME and delta qualified
in this configuration for the worst case FAME
loads. The Marmon clamp is released with 0.635-
cm explosive clamp separators that are a qualified
catalog item from Hi Shear Inc.

O Balance Adjust Mechanisms: Four movable
masses, selected from one of several available her-
itage designs, are required to trim the static and
dynamic spin balance of the FAME bus on orbit in
the deployed configuration. These masses will be
used as required to adjust the spin balance through
mission life to the required +£30 as.

O Trim Tab Positioners: The solar pressure trim
tabs are positioned by stepper motor driven hinges.
The hinges will be capable of 0 to 350-degree rota-
tion. The selected implementation will include a
flight-qualified stepper motor with a zero backlash
gearbox. This system meets the requirements of
highly repeatable trim tab positioning with 0.05
degree resolution using very simple electronics
and mechanical components. This mechanism will
have very low life cycle requirements so risk of
positioner failure is slight. The inertia is low and
the mechanism is driven very slowly to minimize
the torque requirements. The flight qualified posi-
tioner will be competitively selected from one of
several vendors with goals of minimum mass,
maximum reliability, and low cost.

O Omni Antenna Release and Deployment Mech-
anism: The omni antenna release and deployment
mechanism is identical to the Clementine high
gain antenna feed release and deployment mecha-

nism. The mechanism uses a paraffin actuator-
driven pin puller to release the feed. The hinge is
made from a pair of carpenter spring tapes that
provide deployment torque and repeatable, reliable
latching. The deployment is started with kickoff
springs that ensure reliable separation.

4.3.9.2 Cost-Reduction Design Features. To
minimize design effort, the S/A hinges are adapta-
tions of hinge designs that have been in use on
NRL S/C S/As for more than two decades. The
balance adjust mechanisms will be competitively
procured from one of the several available heritage
designs. Additionally, the Sun shield will be
unfurled by using the same method adopted for
several TDRSS satellites to unfurl the mesh on the
3.66 m deployable antenna. We will also draw
upon the experience gained at NRL in an ongoing
R&D effort to develop a deployable solar concen-
trator that includes unfurling reflective film for the
reflective portion of the concentrator. Motor-driv-
en deployment was considered and dismissed
because it added to cost, electrical complexity, and
mass. The release mechanisms and hinge approach
was selected because the available heritage NRL
mechanisms are cost efficient and proven reliable
in flight. The heritage of the TDRSS antennas cou-
pled with our solar concentrator experience drove
us to select the shade unfurling approach.
4.3.9.3 Resource Margins and Reserves.
Deployment of the S/A incorporates spring-
powered hinges supplemented with kickoff springs
provide large force margins to ensure initial
motion of the array. Spring-driven hinges with
kickoff springs and no dampers have functioned
flawlessly on all NRL deployables since the
1960’s.

4.3.9.4 Master Equipment List. Foldout 3, Table
A identifies a master equipment list, component
heritage, and a planned qualification approaches.

4.3.10 Reaction Control Subsystem.

4.3.10.1 Characteristics and Requirements. The
RCS, schematically represented in Figure 4-18,
consists of a propellant tank, fill valves, filter,
latching isolation valve, and thrusters with integral
redundant shut-off valves. The system was select-
ed to meet the mission requirements and maximize
the use of qualified components with flight heri-
tage for cost reduction. The flight vehicle has eight
4.89 to 1.33 N hydrazine thrusters (Figure 4-19).
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This configuration provides for spin jets about the
x-axis with active thruster nutation control, an x-
axis delta velocity capability, and three-axis atti-
tude control with full redundancy against a thrust-
er failure. The spin jets and delta velocity thrust-
ers, fired in pairs, provide maximum moments
about the vehicle center of gravity. The RCS sys-
tem has both mechanical and electrical I/Fs. The
S/C command and data handling system controls
the RCS valves and thrusters including sequencing
the thruster catalyst bed heater power. The RCS
telemetry, which is used primarily for system sta-
tus, is collected and stored for the pressure trans-
ducer, temperature sensors, and latch valve
open/close status flags. The thermal control system
provides heaters so that the hydrazine propellant
does not freeze under cold environmental condi-
tions. Fail-safe S/W prevents thrusters from firing
inadvertently with a single command. Additional-
ly, there is tolerance to a thruster commanded and
left ON by S/W that will command OFF all thrust-
ers unless a timer is updated by command during a
maneuver.

O Propellant Tank: The 48.26 cm diameter pro-
pellant tank is designed and fabricated by Pressure
Systems Incorporated as P/N 80274-1. Construct-
ed from a Titanium shell, it contains a bladder for
positive expulsion. The tank has been previously
qualified in accordance with MIL-STD-1522 for
the EXOSAT program and more recently for Or-
bital Sciences Corporation’s Orbview program.
The tank has an operating pressure of up to 377 psi
and incorporates a 2:1 burst factor for range safety
considerations.

O Filter: The filter guarantees system cleanli-
ness. The propellant is particulate filtered as it ex-
its the storage tank and before it enters the contam-
ination sensitive propellant valves and thrusters.
The filter is a flight-qualified 15 micron design
manufactured by Vacco Industries.

O Latching Isolation Valve: The latching isola-
tion valve is manufactured by MOOG Space Prod-
ucts Division as P/N51-181. The isolation valve is
a torque motor design with an integral inlet filter
for contamination protection. It has been qualified
previously for the 64-flight Globalstar program.

O Thrusters: The thrusters are manufactured by
Primex Aerospace as P/N MR-111. The design is
fully qualified and has flown in space more than

FAME
GN2 Service
Pressure Service
Transducer Valve

Latch Valve Izl

Star 30BP Safe/Arm
AKM < > Box
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Figure 4-18. FAME RCS Schematic
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Figure 4-19. RCS Layout

500 times. The thruster assembly includes serially-
redundant thruster valves, catalyst bed, catalyst
bed heaters, thruster chamber, and thruster heaters.
The nominal beginning of life thrust is 4.89 N,
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which decreases as propellant is used and system
pressure decreases. The end of life thrust is nomi-
nally 1.33 N. The thrusters contain catalyst bed
heaters to extend catalyst life and provide repeat-
able impulse. The thruster assemblies contain inte-
gral inlet filtration before the shut-off valves to
protect from contamination. A preliminary plume
contamination analysis was performed during the
study period to satisfy the science mission plan-
ners. This analysis assisted in the thruster place-
ment and demonstrated satisfactory science mis-
sion performance with the on-board hydrazine sys-
tem as described in this section.

O Pressure Transducer: The flight-qualified pres-
sure transducer is manufactured by Taber Indus-
tries. The fill valves are manufactured by OEA and
have been qualified for many programs, including
Clementine. The fill valve includes an integral inlet
filter to protect from contamination.

O OQuality Requirements: The RCS components
and tubing are assembled in cleanrooms in accor-
dance with military and industry standards to miti-
gate contamination. The RCS system is construct-
ed from CRES 304L tubing to ensure complete
propellant compatibility for the mission life. Addi-
tionally, the tubing systems are assembled using
highly controlled orbital tungsten inert gas (TIG)
automatic fusion welding. This weld joining meth-
od is highly reliable, repeatable, and clean.

The FAME propulsion system is built in accor-
dance with the program quality assurance and con-
trol plan. This system includes verification and
inspection of the ‘As-Built’ configuration of the
system before system-level testing at the S/C level.
Items under configuration control include drawing
release and revision as well as inspection of criti-
cal steps and processes with the flight build. The
FAME propulsion system quality is verified
throughout the prelaunch and integration cycle by
testing as outlined in a predetermined FAME spe-
cific test plan. The propulsion system components
are tested at the component level, again after inte-
gration into the propulsion assembly, and as a
function of the satellite-level integration and test
activities before propellant load and launch. The
launch operations are supported by the NRL team
at Cape Canaveral in coordination with the Delta
L/V provider and the range support services con-
tractor. These on-site operations verify the system

integrity via functional testing, which includes
loading propellant and pressurizing the RCS, inte-
grating the SRM, and spin balancing the space
vehicle before transportation to the launch pad for
stacking on the Delta L/V.

O Safety Requirements: All hardware is de-
signed, built, and tested to comply with the re-
quirements of EWR 127-1. The Safety Review
Process is initiated at contract award and will in-
clude formal and informal reviews of hardware
and test procedures to verify physical and personal
safety. The safety process includes the submission
of a Safety Assessment Report (SAR) that will de-
scribe the systems, hazards, and risk mitigation.
All propulsion systems are tolerant to inadvertent
activation while in ground processing. The electri-
cal systems that control firing of the SRM and hy-
drazine system will contain inhibits including a
mechanical Safe and Arm device that will not be
activated until the space vehicle is stacked in the
launch configuration. All operations that compro-
mise these activation inhibits, such as pre-launch
ground testing, are handled by safety approved
hazardous operations procedures.

4.3.10.2 Cost-Reduction Design Features. Pro-
pulsion design implementations investigated for
the FAME mission included combinations of solid,
cold gas, bi-propellant chemical, monopropellant
chemical, and electric propulsion. A monopropel-
lant system was chosen to meet mission require-
ments for its inherent simplicity, proven reliability,
and low cost. A chemical system was required for
this mission due to the need for a total impulse
(thrust force times time) that is greater than a cold
gas system could provide within the volume con-
straints of the L/V. Additionally, a bi-propellant
chemical system was not chosen for this system
due to its greater cost and complexity, and inability
to provide the low thrust required for precision
attitude control during the science collection mis-
sion. Costs were reduced by using previously qual-
ified hardware wherever possible. The propellant
tank, filter, latching isolation valve, thrusters, and
pressure transducer are all flight qualified items.

4.3.10.3 Resource Margins and Reserves. The

propellant use budget is listed in Table 4-32. The
fuel budget shows expected orbit operations for
orbit transfer, attitude control, and correction for
worst case L/V and SRM injection errors. The 41
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kg fuel budget shows a fuel margin of 25%,
including the worst case injection errors. This
methodology provides additional propellant mar-
gin over a nominal injection. The propulsion sub-
system is designed for a minimum mission life of
5 years, including propellant to perform the
expected mission operations. Selected components
have demonstrated, through qualification, capabili-
ties exceeding the proposed 5 year mission.
4.3.10.4 Master Equipment List. Specialized
GSE is required to process, service, and test the
S/C in preparation for launch. The baseline is to
use the launch site equipment and personnel for
FAME. Alternatively, there is existing Clementine
GSE, along with trained NRL personnel, that can
be made available if required. Available NRL
hardware includes fuel loading carts, pressure con-
sole, vacuum cart, and miscellaneous gas and liq-
uid lines, couplings, and manifolds.

Table 4-32. Propellant Budget

Propellant Used

Maneuver (kg)
Initial Acquisition & Pointing 0.9
Spin up FAME with SRM 5.1
Active Nutation Control 2.0
Despin FAME with SRM 5.1
AKM Total Impulse Error (0.5%) 3.4
Jettison SRM and Adapter 0.1
1° AKM Pointing (i = 0.63) Error Correction 0.0
Decrease Perigee by 300 km to Final GEO 13
Orbit
Decrease Apogee by 300 km to Final GEO 13
Orbit
N-S Stationkeeping (1°/year) 0.0
E-W Stationkeeping (for +1° Longitude) 2.4
Spin-up for Mission 0.2
5 Year Mission ACS (All Thruster Precession) 7.3
Raise Apogee by 300 km to Deorbit 1.3
Raise Perigee by 300 km to Deorbit 1.3
20 Mission Safe Hold Maneuvers 3.4
2% Unusable Residual 2.2
25% Fuel Margin 12.6

Total 49.8

4.4 Science Payload.

4.4.1 Instrument Overview. The current FAME
instrument architecture, shown in Foldout 4, is the
result of design work and trade studies performed
during the present concept study, earlier studies on
the FAME mission, and a proven heritage from the
successful ESA mission Hipparcos (Perryman et

al. 1989). The FAME instrument is designed,
assembled, aligned, and tested by LMMS at its
Palo Alto, CA facility. Major subsystem suppliers
include Raytheon for the optics, Composite Optics
for the metering structure, and EEV for the CCDs.
The instrument master equipment list is shown in
Table 4-33. LMMS also supports instrument inte-
gration to the S/C, space vehicle system test,
launch operations, and mission operations. Our
objective in developing the instrument design was
to reduce risks associated with mission perfor-
mance, and to maintain the cost within the limita-
tions set for the MIDEX experiments. Top-level
mission-derived requirements are summarized in
Table 4-34. These requirements flow down to the
subsystems using an integrated sensor model that
optimizes the balance between risk, cost, and per-
formance. The instrument design resulting from
the CSR is described in detail in the following sec-
tions. Residual technology risks associated with
the instrument design include centroiding accura-
cy, thermo-mechanical stability, and thermal con-
trol of the instrument. To reduce the centroiding
risk, during the CSR, we increased the pixel sam-
pling of the unresolved star image by extending
the focal length of the optical system to 15 m,
which results in 2.0 pixels per central lobe of the
point spread function. We also selected proven,
commercially available, low noise CCDs that meet
the FAME science-derived noise and quantum effi-
ciency requirements. The selected CCD device for
FAME is a slightly modified EEV CCD44-82.
Modifications include adding notch technology for
greater radiation hardening, and an array transfer
gate to allow for TDI readout. To confirm centroid-
ing performance, we are experimentally demon-
strating spot tracking under LMMS internal fund-
ing using a flight-like EEV focal plane and a star
field simulator. Described in section 4.4.3.2, this
experiment will validate centroiding accuracy and
allow data processing algorithms to be evaluated
and refined to enhance the instrument performance
margin.

For maximum thermo-mechanical stability, all
mirrors are manufactured from ULE, an ultra-low
thermal expansion material from Corning Glass. A
well understood glass, ULE has been applied in
high thermal stability optical systems for more
than two decades. Our metering structure is a
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Table 4-33. Instrument Master Equipment List

Instrument Component Qty Comments/Vendor Flight Heritage
Composite Structure 1 Composite Optics Inc. AXAF, MODIS
Compound Mirror 2 Raytheon Systems Co SXI,AXAF,TRACE
Primary Mirror 1 Raytheon Systems Co SXI,AXAF,TRACE
Secondary Mirror 1 Raytheon Systems Co SXI,AXAF, TRACE
Tertiary Mirror 1 Raytheon Systems Co SXI,AXAF, TRACE
Fold Flat 0 1 Raytheon Systems Co SXI,AXAF,TRACE
Fold Flat 1 1 Raytheon Systems Co SXI,AXAF, TRACE
Fold Flat 2 1 Raytheon Systems Co SXI,AXAF,TRACE
Fold Flat 3 1 Raytheon Systems Co SXI,AXAF,TRACE
Fold Flat 4 1 Raytheon Systems Co SXI,AXAF, TRACE
Window 1 Raytheon Systems Co SXI,AXAF,TRACE
Integrating Sphere 1 Labsphere Inc. MISR, MODIS, MERIS, ALI
CCDs 24 EEV Limited AXAF
Photometric Filters 4 Raytheon Systems Co SXI,AXAF,TRACE
Neutral Density Filters Type A 3 Raytheon Systems Co SXI,AXAF,TRACE
Neutral Density Filters Type B 3 Raytheon Systems Co SXI,AXAF, TRACE
Baffles 2 LMMS Designed LMMS Autonomous Star Tracker
Baffle Aperture Covers 2 Starsys Research TRIANA
CCD Housing 1 LMMS Designed LMMS Autonomous Star Tracker
CCD Radiator 1 LMMS Designed RM-20, UARS
Mounting Flexures 3 LMMS Designed New design
Thermal Blankets As Required LMMS Designed SXI, MDI, HIRDLS
Heaters As Required Tayco Engineering Gravity Probe-B
Data Processor Control Assembly Electronics 1 LMMS Designed LMMS Autonomous Star Tracker
CCD Control Assembly Electronics Box 1 LMMS Designed LMMS Autonomous Star Tracker
Analog Processor Assembly 4 LMMS Designed LMMS Autonomous Star Tracker

Table 4-34. FAME Instrument Requirements

Parameter Value
Wavelength Range 400-900 nm
Magnitude Range (m,) 5-15

Astrometric Accuracy 50 pas (at m, <9)

Single Look Centroiding 600 pas (at m, <9)

Photometric Accuracy 1 millimagnitude (at m, = 9)

graphite cyanate composite designed and built by
Composite Optics to match the coefficient of ther-
mal expansion (CTE) of ULE to further enhance
stability. This structural material is a high modulus
graphite combined with a cyanate ester resin sys-
tem and has been qualified on numerous space
flight programs. Precise CTE matching between
structure and mirrors was demonstrated (at 300 K
and low temperatures) as part of the Next Genera-
tion Space Telescope (NGST) prototype primary
mirror demonstrator. Thermal control of the focal
plane assembly to £63 mK is necessary for the
instrument to achieve a single look centroiding

accuracy of 600 nas. Under the Space Interferom-
etry Mission (SIM) program, LMMS is currently
demonstrating state-of-the-art thermal analysis
and thermal control of precision optical structures
using the Thermal Opto-Mechanical (TOM) test-
bed. TOM is validating our thermal analysis capa-
bility by comparing analytical predictions of the
SIM thermal model to testbed experimental results
to a precision of a few mK. This thermal analysis
tool is the same one used for FAME. TOM is also
demonstrating the capability to control a precision
optical structure to within 10 mK, which is signifi-
cantly tighter than the FAME requirement.

The optical ray trace for our current design is
shown in Foldout 4. The optical system images
two regions of the sky onto a single large-format
CCD mosaic focal plane array. Instrument elec-
tronics control and read out this camera and digi-
tize the pixel output. Field Programmable Gate
Arrays (FPGAs) “window” the digitized CCD out-
put around stars listed in the on-board star catalog.
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The Data Processor and Control Assembly elec-
tronics combine the windowed data from the six
FPGAs, along with header information, into a sin-
gle data stream that is transferred to the S/C where
it is queued for telemetry to the FAME Control
Center. The instrument electronics also control the
temperatures of the optical bench, optics, and the
focal plane.

The team revised the optical design to improve
stability, and increased the telescope focal length
from 7.5 m to 15.0 m. To improve precision, the
aperture was widened from 0.5 to 0.6 m. The long-
er focal length telescope has a diffraction-limited
spot size of 2.0 pixels, compared to 1.2 pixels for
the previous design, which eases the centroiding
requirement. The instrument FOVs are separated
by 81.5 deg, rather than 65 deg in the earlier
design. This permits a more compact telescope
design. The FAME rotation period about the spin
axis is now doubled to 40 minutes, which, with the
15 m focal length, maintains the CCD time delay
integration rate at 2.6 kHz. Twenty-four 2048 x
4096 pixel CCDs populate the focal plane. Image
quality is uniformly excellent across the entire
focal plane. Four of the CCDs are used to make
photometric observations and are fitted with Sloan
filters. The photometric filters are implemented
both with and without neutral density filters to
achieve the full magnitude range for each of the
photometric wavelength bands. Three of the
CCDs, with higher power neutral density filters
(NDa), are used to make astrometric observations
of fifth to eighth magnitude stars. Three CCDs,
with lower power neutral density filters (NDb), are
used to make astrometric observations of seventh
to tenth magnitude stars. The remaining CCDs are
used to make astrometric observations of ninth to
fifteenth magnitude stars.

An alternate approach to achieving the full
FAME magnitude range will be traded against the
neutral density filters during Phase B. The alter-
nate approach uses start-stop clocking of the CCD
TDI operation for bright stars. This limits the
charge within individual pixels by creating multi-
ple exposures of the star on the CCD and would
eliminate the need for neutral density filters.

To reduce the downlink system cost and risk,
the instrument does not transmit all of the focal
plane data to the ground. Instead, we extract the

science data of interest using an on-board star cat-
alog containing 40 million stars. A “window,” nor-
mally 20 pixel columns by 10 pixel rows, is
extracted containing the star and transmitted to the
ground in the science data stream for processing.
For each row, the 20 columns are summed together
in the instrument so that only 10 data words are
transmitted to the ground for each “nominal” star
window. The on-board star catalog contains a win-
dow size and bin size value for each star so that the
bin and window size can be varied for double
stars, bright stars, and other special cases.

4.4.2 Optics.

4.4.2.1 Optics Design. The revised optical design
for the FAME instrument satisfies all optical
requirements while simplifying fabrication,
assembly, and testing, as shown in Table 4-35. It
provides diffraction-limited imagery on a flat
image plane, which simplifies CCD alignment and
reduces assembly cost. Additional improvements
in performance are achieved by increasing in the
system focal length, entrance pupil size, and plac-
ing all the powered optics on a common optical
centerline. The revised design provides a centered
three mirror, anastigmatic telescope design having
a wide field of view and a compact configuration,
as shown in Figures 4-20 and 4-21. The aberration
residuals of this design are near zero. The design
Strehl ratio of 0.99 (at 0.58 ym) or better is
achieved over the entire 1.1 degree circular FOV,
as demonstrated in Figure 4-22. The image devia-
tion from a true f-theta distortion mapping is
0.02%. This distortion is removed during data
reduction without affecting mission science. Pack-
aging the optics within the allowable volume,
while providing good access to all the mirrors for
mounting, is achieved by the passing the light path
through a central hole in fold mirror #0 at the
intermediate image plane. The reflective portion of
this mirror folds the path near the exit pupil. This
configuration permits high quality, low distortion
images to be achieved over a flat field, facilitating
high accuracy centroiding of the stellar images.
The improvements between the 7.5-m and the 15-
m focal length optical designs are summarized in
Table 4-36. The 15-m design is anticipated to be
lower in cost and risk by virtue of its simpler fabri-
cation, assembly, and testing.

AO 98-0SS-03

4-33

Concept Study Report



Full-Sky Astrometric Mapping Explorer

FAME

Table 4-35. FAME 15-Meter Focal Length
Optical Design Requirements

Derived

Parameter Requirement 15 m Design
Aperture 0.25x0.5m 0.25x0.6 m
Obscuration <50% 50% (lc::%r{/s)t. over
Focal length 15 meters 15 meters

Fitinto 2 x 1 m cyl-
Volume inder Yes
Linearity (f-theta) <0.02% 0.02%
A 1.1 deg circular 1.1 deg circular
Field-of-view @ 15 m) (@15 m)
Field curvature >7.5 meters Flat
. . Lo 1/20 Airy circle
Image quality (geometric) <<Airy circle (only conic surfs.)
Compound mirror angle
(between FOVs) 20 to 160 deg 81.5 deg
Stray light control Relayed TMA Yes
Mirror mounting Acce?)sa (t:ok Srmrror Yes (r\}gé?ntne-
Sloan filters, ND
Refractive elements Sloan filters filters, CCD win-
dow
Fold Mirror #2 Fold Mirror #4 Fold Mirror #0

(Located at Intermediate
Image)

Secondary
Mirror

Primary Compound
Mirror Mirror

Mirror #1  Foig Focal

Tertiary Mirror #3 i'a”e N
Mirror ssembly

Figure 4-20. Optical Design—Side View

During this study phase, development is con-
tinuing on the optical fabrication and alignment
tolerances, as well as sensitivities associated with
the telescope mirrors and the CCD window. Image
motion sensitivities to element motions during on-
orbit operation have been calculated and are sum-
marized in Table 4-37. As expected, these stability
sensitivities are approximately twice as demand-
ing in the 15-m design due to its longer focal
length. Thermal deformation analysis shows that
the on-orbit de-center, de-space, and tilt motions

Figure 4-21. FAME Optical Design—Top View

"Airy Circle"
Actually Is a

Sinc? Function Each Box Is 0.010 x 0.010 cm

\
\

RMS Geometric Spot Radius (cm)
Normalized Fractional

Object Height
(8'88011%2))/ (X, Y) - Max. Value (1, 1)

[~ ——— Geometric Spot

0.000088 0.000083
(0.00, 0.50) (0.50, 0.50)
0.000042 0.000036 0.000082
(0.00, 0.00) (0.50, 0.00) (1.00.0.00)
ON AXIS

¢ Only One Quarter of the Field Is Shown Due to Symmetry

¢ The Geometric Spot Diameter Is Much Smaller Than the Airy
Circle, Indicating Diffraction Limited Performance

Figure 4-22. Optical Performance (1.1° FOV)

for the 15-m design easily meet these require-
ments, as shown in Table 4-54 in section 4.4.6.1.
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Table 4-36. Design Improvements

Optical Subsystem
Improvements from Original
Proposal (7.5 m) to 15 m

Rationale

= Simplifies mounting of the

Flatimage surface planar CCDs on a flat surface

= Facilitates alignment

= All mirrors have good acces-
sibility

= No cantilevered mirror
mounts required

Powered mirrors share common
optical axis

Relayed optical design with an
accessible intermediate image
(field stop) and exit pupil (Lyot
stop)

Entrance pupil function is con-  |= Point-spread function does
stant over the entire field not change with field position

= Excellent stray light control
without the use of complex stray
light baffles

= Protects CCDs from thermal
energy and contamination, and
controls the transmitted spec-
trum.

Table 4-37. Image Motion Optical Stability

(Amount of perturbation required to produce the specified image
shift on the focal plane)

Additional CCD window

1/350 Pixel (Over 1.5 1/50 Pixel (Over 10
Seconds of Time) Minutes of Time)
Element
D‘?f:;;e’ Tilt (as) D?f:;;e’ Tilt (as)
Compound ; 0.00031 ; 0.0022
Primary | 0.000003 | 0.00031 | 0.00002 | 0.0022
Secondary | 0.000006 | 0.00103 | 0.00004 | 0.0072
Tertiary | 0.000006 | 0.00103 | 0.00004 | 0.0072
Element Dfm‘;‘fe Tilt (as) Dfm‘;‘fe Tilt (as)
Fold Flat#0 | 0.000171 | 0.00103 | 0.00120 | 0.0072
Fold Flat #1 | 0.000043 | 0.00154 | 0.00030 | 0.0108
Fold Flat #2| 0.000171 | 0.00206 | 0.00120 | 0.0144
Fold Flat #3 | 0.000171 | 0.00257 | 0.00120 | 0.0180
Fold Flat#4| 0.000114 | 0.00617 | 0.00080 | 0.0432

The revised optical design allows for periodic,
on-orbit flat field illumination and CCD calibra-
tion. An integrating sphere mounted beside fold
flat mirror #4 projects uniform, white light, illumi-
nation on the focal plane assembly (FPA) for cali-
bration, as shown in Figure 4-23. On-orbit calibra-
tions allow mapping of the CCDs to determine
pixel variations, thereby enabling accurate data
analyses. This capability was not proposed in the
original design. During ground testing, the perfor-
mance of the on-board integrating sphere is veri-
fied and calibrated by using a laboratory uniform-
field white-light source.
4.4.2.2 Optics Fabrication, Assembly, and Test.

The new FAME optical design incorporates a
number of strategic design concepts to simplify

Compound Mirror

Focal Plane
Assembly

Fold
Flat #3
Primary

Fold Mirror
Flat #1
Tertiary Fold Flat #0
Mirror

Integrating
Optical Sphere
Axis

Fold Flat #4

Fold Flat #2

Figure 4-23. Optical Subsystem
Table 4-38. Fab and Assembly Risks

Risk Level Mitigation

= Design based on previous
lightweighting designs for space
applications

= 40% lightweighting reduces the
mass but maintains structural
integrity for standard fabrication

Mirror Lightweighting Low

= Radius of curvature allows
Primary, Secondary, standard fabrication techniques
and Tertiary Mirror Low |= Radius of curvature is symmet-

Polishing ric around center line allowing for
standard fabrication techniques

Flexure Design and Low |" Design based on previous flex-

Mounting ure designs for space applications
= Precision shims used for
adjustment

Optical Alignment Low |" Shims lapped as necessary for

and Stability adjustment

= Shims bonded with thermally
conductive epoxy

Fix Compound Mir-

ror Angle at 81.5 deg Low |= Custom alignment fixture

and facilitate fabrication, assembly, and test. The
optical subsystem is a low risk approach that uses
standard fabrication, assembly, and test processes
proven on other space flight programs. Table 4-38
shows the risk levels associated with critical opti-
cal fabrication, assembly, and test processes, and
how those risks are mitigated.

O Fabrication: A trade study was performed to
optimize manufacturing of the optical system. The
areas addressed by the study were: (1) lightweight-
ing, (2) surface requirements, (3) fabrication pro-
cesses, and (4) environment effects.
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Lightweighting reduces the effect of gravity
sagging during ground-based testing while
increasing the opto-mechanical stability. However,
as the degree of lightweighting is increased, the
design complexity of the rib structure increases
while the face sheet becomes thinner. A thinner
face sheet increases the polishing complexity and
cost. Therefore, to leverage the advantages of
lightweighting while keeping complexity at a min-
imum, 40% lightweighting is chosen as the opti-
mal point before cost and polishing become driv-
ing factors. In addition, existing lightweighting
schemes are employed that incorporate stress free,
flexure mounting points. Surface requirements are
driven by the desire to maintain diffraction limited
spot size across the focal plane. Several manufac-
turers have determined that the optics can be readi-
ly fabricated to the specifications, shown in Tables
4-39 through 4-41. The flat mirrors are readily pol-
ished using conventional continuous polishing
laps. The radius mirrors undergo a two-step pol-
ishing process: (1) conventional radius polishing,
then (2) zonal polishing to achieve final aspheric
figure. Several optical manufacturers have equip-
ment and heritage in polishing ultra low expansion
glass (ULE). The FPA window is polished using
conventional radius techniques. Each mirror is
coated with >99% reflectance (0.4- to 0.9-ym
wavelength) silver based coating. See Section
4.4.3.1 for a description of the passband limiting
window coating. The substrate materials, flexures,
and coatings are all mature designs that have been
space qualified on previous space programs.

Raytheon Systems Company (RSC) is the pre-
ferred supplier for all of the optics. They have the
capability and heritage (PRISM, MTI, SXI,
AXAF, TRACE, ARES) to fabricate all of the
optics. This includes designing the mirror light-
weighting, fabricating the mirrors including zonal
polishing, fabricating the window, designing and
fabricating the mirror mounting flexures, coating,
and metrology. Using RSC as the supplier for all
of the optics reduces risk by: (1) minimal transpor-
tation of optics, (2) a common flexure design, and
(3) a common lightweight mounting design. The
mirrors with mounted flexures are delivered as
complete subassemblies ready for mounting
directly onto the optical bench. Source inspection
for all of the optics occurs at the manufacturer’s

facility. Radius mirrors are verified using null cor-
rector lenses. Thermal and other environmental
effects can induce stresses within the optics. All of
the FAME optics are fixed. There are no active
optical elements to correct for optical degradation
due to on-orbit thermal distortion. The optics are
stress relieved during fabrication using standard
processes for ULE. Stress relieving enables the
optics to be repeatedly cycled through the surviv-
ability temperature of —40 to 50°C, and continue to
provide optical stability and diffraction limited
performance at the telescope operating tempera-
ture of 20°C.

O Assembly: The new optical design streamlines
assembly of the FAME optical system. Optic ac-
cessibility and an on-axis telescope, as shown in
Figure 4-23, reduce the assembly process schedule
and cost. In addition, standard techniques and pro-
cedures from previous flight programs reduce risk.
All assembly is performed in an LMMS clean-
room facility. To reduce schedule, the optical sys-
tem assembly is divided into three separate builds.
The three separate builds are (1) the compound
mirror, (2) the telescope, and (3) the fold flats.
Hard points on the optical bench are used to estab-
lish the optical axis, thus allowing any of the three
builds to be integrated at any time. This flexibility
reduces schedule and risk of schedule impact.
Throughout assembly and integration, alignment is
verified using a full aperture auto-collimator and
interferometer. The interferometer also verifies
stress-free mounting and the diffraction-limited
operation of the optical system. Individual optics,
all three assembly builds, and the integrated opti-
cal system can be tested using these instruments.
This ensures that the optics are correct when
mounted, and eliminates delays in assembly and
final integration testing caused by alignment er-
rors. The compound mirror is assembled such that
there is an 81.5° angle between the FOVs and a
stability as shown in Table 4-37. Alignment of the
81.5° basic angle is achieved using a calibrated
precision rotary table and alignment fixture.
LMMS developed a novel technique for the GP-B
program that bonds glass surfaces together to sta-
bility levels of <0.001 arcseconds. This technique
is stress free, stronger than optical contacting, and
capable of maintaining alignment through temper-
ature cycles of 300°C. After the compound mirror
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is bonded, it is ready for mounting to the optical
bench.

O A dolly is used to insert and mount each of the
telescope’s optics. Precision manipulators built in-
to the dolly reduce the risk of damage due to han-
dling and allow the optic to be finely aligned. Be-
cause the telescope-powered optics are on a com-
mon optical axis, alignment time is reduced, and
testing setups are simplified.

The optical flats require minimal alignment
because they have no power and have oversized
clear apertures. To facilitate final alignment while
the FPA is being assembled and tested, a tooling
optical flat is inserted for the FPA.

Final adjustment for the optical alignment is
completed by inserting precision shims between
the optics flexures and optical bench mounts, as
shown in Figure 4-24. The shims are lapped to the
required thickness and then attached. A thermally
conductive epoxy (Epibond 1210A) is used to lock
the shims in place. LMMS has experience using
this procedure on several flight missions such as
Star Tracker. This consolidated alignment and
assembly process reduces the number of steps and
expedites the process.

When the FPA is assembled and ready for inte-
gration, it is mounted on the structure replacing
the alignment flat. An alignment telescope is used
to align the FPA reference mark to the optical
bench cube to within 51 arcseconds in rotation.
FPA focus, lateral translation, and rotational angle
adjustments are made using shims. LMMS has
experience in using this technique for Star Tracker
alignment and calibration.

Alignment and diffraction limited optical per-
formance is verified using both an auto-collimator
and an interferometer. The auto-collimator is used
with a flat panel screen which projects moving
pseudo-star fields onto the focal plane assembly.
This technique enables a complete system test and
simulated flight response of the optics, FPA, and
S/W on the ground. Both entrance pupils are tested
to verify the optical system’s performance. Elimi-
nating all light sources tests the focal plane assem-
bly dark current. Flat field response is tested using
an integrating sphere with uniformity >98% over
the exit aperture.

O Test: Final optical system testing (clear aper-
ture, distortion, wavefront and focal plane align-

Table 4-39. Mirror Specifications

: Max Mass Conic Radius Incident

Mirror (kg)? Const. (cm) ?&1&:‘;
Compound 9.59° Flat o 20-22
Primary 27.25 -0.977 204.98 cc 3-11
Secondary 1.31 -4.461 87.88 cx 4-16
Fold Flat #0 4.74 Flat 3 0-4
Tertiary 1.19 -0.617 153.92 cc 4-8
Fold Flat #1 1.12 Flat 3 28-32
Fold Flat #2 1.75 Flat 0 5-8
Fold Flat #3 2.84 Flat 0 5-9
Fold Flat #4 2.69 Flat 3 9-13

Material: Corning Ultra Low Expansion (ULE) glass

a. After light weighting of 40%

b. For each mirror, there are two compound mirrors

Table 4-40. FPA Window Specifications

Incident Angle

Window Surface Radius (cm) (deg)
Flat #4 Side 332.74 concave 0-5
CCD Side 335.28 convex 0-5

Material: Schott BK-7, 0.1.27 cm thick

Table 4-41. Optical Component Dimensions

Component Height (cm) Di a"::gtt:r?;m) Thi&l;r:;ess
Compound Mirror 26.92 61.98 10.41
Primary Mirror 59.94 57.91 9.90
Secondary Mirror 19.30 19.30 3.30
Fold Flat #0 Mirror 19.30 19.30 3.30
Tertiary Mirror 29.21 31.24 5.33
Fold Flat #1 Mirror 19.29 18.28 3.05
Fold Flat #2 Mirror 21.34 21.34 3.56
Fold Flat #3 Mirror 25.40 25.40 4.32
Fold Flat #4 Mirror - 27.94 4.57
Window 31.75 1.27

Compound Flexures Shim
Mirror Location
N\ | | | P

> 1 1
c _|o of ol ]
N Z/
M -l
Q )

L
s

Secondary Mirror

|

Figure 4-24. Mounting and Alignment of
Compound Mirror
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ment) is performed using the auto-collimator with
the previously described flat panel screen method.
The optical axis and optical system alignment is
verified using the hard points on the optical bench
to align the alignment telescope and auto-collima-
tor. because significant testing is completed and
verified during the assembly process, final testing
primarily verifies opto-mechanical stability.
4.4.3 Focal Plane Assembly.
4.4.3.1 FPA Design. The improved optics design
enables the FAME focal plane assembly (FPA) to
take advantage of a flat image plane and reduced
central obscuration. The FPA, a large-format CCD
mosaic camera, is at the image plane for the opti-
cal system’s two FOVs. The two FOVs provide the
ability to reference stars’ positions relative to stars
81.5° away as well as to their neighbors, restricting
the growth of random errors for large separations.
A design trade study was performed to determine
the optimal configuration for the FPA, which is
shown in Figure 4-25. The study criteria used
were: (1) ease of FPA fabrication and assembly,
(2) mounting structure stability, and (3) optical
and CCD performance. Changes to the FPA design
during the CSR are identified in Table 4-42. Sever-
al manufacturers have determined that the new
focal plane assembly design components are readi-
ly manufactured. The optical system’s unvignetted
flat image plane permits the CCDs to be freely
positioned within a 30.48 cm diameter circle. As a
result of the flat image plane, CCD mounting com-
plexity is reduced and reliability is increased. The
24 CCDs easily fit within the 30.48 cm diameter
envelope. The remaining unused space reduces the
complexity of assembling the FPA by relaxing
mounting constraints. Mounting of the CCDs to
the FPA requires accessibility for the assembly
process. The side wall (cylinder) of the Invar
mounting structure is removed, thereby exposing
the CCDs. This accessibility enables one or all of
the CCDs to be adjusted, removed/replaced, and
bonded. Rework and replacement of CCDs using
this modular design minimizes integration sched-
ule risk and cost, and prevents damage to adjacent
CCDs.

The FPA has been improved by the addition of
a window in front of the CCDs. The window per-
forms several value-added functions: (1) control of
ground and on-orbit contamination, (2) control of

Window

Scan Direction

Filter Legend
A-Astrometric NDa - Neutral Density Type A
P-Photometric NDb - Neutral Density Type B

Figure 4-25. FPA CCD Layout
Table 4-42. FPA Design Changes

FPA Changes Rationale

= Protects the CCDs from contamination

= Improves thermal control

= Controls the transmitted spectrum to the
CCDs

Window Added

= All dielectric coating reduces the complexity
of the filters

= Fewer components increase instrument lon-
gevity

Sloan filters on
glass cover slides

= Protects the CCDs from contamination
= Provides thermal control

Mechanical sup-
port structure

Table 4-43. Low Emissivity Coating

Wavelength Emissivity
0.9-5 ym? Drop to <0.05 by 5 ym
5-30 ym <0.05
30-50 ym <0.15

a. Coating cutoff after 0.9 ym will be optimized in Phase B

on-orbit CCD temperature, and (3) control of the
spectrum transmitted to the CCDs.

Contamination control of the CCDs is impor-
tant because particles at or near the focal plane
create scatter sites that can affect the star’s cen-
troid and mapping data accuracy. Several sub-
micron filters are installed in the Invar mount to
allow “breathing” of the assembly between atmo-
sphere and vacuum environments, while prevent-
ing particles from contaminating the CCDs.
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Table 4-44. Window Risks and Mitigation

Mitigation

Concern Level

Image shift as a func-
tion of wavelength
(0.4 t0 0.9 ym) due to
the windows index,
thickness, and light
angle of incidence

= Shape the window as an equal
thickness, equal radius bowl! which
Low |eliminates image shift

= Bowl shape of window does not
affect optical design

= Coating vendor supplied curves
indicate a calculated transmissibil-
ity to the CCDs >80% across 0.4 to
0.9 ym (Figure 4-26)

= Actual coating performance
expected to be >70% due to manu-
facturing process

= Ghost images will be present
due to the window (Figure 4-27)

= Although the ghost images can
not be eliminated, they can be pre-
dicted, and removed via S/W

= Primary ghost images created
by the window (1) between window
top and bottom surface, (2)
between CCD and window bottom,
and (3) between CCD and window

Reduced transmis-
sion to the CCDs as
a function of wave- Low
length (0.4 t0 0.9 ym)

due to window coat-
ings

Ghost images due to
the window’s coated Low

surfaces top have a very low fraction of the
incident energy
= Ghost energies as a percent of
incident energy (and centroid loca-
tions from image) have been calcu-
lated: (1) 0.07% (364 ym = 24.3
pixels), (2) 0.1% (497 ym = 33.1
pixels), and (3) 0.7% (861 ym =
57.4 pixels)
Transmission Through FAME Optical System
(Not Including Filters and CCD QE)
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Figure 4-26. Transmissibility

For thermal control, a low emissivity coating is
applied to the outside window surface. This coat-
ing acts as an infrared (IR) rejection filter, cutting
off quickly for a wavelength >0.9-ym, as shown in
Table 4-43. The addition of this coating enhances
the thermal stability of the CCDs, while minimiz-
ing the size and mass of the cooling radiator.

The inside window surface is coated with an
anti-reflective (AR) coating that also acts as a
bandpass filter. This filter transmits >92% of the
required 0.4- to 0.9-ym passband. At 0.910 ym the
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Figure 4-27. Star Energy vs. Ghost Energy
(at Edge of Field)

transmission decreases to <10%, and remains low
into the near IR where the low emissivity coating
becomes effective. At shorter wavelengths, by
0.390 um, the transmission also decreases to
<10%. The filter eliminates short wavelengths,
which can have variable QE over time. Risk for
both window coatings is low because they are
extensions of existing technology used on the GP-
B program.

Mission performance requires control of any
image shift due to the window, high optical trans-
mission for the window, and accounting for ghost
images. An optical system analysis was performed
to determine window effects, which are depicted
in Table 4-44. This analysis determined that the
window, as designed, induces no errors except
ghost images, which can be removed during data
processing.

Sloan and neutral density (ND) filters as
described in 4.4.1, are coated on thin glass slides
and mounted to the CCDs using DC93-500.
DC93-500 is a low-stress elastomer which LMMS
has used successfully on several space instrument
programs. Registration of the filters to the CCDs
to better than one pixel (15 ym) accuracy can be
readily achieved using existing technology. To
simplify the FPA, LMMS is exploring techniques
to eliminate the thin glass filter slides and apply
the filter coatings directly to the CCDs. Several
advances in coating technology, such as reduced
coating temperatures and zero stress coatings,
make this approach potentially attractive.
4.4.3.2 CCD.

(0 CCD Design: CCDs enable the FAME instru-
ment to detect and quantify the low-intensity im-
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Table 4-45. FAME CCD Requirements and Capabilities

Parameter

Derived Requirement

EEV CCD44-82

Remarks Capability

Architecture/Process

Triple-Poly, N-Buried Channel,
Backside llluminated, MPP, notch

Processed for Backside lllumination | Needs notch addition

Image Area Format

4096 pixels x 2048 pixels

Full Frame. Will be used in TDI mode | Meets requirements

Gap between adjacent CCDs Quasi four side buttable

Meets requirements (5.1
mm gap on fourth side)

TDI at clock phase instead of pixel Array transfer gate

Add array transfer gate

Pixel Size (um) 15 um x 15 um Meets requirements
Fill Factor (%) 100% Meets requirements
Image Area Pixel Full Well (e-) =100 x 10° Inverted Clocking Mode Meets requirements
Vertical Transfer Rate (Hz) =10 KHz Meets requirements
Signal Readout Rate (Hz) =3 MHz Meets requirements
Quantum Efficiency (%) Backside thinning and

AR coating
400 nm 70%

)

288 ﬂm 884: Measured at between 50% to 75% | Meets requirements with
700 nm 80% Full Well (-70°C) addition of AR coating
800 nm 50%
900 nm 30%
1000 nm 10%

Conversion Gain (v/e-) =2.0x 10 v/e-

At between 50% and 75% Full Well

(-70°C) Meets requirements

Dark Current (-70°C) <0.05 e’/pixells

MPP mode Meets requirements

<2 e rms @ <50 kHz

Readout Noise (e- rms) =76 rms @ 135 kHz

-70°C, Using CDS Meets requirements

Dark Signal Non-Uniformity (DSNU) (%) |<10%, 1-sigma

-70°C Meets requirements

Photo Responsivity Non-Uniformity

(PRNU) (%) <5% rms, 1-sigma

From Imaging Area Average, Mea-

sured at -70°C, monochromatic light | MEets requirements

CTE:

Vertical =0.99999 Measured At -70°C Meets requirements
Horizontal =0.99999 At 80% +10% FW

Linearity(%): FW Def. As Point At Which The

From 1360/:{0 100% Full Well <5% Resp. Dev. <5% From Straight Line | Meets requirements

Fit to Resp. Data

Operating Temperature (°C) -80°C to +120°C

For Stated Performance Meets requirements

ages generated by faint stars. The CCD selected
for FAME must be radiation tolerant, able to oper-
ate in time delay integration mode for optimal sen-
sitivity, and have a form factor allowing close
spacing of CCDs on the focal plane. The baselined
CCD for FAME is a low risk modification of a
proven, catalog-listed CCD, the EEV CCD44-82.
The CCD44-82 consists of a 4096 x 2048 full
frame CCD, a substrate electrical interconnect
fanout, and packaging. For FAME, the EEV device
is slightly modified by the addition of notch or mi-
crochannel technology for increased radiation
hardening, an array transfer gate for TDI readout,
and application of a standard anti-reflective (AR)
coating for better quantum efficiency. LMMS em-
ployed EEV CCDs on its Solar X-ray Imager,
which flies on the GOES S/C. Because the modifi-
cations to their existing product are minor and rou-

tine, baselining the EEV CCD is a low risk ap-
proach. EEV also qualified and supplied CCDs
for: Viking, Freya, ROSAT, UOSAT, Jet-X, Jet-
XAM, XMM-OM, ENVISAT (MERIS & GO-
MOS), XMM-EPIC, XMM-RGS, and Cubic
(SAC-B).

The performance parameters to be met by the
FAME CCD, and the capabilities of the existing
EEV CCD44-82 are shown in Table 4-45. The
EEV CCD, shown in Figure 4-28, is a full-frame
device with an image area of 4096 pixel rows x
2048 pixel columns, and two low noise signal
readout amplifiers. Each serial register has a sum-
ming well before the sense node to allow at least
1x to 20x binning. The pixel image area is 15 um x
15 um.

The CCD is backside thinned and buttable on
three sides and quasi-buttable (5.1 mm gap) on the
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fourth side. It must be modified to incorporate an
array transfer gate to enable time delay integration
down to the clock phase level and notch technolo-
gy for greater radiation hardening.

Other CCD manufacturers make devices that,
with modifications, will also meet the FAME
requirements. Candidate FAME CCD vendors and
their flight heritage are summarized in Table 4-
46.CCD Centroiding Verification: As part of
FAME risk reduction, LMMS, with USNO’s assis-
tance, is measuring the centroiding accuracy on a
flight-like EEV CCD of dimension 2048 x 4096
pixels with time delay integration (TDI).

The experimental apparatus, shown in Figure 4-
29, projects a grid pattern of illuminated spots
onto the CCD, which is driven in the horizontal
dimension by a precise linear stage. The measure-
ment metric for the system is a highly precise grid
pattern of 16 spots of 30 ym diameter. The spots
are transmissive microlithographic holes in
chrome coating of optical density 5. The grid pat-
tern is constructed 3 times larger than the actual
illuminated pattern on the CCD. The pattern is
threefold demagnified by using a collecting lens of
300 mm focal length, followed by a focusing lens
of 100 mm focal length. Between the lenses is a
blocking aperture, which is f/30 in the TDI dimen-
sion and f/60 in the orthogonal dimension.

These f/#s are varied by changing the blocking
aperture size. The optical performance of the dual
lens and f/stop system has been verified to be dif-
fraction limited even for f/5 sized stops. The grid
pattern is illuminated by a diffuse white light
source comprised of a 1-mm-diameter fiber optic
followed by a collimating lens and an opal glass
diffuser. The light source is a DC driven tungsten
lamp focused into the fiber. Better than 1% stabili-
ty has been demonstrated for this system, substan-
tially better than the test requirement of 5 to 10
percent. Attenuation is accomplished at the input
end of the fiber. The experimental centroiding ver-
ification will take place on a vibration-isolated
table in a LMMS thermal vacuum chamber held at
room temperature. A cold strap from the thermal
I/F of the CCD to a liquid nitrogen cold pot will
cool the CCD.

The CCD and electronics will be precisely
translated to simulate flight motion, although the
motion requirements are minimized by the small

AOut |
] I: 4096 =|
[ I
2048
~———— TDI Direction l
B Out — Array Transfer Gate

Figure 4-28. FAME CCD Schematic
Table 4-46. List of Candidate CCD Vendors

CCD Vendor | Flight Heritage FAME Modifications
Notch, array transfer gate, AR
EEV AXAF coating
TRIANA, LMMS | Modified 4 K x 4 K 3-side butta-
LMF Autonomous Star |ble summing well (LMF CCD
Tracker? 485)
Modified 4 K x 4 K 3-side butta-
b WFPC, LIS, OTD, :
STA Cassini, Forte ble summing well (LMF CCD
485)
MITLIéitr;é:oln Evolutionary development
a. Fab
b. Formerly LMF Tustin

Star Pattern Mask F Stop Mask Stage

Fiber Optic —+ Y FPA
Light Source / CoIIecting—‘
Lens Imaging

Opal Glass
Diffuser Lens

Figure 4-29. CCD Centroiding Experiment

row separation of the grid pattern. Irregularities in
stage motion are identical for each row of four
spots and are averaged by the long 4096 TDI inte-
gration. A frame grabber and PC data collection
system will capture the CCD data. The US Naval
Observatory will analyze the captured images.

4.4.3.3 FPA Fabrication, Assembly, and Test.

The FPA is designed to facilitate low-risk fabri-
cation, integration, and testing using standard pro-
cesses that have been proven on previous LMMS
flight missions. Table 4-47 shows the risk levels
associated with critical focal plane assembly pro-
cesses, and their mitigations. The assembly is
designed to be optomechanically stable from

Collimating Lens

[
—
H
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Table 4-47. Risk Levels and Mitigation

Risk Level Mitigation

ESD handling of = ESD workstation for handling CCD

Low |= Allfixtures and mounts are electri-
CCDs cally grounded
= Special cleaning process at vendor
Precision cleaning Low |" Sub-micron contamination verifica-
of CCDs tion at LMMS
= Handled in cleanroom
Precision mount- Low |" Fixtures to minimize handling
ing CCDs = Use RTV bonding
= Use low stress, non-conductive RTV
CCD bonding Low |bonding

= Low stress fixtures

= Verify all CCD functions prior to and
after mounting
= Standard test and equipment

CCD testing Low

= Use low stress elastomer

Stress free win- Low |" Mounting structure designed to not
dow mounting apply forces on window over tempera-
ture range

mechanical, environmental, and thermal varia-
tions. This stability allows the FPA to produce
accurate star mapping data throughout the mission
life.

O Fabrication: Each of the FPA components is
designed to be readily manufactured. The funda-
mental focal plane assembly components are the
window, mounting structure, CCDs, and micro-fil-
ters as shown in Figure 4-31. Refer to Section
4.4.3.1 for details on the window. The mounting
structure is made from Invar which is identical to
that used in the CCD packaging. This eliminates
thermally induced stresses due to a CTE mismatch
between different materials. The CCDs are fully
screened, burned-in, and thermally cycled at the
vendor’s facility. Each CCD is then characterized
at LMMS before installation into the focal plane
assembly. Micro-filters are used to allow the FPA
to “breathe” when going between atmosphere and
vacuum environments, and to control contamina-
tion as the focal plane assembly is returned to at-
mospheric pressure.

O Assembly: The FPA is assembled, as shown in
Figure 4-30, in parallel with the optical system to
reduce the schedule. All assembly work is done in
a cleanroom with electro-static discharge (ESD)
control stations. The elastomers and bonding com-
pounds have been selected for their structural and
vacuum properties, and have been used by LMMS
on previous space missions.

To minimize handling, fixtures are used to posi-
tion and align the Sloan filters and CCDs. The
Sloan filters are registered and bonded to the

ccD Temporarily Bond Thin Glass
Characterization | | Mount CCD [ Fliter Slides B
onto Housing onto CCD
Level CCDs in Assemble Focus All CCDs
— Molybdenum | " . ;
. Test Facility in Z-Axis
Housing

Install Focal Plane Array on Rotary Table and Perform Row
Alignment to Within 1 Pixel Across Aperature ‘l

Perform Uniform Intensity
Test Using Integrating
Sphere & Dark Current Check

| Bond Heaters onto Outside |—
of Molybdenum Housing

Repeat Uniform Intensity &
—| Dark Current Tests & B
Reverify Row Alignment

Install Window & Verify CCD
Cleanliness. No Particle [
Greater Than 5 Micron

Repeat Uniform Intensity &
—  Dark Current Tests & —
Reverify Row Alignment

Perform Vibration Test

Repeat Uniform Intensity &
—  Dark Current Tests & —
Reverify Row Alignment

Perform Pyroshock Test |

Repeat Uniform Intensity &
| Dark Current Tests &
Reverify Row Alignment

Perform Thermal Vacuum
Test

Repeat Uniform
Intensity & Dark

Mount CCD Focal

Plane Assembly on | |Integrated System

| Current Tests & H Instrument — Test of Optical
Reverify Row Composite Components
Alignment Structure

Figure 4-30. CCD Focal Plane Assembly

CCDs to an accuracy of less than one pixel (15
um). Bonding the Sloan filters eliminates registra-
tion drift over the mission lifetime. The room tem-
perature vulcanization (RTV) compound used for
bonding is low stress and durable but can be
removed if necessary without damaging the CCDs.
The fixtures used to position and align the CCDs
can adjust 6 degrees of freedom. This fixture type
was used for the GP-B program, with a demon-
strated repeatability of <0.003 milli-radian. The
CCDs are aligned to the requirements shown in
Table 4-49 using the fixtures and a scanning
microscope. Each CCD is aligned to <0.25 milli-
radian to each other and to the mount structure’s
central reference mark, which is aligned to the
optical bench cube once integrated. Height adjust-
ments of the CCDs are performed using a micro-
scope attached to a precision translation stage, and
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Table 4-48. Instrument CSR Design Summary

Instrument Updates

Requirements

Concept Study/Implementation

Trades/Risk Reduction

Structure redesigned to
support 15m focal length
optical design

= High passive stability

= Stiff Structure to support optics

» CTE matching of ULE to within

100ppb at 20°C

= Fit within shroud dynamic enve-
lope

= Light weight design

= M55J/9543 is a high modulus
graphite cyanate whose CTE
matches ULE to within 50ppb at
20°C

= All elements fit within envelope
= Masses estimated using aerial
density provided by COI

= Single structure versus remov-
able side panel design

= Single structure design selected
to provide greater stiffness and
reduce risk of instability

Aperture Covers added to |= Optics clean to MIL-STD-1246
baffles level 100

= Aperture Cover added to model

= Procure assembly from subcon-
tractor or design and assemble at
LMMS

= Selected outside procurement to
reduce cost and schedule risk

Star Trackers mounted on = Point in same direction as com-
optical bench pound mirror’s line of sight

= Star Trackers added and aligned |=
to line of sight .
= Optical cubes added for align-
ment of tracker and instrument to

Optimize Star Tracker mounting
Star Trackers mounted on oppo-
site sides to balance c.g., and

located near end of instrument baf-

S/IC fles
= Generate realistic mass estimate |*= Modeled using 3.81 mm thick alu-|= Optimize electronic box mounting
Electronic Box layout and volume minum walls for radiation shielding |= Boxes mounted on opposite sides
revised = Locate close to focal plane = Used latest board sizes and esti- |to balance c.g., and provide clear
assembly mated equivalent masses view to space for heat transfer

= Ensure geometric compatibility
CCD Assembly Layout with optical field of view

Detailed = Populate center of array due to no
center obscuration of field of view

ful

= Layout of 24 EEV CCD success- |*®

= Detailed mounting of window and | =
thermal link added to provide accu-
rate volume and mass estimate

Use Invar or molybdenum for
CCD housing

Selected Invar housing because
CCD base is Invar and eliminates
CTE mismatch

: = Generate realistic mass estimate
Mirror Mount Flexures . g ’ A .
modeled with more detail Verify instrument design will fit

within shroud envelope

Kinematic mounts modeled and
incorporated to assembly .

= Procure mounts w/optics or
LMMS to design and fabricate
mounts

Selected procurement of mounts
w/optics to reduce cost and sched-
ule risk

focused on the CCD. An optical encoder attached
to the stage gives a height resolution of 4 ym when
combined with the microscope. This resolution is
substantially better that the 940 ym CCD height
range requirement to maintain diffraction-limited
performance.

Verification test of the assembly is performed
using an auto-collimator with a flat panel display
that projects moving star fields, and an integrating
sphere for flat field illumination. The functionality
of the focal plane assembly is tested by projecting
an artificial star onto each CCD, using the auto-
collimator. Data acquisition with TDI is used to
check the gain at 20%, 50%, and 90% of full well.
Dark current and dark field responses are mea-
sured by removing all light sources to the CCDs.
These tests can be performed in process, enabling
continuous system verification, which eliminates
costly rework. Both the auto-collimator and micro-
scope alignment techniques have proven heritage
from LMMS Star Tracker programs.

O Test: System testing of the focal plane assem-
bly repeats the same measurements performed in
the integration process. By testing the FPA as it is

Table 4-49. CCD Alignment Requirement

Alignment Requirement

Distance between CCDs in scan direction (x-axis) 5.1 mm
Distance between CCDs in y-axis 50 um
Alignment over 1 CCD row 15 um

Elastomer Bond

Sub-Micron Filters

Window
Thermal Link
to Radiator
Invar Support Structure

Figure 4-31. Layout of FPA Assembly

assembled, final testing only verifies the stability
of the assembly. Verification of the integration and
test processes and procedures are performed on the
FPA engineering unit.
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4.4.4 Instrument Structure.

4.4.4.1 Instrument Assembly Design. The instru-
ment assembly design for the FAME instrument
meets all technical requirements. Table 4-48 iden-
tifies the design and implementation changes that
occurred in the concept study, as well as the trade
studies and risk reductions that supported the
changes.

This section provides an overview of how the
instrument elements I/F with each other., and it
describes subcontractor contributions in the areas
of structures, optics, and mechanisms, and how
their relevant flight experience and performance
history, reduce schedule risk and program cost,
and achieve mission success. The composite
structure, fabricated by Composite Optics Inc., is
composed of an optical bench with integral side,
end and top panels that hold the compound, prima-
ry, secondary, tertiary, fold flat mirrors and the
CCD focal plane assembly in place. Foldout 4
shows the location of all instrument components in
the assembly. The compound mirror assembly is
supported by an “X” shaped graphite cyanate
structure mounted to the optical bench and end
panel. The primary mirror and fold flat #0 are sup-
ported by an internal vertical panel that provides
structural support and acts as a secondary stray
light barrier for the CCD focal plane assembly.
The secondary mirror is mounted to the compound
mirror support structure through a square opening
in the center of the compound mirror. The tertiary
mirror is mounted to the composite structure end
panel located opposite the compound mirror sup-
port panel. Fold flats #1 and #3 and the focal plane
assembly are mounted to the composite structure
top panel. Fold flats #2 and #4 and the integrating
sphere are mounted to the optical bench as shown
in Foldout 4. The optical elements are mounted to
the structure using flexures designed by Raytheon
Systems Company. Because the flexures are fas-
tened into grooves in the graphite cyanate struc-
ture, they are prevented from rotating or shifting
under launch loads. The flexures bolt into mounts
that are bonded into the back sides of the light-
weighted mirrors. The CCD focal plane assembly
consists of an Invar housing, Invar cover plate,
BK7 window, titanium flexures, and 24 CCDs.
The Invar housing provides radiation shielding on
three sides, while the BK7 window provides radia-

tion shielding on the fourth. Electrical connections
to the CCDs are made with pinouts through the
Invar housing to a board mounted directly above
the housing. From there, cables run to the analog
processing electronics boxes located next to the
CCD focal plane assembly on the top composite
panel.

The CCD focal plane assembly must be main-
tained at a temperature of less than —70°C. Operat-
ing at this low temperature minimizes dark current
and degradation from radiation effects. This cool-
ing is achieved by isolating the focal plane assem-
bly from the composite structure, and by mounting
a radiator outside the instrument to dissipate heat.
The focal plane assembly is mounted to, but isolat-
ed from, the composite structure using titanium
bipods. The focal plane assembly is cooled by a
thermal link that connects the Invar housing to the
radiator through flexible copper ropes. Actively
controlled resistive heaters are included on the
focal plane assembly to regulate the focal plane to
+63 mK. Attached to the side panels of the struc-
ture are two aluminum baffles, which are coated
black to reduce stray light. At the end of the baffles
are structural supports that bear the masses of both
the baffle and the aperture cover. The aperture cov-
ers are installed at the end of the baffles to prevent
particulate contamination during testing and
launch, and CCD damage if the entrance aperture
is pointed at the Sun during S/C insertion into
orbit. The aperture covers are spring-loaded and
fitted with latches to hold them in the closed posi-
tion before and during the launch phase. Following
insertion into orbit, the doors are left closed for a
period of several days to allow the S/C and instru-
ment systems to outgas. Once outgassing and the
S/C and instrument checkout phases are complete,
the latches are released, allowing the covers to
open. They remain fail safe in this position for the
remainder of the mission. Mechanisms of this type
are simple and reliable and have flown many
times. The redundant latch actuators ensure that
the doors open on command. Our baseline design
calls for hermetically sealed paraffin-based actua-
tors, which are reusable and may be tested on the
ground. For ground testing of the cover and vacu-
um testing, a non-flight attachment is planned that
can re-close the covers. The present aperture cover
design is based on an aperture cover being fabri-
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cated for the TRIANA program by Starsys
Research.

The data processing and control electronics box
and the CCD control electronics box are mounted
to the optical bench with titanium flexures, and
heat sunk using flexible copper ropes. Cabling
from the data processor electronics box and CCD
control electronics box is routed from the optical
bench along the outside of the composite structure
to the analog processor electronics boxes mounted
on the top panel of the structure. The two S/C star
trackers are mounted on the instrument optical
bench in line with each of the compound mirror
lines of sight. The star trackers provide initial
instrument coarse attitude at the start of instrument
acquisition. Each star tracker is mounted to the
optical bench with titanium flexures and heat sunk
using flexible copper ropes to accommodate for
the CTE differences between the star tracker alu-
minum mounting bracket and the graphite cyanate
optical bench. Optical cubes are mounted to the
optical bench to provide a reference for each star
tracker optical axis and the compound mirror’s
lines of sight. The optical cubes provide an align-
ment reference during star tracker installation on
the optical bench and for instrument alignment on
the S/C.

LMMS identified all component I/Fs while
reducing schedule and cost risk by subcontracting
work in three areas. The first subcontract covers
the composite structure design and fabrication at
COI. The second subcontract covers the optical
elements and flexures fabrication at Raytheon Sys-
tems Co. The third subcontract covers the aperture
cover assembly design and fabrication at Starsys
Research. LMMS coordinates the overall design
effort together with the detail design of the CCD
focal plane assembly, S/C mounting flexures, baf-
fles, and electronic boxes and instrument assembly
drawings. During the CSR, the masses for the
instrument assembly were updated, and a 20%
contingency was added. The instrument mass esti-
mate increased from 165 kg to 191 kg without
contingency, and the new mass estimate with con-
tingency is 229 kg. The 191 kg mass estimate is a
result of modeling all components with greater
detail. For example, the electronic box masses
were calculated using actual electronic board sizes
and quantities, estimated fully populated electron-

ic board densities, and 3.81 mm thick aluminum
enclosure wall thickness. Due to the greater accu-
racy of the new mass estimate, the 20% mass con-
tingency should account for any mass increases
that occur during detail design. Projected masses
for the instrument are listed in Foldout 4.

4.4.4.2 Structure Design and Fabrication. The

instrument composite structure meets the instru-
ment requirements for thermal, mechanical, and
optical stability, listed in Table 4-48, by providing
a stiff structure with a low CTE of 50 ppb per
degree at 20°C to match the CTE of the ULE
optics. The composite structure is to be fabricated
using proven fabrication techniques by COI. No
new technologies are required to successfully fab-
ricate the composite structure. All structural ele-
ments are made of M55J/9543 graphite cyanate
(GrCyn) material produced by Fiberite for COL.
This material is a high modulus graphite combined
with a cyanate ester resin system that has been
qualified on numerous space flight programs,
including AXAF and MODIS. Precise CTE
matching to ULE was demonstrated (at 35°C and
low temperatures) as part of the Next Generation
Space Telescope (NGST) prototype primary mir-
ror demonstrator. COI’s past performance in this
area reduces program cost and schedule risk. The
optical bench, side, end and top panels, which sup-
port the optical elements, are constructed using 2.5
mm top and bottom composite laminate facesheets
bonded to an internal rib structure core. The core
consists of graphite laminate discreet ribs that
interconnect to form an egg-crate pattern. Ribs are
located only where required, which yields the
highest stiffness to mass ratio. All composite com-
ponents in this construction are cut from flat
graphite laminate, and the components are bonded
together using epoxy adhesive. I/F fittings for
mounting optical mirror flexures, electronic boxes,
baffles, and star trackers are titanium. These fit-
tings are bonded directly to the underside of the
facesheets to efficiently transfer shear loads and
bond to the internal ribs in a double lap shear con-
figuration. Each enclosed volume is vented with a
minimum of two 6.35 mm diameter holes per
nominal cavity. These holes are located for opti-
mal cleaning, tool insertion, access and fluid drain-
age. The side, end, and top panels are fabricated
integrally with the optical bench to optimize struc-
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tural stability. Access doors in the side and top of
the structure facilitate installation, removal and
alignment of all optical elements and the CCD
focal plane assembly. The compound mirror sup-
port structure is fabricated from the same graphite
cyanate material. It is designed to be removed
from the optical bench to allow for external inte-
gration and testing of the compound mirror. To
verify the stability of the 81.5 deg angle between
sections of the compound mirror, an additional
compound mirror support and section of optical
bench are being fabricated for verification testing.
The objective of this test is to verify the results of
the thermal/mechanical model by creating the pre-
dicted thermal gradients and measuring structural
deflection. The induced temperature gradients are
scaled to allow the deflections to be measured.
This compound mirror support also acts as proof
of design and fabrication. The inside of the struc-
ture is black painted to minimize stray light.
Before installation of the optical elements, the
assembly will be precision cleaned and baked out
as shown in Figure 4-32.

Receive Structure
at LMMS
> 1

Source Inspection of
Critical Interfaces

Bond Heaters & Temp  Clean Structure Deliver Structure
Sensors to Structure and Bakeout to Cleanroom

- - -
Figure 4-32. Structure Assembly

4.4.5 Electronics And Data Processing.

4.4.5.1 Electronics and Data Processing. The
electronics have 48 channels to amplify, condition,
and digitize the very low noise, low amplitude star
data from the FPA’s 24 CCDs. The CCD pixels
that are digitized, corresponding to windows con-
taining the star data, are determined by the star
catalog that resides in non-volatile memory in the
data processing electronics. The output from the
Analog to Digital Converters (ADCs) is then seri-
alized and sent to the data processing electronics
via high-speed fiber optics links. The digitized
data are packetized and made ready for the output
I/F in the data processing electronics. The CCDs
are controlled and clocked from signals generated
in the CCD control assembly. Instrument thermal
control and power conditioning also resides in the
CCD control assembly (Figure 4-33).

O Input Catalog: During the concept study, we
investigated the options of using 1) an input cata-
log to select FAME targets, 2) thresholding to se-
lect stars in the proper magnitude range, or 3) a
combination of thresholding and input catalog.

In catalog-based extraction, the FAME instru-
ment uses an on-board catalog containing 40 mil-
lion stars to identify stars in the fields-of-view
before each TDI row readout. Using this informa-
tion, only the pixels containing star data are digi-
tized, thereby reducing the ADC power consump-
tion and the data throughput rate between the Ana-
log Processor Assembly and the Data Processor
and Control Assembly. In addition, binning is con-
trolled to center each star in its 20-column bin
orthogonal to the TDI direction, instead of having
fixed bins with the possibility that a star could
straddle two bins. Some selected ninth magnitude
stars are not binned but are read out as individual
pixels and sent to the instrument computer for
position and TDI rate acquisition and tracking. All
other stars are binned and the windows are sent
directly via the quad high-speed serial data I/F to
the S/C. CCD rows without star windows are
charge-flushed, further reducing the data process-
ing load. In the threshold-based extraction, each
20 column bin is digitized and compared to a fixed
threshold level. If a bin is found to exceed the
threshold, a surrounding window of 10 rows, each
with a single 20 column bin, is extracted and sent
to the Data Processor and Control Assembly elec-
tronics. Stars that exceed the threshold for more
than one 20 column bin have a correspondingly
larger window returned. All data are processed in
the instrument computer to determine which stars
are bright enough to be used for position and TDI
rate acquisition and tracking calculations.

Our trade study showed that catalog-based
extraction is easier to implement, uses simpler
electronics, and is lower risk than threshold-based
extraction. The trade between catalog and thresh-
old-based extraction is summarized in Table 4-50.

The input catalog is generated in cooperation
with the Science Team. The 1 sigma accuracy
needed is 100 mas, which is easily attained using
USNO catalogs. The input catalog is organized
into 40,910 rectangular tiles (~1° x 1°). The cata-
log tiles are stored in EEPROM memory with 64
bits per star totaling 2.8 Gbits (64 bits/star x 4x106
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Figure 4-33. Instrument Electronics Block Diagram

Table 4-50. Trade Study Shows Clear Advantage for Catalog Vs. Threshold Based Extraction

Requirement

Catalog

Threshold

Three selectable gain ranges permits the use of 48 12-bit

Requires the use of 48 17-bit ADCs or 3 12-bit ADCs per

ADC range ADCs. Gain for each star is stored with the star data in the -
on-board catalog CCD half for 144 12-bit ADCs total
ADC power ADCs and remaining Data Processor electronics run only Al pixels must be digitized

0.2% of the time

Instrument com-
puter requirements

Only one computer required

Four computers required

Downlink data

Pre-determined maximum amount of downlink data

Increased requirement especially in the galactic plane

Data rate for
Earth/Moon/planets

Rate is the same if looking near/at the Earth/Moon/
Venus/Jupiter

Very high data rate when looking at/near
Earth/Moon/Venus/Jupiter

Bright object rejec-

Detects stars much closer to the edge of

System is “blinded” near the Earth/Moon/Venus/ Jupiter

tion Earth/Moon/Venus/Jupiter
J;?ggﬁfn?t; Must be uploaded to star catalog to be observed Detected automatically if object exceeds threshold
Fiber optics Fewer fiber optic links Greater number fiber optic links to handle the increased

CCD to Data Processor data requirement

Pixel defects and
radiation

Ignores pixel defects and radiation hits unless the event
overlaps a star

Records all pixel defects and radiation hits as data

For purposes of the Trade Study, the shaded column is preferred
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stars + 10% contingency + 1% overhead). For each
star, the position, window size, binning, and
brightness are stored. The selection of a GEO
orbit, which allows uplink at 2 kb/s continuous,
facilitates easy updates to the catalog. Each cata-
log tile will have an associated checksum. If the
on-board checksums do not match, the mission
operations center is signaled, and a replacement
tile is uplinked. The majority of single event
upsets (SEUs) typically occur only during write
operations in EEPROM, the radiation environment
for the FAME orbit is relatively benign, and the
uploading of corrected tiles is fairly easy. For
those reasons, we concluded that only one copy of
the catalog needs to be stored on board. To simpli-
fy the processing required on board and to reduce
the storage requirement of the input catalog, we
chose not to include proper motion information in
the catalog. Only a few tens of thousands of high
proper motion stars and minor planets will change
positions significantly over the lifetime of the mis-
sion. The catalog will be loaded into the instru-
ment before launch and updated periodically to
correct for high proper motion targets and for
SEUs, and to modify the catalog based on scientif-
ic criteria by the mission operations center.
Because the checksums are stored by tile rather
than by star, when a portion of a tile needs updat-
ing the entire tile is uploaded to the S/C. From
simulations using the 45,499,445 stars in the
USNO-A2.0 catalog with 5 < my < 15, we calcu-
lated that an average tile has 1100 stars and the
most dense tile potentially has 11971 stars. Even
for this worst case, less than 8 minutes are
required to upload the entire tile at 2 kb/s. The
FAME on-board catalog is carefully populated
based on several criteria:
(O The scientific importance of the object,

O The downlink data rate as a function of time,
and

O Data contamination due to confusion in the ga-
lactic plane and core.

We decided not to compress the on-board cata-
log due to the limited reduction in catalog size and
the additional processing power required for
decompression.

O Data windowing: The unbinned readout rate of
the 48 CCD halfs on FAME would be 2.7 MHz,
making it costly to telemeter every bit from the

FAME CCDs. Thus, only data windows around
each of the target stars are sent to the ground, and
these data are binned on-chip in the cross scan di-
rection. These windows are nominally 10 x 20 pix-
els and are binned to 10 x 1. However, the star cat-
alog contains the window size and bin size for
each star, so the bin and window size can be varied
for double stars and other special cases.

O Data rates: The downlinked science data rate
from FAME is a function of the scan attitude. Can-
didate FAME target stars are concentrated in the
galactic plane and in particular towards the galac-
tic center, thus the FAME data rate varies as
FAME rotates and precesses. A 4 Gbit Solid State
Recorder (SSR), provided as part of the S/C bus
and operating as FIFO data storage, is used to even
out the data rate as FAME rotates.

Several instrument packetization/header
schemes were discussed during the CSR and a
final selection will be made in Phase B.  Our cur-
rent baseline is described here. The data packet for
each TDI time step contains 32 bits of header
information (synch, line ID, and checksum) fol-
lowed by a header and data word for each star
packet extracted. The nominal TDI rate is 2618
kHz (rows/s) and the row header size is 32 bits,
resulting in 84 kb/s of row header. The star packet
contains a 32 bit or 16 bit header followed by a 16
bit data word. The 32 bit header (CCD half ID,
start column, number of columns, bin size, gain) is
used for the first of the 10 rows of star data while a
16 bit header (CCD half ID, start column) is used
for the other 9 rows. The number of bits per star is
11x16 header bits and 10x16 science data bits for a
total of 336 bits/star. With an average star rate of
822 stars/s, we have an average data rate of 360
kb/s. This scheme is very conservative as to header
information. We believe we can optimize the
FAME scientific return by increasing the science
data to header ratio with minimal risk. Clearly,
when FAME scans through the galactic plane, the
data rate is potentially much higher than average.
One of the most important advantages of catalog
over threshold-based extraction is the ability to
selectively populate the star catalog to achieve the
desired data rate. We could include a flag in the
catalog to indicate which stars should be observed
when both FAME apertures are rotating in the
galactic plane to maximize scientific return. Addi-

AO 98-0SS-03

4-48

Concept Study Report



Full-Sky Astrometric Mapping Explorer

FAME

tional studies will be performed during Phase B to
further optimize the formatting of the science data
stream.

O Instrument Data Processing Functions: Instru-
ment data processing is split into five main tasks:
star field acquisition and tracking, star window de-
termination, data collection, commanding, and
housekeeping.

The instrument compensates for variations in
S/C motion by measuring and tracking the S/C
rotation rate and adjusting the TDI rate. When the
instrument is initially turned on, FAME uses the
external readings of the star tracker to determine
an initial position, and approximate rotation rate
and corresponding TDI rate, and then proceeds
into acquisition mode. In acquisition mode, four
9th magnitude stars are selected from the star cata-
log. These stars cross those CCDs with the largest
separation in the TDI direction (the four CCDs
furthest to the left and right in Figure 4-25). A 600
x 600 pixel star image of each star is requested by
the computer from the first CCDs. Approximately
4.5 seconds later, these stars cross the CCDs at the
opposite end of the focal plane and a second group
of 600 x 600 pixels is requested. Because the ini-
tial TDI rate will not exactly match the rotation
rate, the star images will be blurred in the scan
direction. The “time of flight” of the blurred star
images across the focal plane will be calculated by
the instrument computer to determine the S/C rota-
tion rate, and the TDI rate is refined. This process
is iterated with the new TDI rate until the star
images match the optical PSF and the residuals
between the actual and calculated TDI rates drop
below a set threshold. Once the initial TDI rate has
been verified, the science mode can begin. To
maintain the required accuracy in the science data,
the TDI rate can be adjusted approximately once
per second using a method similar to acquisition
but with 10 x 20 pixel windows. Star window
determination requires data to be extracted from
the star catalog and logically mapped onto the
CCD array. The star catalog is tiled using groups
which are approximately 1° x 1° to minimize the
total calculations required each second. Because
the current attitude and rate are known, the upcom-
ing tiles are extracted, trailing tiles are discarded,
and stars within the fields of view are then deter-
mined. For each upcoming second, each star is

mapped to a CCD half, and the appropriate 10
readout lines, 20 readout columns, column bin
size, and an ADC gain level scaled to on the star’s
brightness.

Data collection is performed by passing the
information from the star window determination to
the CCD control subsystem. This subsystem uses
the current TDI rate with the on-board catalog to
extract the raw data within the star windows. Once
the raw data are available, position information is
added in headers, and the data are sent directly to
the S/C serial data stream. An exception is the four
stars per second used in TDI calculations, which
are sent to the computer. Commands into the
instrument include time, star tracker attitude, heat-
er setpoints, and star catalog updates. The capabil-
ity to patch and re-upload flight S/W is provided.
A housekeeping packet is generated approximate-
ly once per second. This packet contains all instru-
ment temperatures, voltage monitors, statistics,
command status information, time, TDI rate,
updated attitude, and processed data from the TDI
stars. This packet is added to the science data
stream, and is also available on the 1553 bus for
internal S/C operations.

O Design Description: The FAME electronics
consist of three distinct subsystems. The first sub-
system is Data Processor and Control, which con-
tains the primary S/C 1I/Fs, power converters, con-
trol computer, and the 40 million star catalog data-
base. The second subsystem is CCD Control,
which contains the camera controllers, bias driv-
ers, and master system clocks. The third sub-
system is the camera, which includes the focal
plane assembly, FPA thermal control, and the Ana-
log Processor electronics, consisting of pre-ampli-
fiers, double correlated sampling circuitry, and
ADCs.

The Data Processing and Control electronics is
composed of 10 daughter boards. Low-voltage
power converters, power monitors, and power con-
ditioners are located on the power board. This
power board incorporates built-in redundancy,
such that the primary S/C power will enable the
“A” side of the data processing subsystem and the
secondary S/C power will enable the “B” side. If
both are turned on, only the “A” side will be used.
Two computer boards (CPUs), one on each of the
“A” and “B” sides, are used as the primary on-
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board data processing control. These CPU boards
are General Dynamics Integrated Spacecraft Con-
trollers (ISC), which can process 240 million
instructions per second. S/C data communication
will be accomplished using the Serial Input/Output
(SIO) board. The SIO board contains an internally
redundant 1553 I/F used for instrument command-
ing and housekeeping data transfers, in addition to
“A” and “B” side Quad High-Speed Serial (HSS)
I/Fs for the transfer of science data. Also, the SIO
board contains the data links to the CCD control
subsystem, including fiber-optic links from the
camera electronics as well as housekeeping moni-
tors for system temperatures, voltages, and other
diagnostic information. The final six boards con-
tain the star catalog’s Solid-State Recorder (SSR)
with half of one board containing the SSR control
electronics and the remaining board sides having
48 megabytes of non-volatile EEPROMs per side.
One SSR board side can accommodate about 5.5
million stars, providing a maximum catalog size of
approximately 60 million stars. This is enough
storage for the initial star catalog of 40 million
stars, and allows for future expansion and provides
additional space in case of memory failures.

The CCD Control electronics consists of eight
boards. The first board contains the master oscilla-
tors (OSC) for the “A” and “B” sides of the data
processing subsystem and the fiber-optic data links
to it. Appropriate divisions of these oscillators
control the power converters, CPU boards, 1553
and HSS clocks, and all camera clocking. This
reduces noise throughout the FAME system and
improves the accuracy of the science data. Camera
Control electronics (CAM) are on the next two
boards. These boards receive their instructions
from the CPU board on the data processing sub-
system, and control each CCD in the array. Only
pixels within each star window are processed.
Once the raw data are available from these win-
dows, additional position information will be
included and all of the data are sent to the data pro-
cessing subsystem. The remaining five boards con-
tain the bias converters [BI1, BI2, BI3] and clock
driver circuits [CL1, CL2] required to operate the
24 CCDs.

The Analog Processor electronics consists of a
very low noise preamplifier, a correlated double
sampler, a precision programmable gain stage, an

analog to digital converter, a parallel to serial con-
verter, an FPGA and fiber optic link (see Figure 4-
33). The analog processor first pre-amplifies by
two the CCD output. It then samples both the
baseline and signal level in the correlated double
sampler, and subtracts the baseline from the signal.
Only the very low noise signal remains. The signal
is amplified again by the programmable gain
stage. Next the signal is digitized by the ADC to
12 bit accuracy, serialized and fiber optically trans-
mitted to the Data Processor and Control electron-
ics. The analog processor is able to change gains to
accommodate the large range of star intensities by
incorporating the programmable gain stage (PGS).
The requirements and gain ranges for the PGS are
given in Table 4-51. The gains listed are based on a
CCD conversion gain of 2 mV/e- and a preamplifi-
er voltage gain of 2. The PGS and known star
intensities allows the use of proven, available,
radiation tolerant, 12-bit, A/D converters.

Table 4-51. PGS Gain for 3 Volt ADC Input

Maximum Signal Gain
750,000e- 1
86,000e- 8.5
10,000e- 75

4.4.5.2 Electronics and Data Processing Fabri-
cation, Assembly, and Test.

O Fabrication: The FAME electronics are manu-
factured to LMMS specifications that have been
reviewed and approved by NASA’s GSFC for use
on other NASA missions including the Microwave
Anisotropy Probe (MAP), Earth Orbiter 1, and
IMAGE. Printed circuit boards are manufactured
by LMMS approved vendors. Printed circuit card
coupons are sent to GSFC for coupon testing if re-
quired. If the contract does not require coupon
testing by the customer, the coupons will be tested
at our Sunnyvale facility.

Whenever feasible, surface mount technology
is used to reduce assembly cost and decrease
assembly time. This requires structural/thermal
analysis, but it decreases expenses overall. In addi-
tion, we use outside vendors for PC board assem-
bly. A SDB (small disadvantaged business), ION
Corp. is the selected vendor approved for board
assembly. All rework is done in-house by NASA
and/or LMMS certified assemblers.

O Assembly: The CCD assembly into the Focal
Plane Array is performed in a class 100 clean
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room, ensuring a highly sterile environment for as-
sembly.

0 CCD Test: The CCDs are tested by the vendor
before delivery to LMMS. In addition, they are re-
tested and evaluated at LMMS. Each CCD is char-
acterized in a test camera for proper operation.
This involves optimizing the CCD clock ampli-
tudes, both positive and negative, the CCD bias
amplitudes and measuring the output amplifier
conversion gains.

O Electronics Test: The FAME instrument elec-
tronics are assembled and tested as shown in Fig-
ure 4-34. The electronics testing is first performed
at the board level to assure that no damage will oc-
cur when the board is connected to other parts of
the instrument. Once board-level testing is com-
plete, board-level components are added to the
system, one at a time, until the instrument is built
up. Board-level test S/W is used whenever needed
to test functionality. The great number of function-
al tests performed throughout fabrication and as-
sembly ensure that electronics and data processing
reliably meet requirements.

Board Test

Receive Coupon Assemble Boards
Board Test Boards Individually
Assemble Boards Functional Load and
in Electronics Load Test Testing of Test Flight

Enclosure Software Electronics Software

>
Install Perform Full-Up Remove

Electronics
From Structure

Electronics
on Structure

Instrument Alignment
and Functional Test

Stake Components

Disassemble and Conformal Functional

Electronics Coat Boards Reassemble Test
Reinstall on Structure & Remove
Perform Full-Up Electronics Functional
Instrument Functional Test From Structure Test
Perform Perform
EMC Vibration Functional Pyroshock
Test Test Test Test
> > > .—|
Perform
Functional Thermal Vacuum  Functional Weight and C.G.
Test Test Test Measurement

— - > - -
Figure 4-34. Electronic Assembly

4.4.6 Thermal Design and Analysis. The critical
functions of the thermal subsystem are to ensure
the focal plane temperature is <-70°C and that
temperature variations within the instrument do
not cause unacceptable thermal distortion in the
optical subsystem. This is achieved through a

combination of passive and active thermal control
concepts.

4.4.6.1 Thermal Design Improvements and Per-
formance. Improvements to the optical design
have enabled improvements to the thermal design
that delivers enhanced structural integrity through
a streamlined, straightforward approach. The ther-
mal design of the FAME instrument satisfies all
critical requirements, as shown in Table 4-54,
using standard components for a low risk
approach. The FAME instrument thermal sub-
system provides a stable optical system that is
unaffected by environmental and operational vari-
ations, which is critical for achieving the science
objectives. This capability is achieved by combin-
ing stable, low CTE materials with passive and
active thermal control to maintain temperature
variations at acceptable levels.

Changes to the thermal subsystem because the
original proposal are identified in Table 4-52.
These changes have simplified the design, and
reduced cost and risk. Increasing the focal length
to 15 m and performing more detailed thermal-
optomechanical analysis has resulted in reducing
temperature stability and temperature control
requirements.

The design and fabrication of the thermal sub-
system is done entirely at LMMS with no subcon-
tracts required. The thermal subsystem is com-
prised entirely of material with extensive heritage
on other space flight programs such as Soft X-ray
Telescope (SXT), Michelson Doppler Imager
(MDI), and High Resolution Dynamics Limb
Sounder (HIRDLS). Therefore, no development is
required. The heaters, temperature instrumenta-
tion, thermostats, and insulation blankets are all
standard space-qualified components with essen-
tially no risk.

The key area of concern is the thermal/mechan-
ical stability of the optical system. The critical ele-
ments in the thermal subsystem, along with the
mitigation approaches, are shown in Table 4-53.

The thermal subsystem meets all key require-
ments, as shown in Table 4-54. The thermal
requirements are derived from the mechanical sta-
bility and alignment requirements for the instru-
ment, shown in Table 4-37.

The optical bench requirement is derived from
an end-to-end thermo-mechanical deformation
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Table 4-52. Improvements to the Thermal

Table 4-54. All Key Thermal Requirements are

Subsystem Since the Original Proposal Satisfied
Thermal Subsystem ltem Requirement | Performance
Changes from Original Rationale Onii
Proposal ptical Bench
= Additional analysis shows that tem- Temperature (°C) 51035 231027
Heaters on mirror backs | perature control of individual mirrors is Temporal Temperature Stabil-
eliminated not necessary because of the low CTE ity oeer 10 minp(°c) <x0.073 0.001
of ULE
Temporal Temperature Stabil- -
- = Analysis shows that an aluminum it O\F/)er 1 sec (QC) <x0.010 9x107
WZﬁLpﬁ ?ggfggp ;ﬁﬁﬁ" conduction bar meets requirements, ; y
p while providing a lower cost, less com- Mirrors
nated lex design .
P 9 Temperature ('C) 51035 21to0 24
= 15 m focal length reduces thermal 0.0093
stability requirement by a factor of 2 Temporal Temperature Stabil- :
Egﬁﬁgﬂ%’r:xged"}?;;awg compared to previous design ity over 10 min (°C) <2 (C%?ﬁg;‘)nd
mK to £63 mK - = More detailed analysis shows that
- +63 mK stability satisfies optical Temporal Temperature Stabil- 1.55x 107
requirements ity over 1 sec ("C) <+0.3 (C%ri]ﬁg?)nd
= Analysis shows that charge transfer
Focal plane annealing efficiencies at end of mission meet Spatial Temperature Gradient 0.63 (primary
requirement eliminated requirements without annealing (°C) <£25 mirror)
= Reduces complexity and cost
Focal Plane Array Assembly
Table 4-53. Our Design Minimizes Temperature ("C) <-70 -81
Deformations in the Optical System to 1empor3loTempgrg;ure Stabil- | _.4 063 0.002
ity over 10 min = )
Acceptable Levels .
Temporal Temperature Stabil- <+0.063 3x105
Risk Mitigation Plan ity over 1 sec ("C) =
= Low CTE materials are used Temporal Temperature Stabil-
for all critical optical elements ity (long term) <x0.063 0.05
= Temperature is controlled to : :
Spatial temperature gradients in | keep the materials at near-zero (So%?t'al Temperature Gradient <+5.3 0.52 (max)
the optical elements resulting in | CTE, making spatial temperature

misalignment gradients unimportant
= Integrated thermal/struc-
tural/optical analysis verifies that

optical requirements are met

= Optical elements constructed
from low CTE materials

= Temperature control to keep
the materials at near-zero CTE,
minimizing temperature effects

= Orbit selection minimizes
environmental heat load varia-
tions

= S/C design provides constant
thermal environment thereby
eliminating fluctuating heat loads
= Integrated thermal/struc-
tural/optical analysis verifies that
optical requirements are met

Temporal temperature fluctua-
tions of optical elements result-
ing in image shifts >1/50 of a
pixel over 10 minutes or >1/350
of a pixel over 1.5 seconds

None needed. Our design
does not require mK temperature
control on any of the optical ele-
ments

Complicated control system to
keep temperature variations in
the mK range

study, described in Section 4.4.6.4. Thermal
requirements for the mirrors are derived from the
allowable deformation, shown in Table 4-37, for
the primary mirror because optical performance is
most sensitive to deformations in this mirror. The
focal plane array requirement is derived from the
allowable deformation to ensure less than 1/350 of
a pixel image shift.

Table 4-54 shows that the thermal requirements
on the optical bench are the most difficult to

achieve, while requirements on the mirrors and
CCDs are very straightforward. The very low CTE
of ULE (10 ppb/°C) results in relatively easy tem-
perature stability requirements on the mirror ele-
ments. The CCD focal plane also has relatively
loose temperature requirements. The optical bench
requires the tightest temperature control.

4.4.6.2 Thermal Design Philosophy. Thermal
control is achieved through orbit selection, S/C
thermal design, and instrument thermal design.
The orbit and S/C orientation greatly reduces envi-
ronmental heat load fluctuations. The geosynchro-
nous orbit reduces earthshine and albedo heat
loads by a factor of 30, compared to a low Earth
orbit. The S/C solar shade and its orientation rela-
tive to the Sun eliminate direct solar radiation on
the instrument. Furthermore, the shield tempera-
ture distribution is invariant under S/C rotation
around the spin axis. During the rotation cycle, the
small heating of the instrument by reradiation
from the back of the shield does not change. These
design features result in a constant thermal envi-
ronment, which minimizes instrument temperature
fluctuations.
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The optics and structural temperatures must be
maintained between 5°C and 35°C. This is the
temperature region in which the materials have
low and matched CTEs. The instrument is ther-
mally isolated from the S/C by titanium flexures
and an MLI blanket on the underside of the optical
bench. The instrument structure is also covered
with an MLI blanket. This blanket reduces both
variable heating by Earth and radiation to space,
which would otherwise need to be replaced by
heater power. The instrument optics view space
over approximately 0.3 m? through the star view
ports and their associated baffles. The view port
baffles are thermally isolated from the rest of the
instrument, allowing them to operate at a lower
temperature than the optical bench. Heat loss from
the aperture is minimized. In turn, this minimizes
heater power needed to keep the bench at a stable
temperature, thus reducing the overall power
required.

Electric resistive heaters keep the structure tem-
perature near 20°C, which corresponds to the
broad minima in the CTE of the ULE optics and
graphite cyanate structure. This would require 155
W of heater power into the optical bench during
steady-state operation to balance the radiative loss-
es to space. Heater power is reduced to 80 W when
the 114 W of heat generated by the instrument
electronics and star trackers is dissipated into the
optical bench. A separate bank of thermostatically
controlled heaters is also installed on the optical
bench to provide power during transfer to geosyn-
chronous orbit and survival periods.

The CCD camera head is thermally isolated
from the rest of the structure and radiatively
cooled to less than -70°C. An aluminum conduc-
tion bar couples the CCD with a 0.14 m? radiator,
where the 6 W of CCD power is rejected to space.

Certain events are expected to produce thermal
disturbances at different times in FAME’s rotation
and orbit cycles. For example, solar input goes to
zero during eclipses. Eclipses last a maximum of
70 min and occur once per orbit (day) during two
seasons a year; each season lasts approximately
3.3 weeks. The heating of the instrument by the
Earth also varies due to FAME’s 40 minute rota-
tion period, and the greatest disturbance is caused
when the Earth passes directly through both star
view ports on a single rotation. This occurs in

roughly 15% of FAME rotations and is dependent
on the slowly changing angle between the S/C
orbital plane and satellite axis of rotation.

4.4.6.3 Thermal Analysis Results. A thermal
math model of the FAME instrument was devel-
oped for the CSR with a Thermal Model Generator
(TMG). TMG is an integrated module in the
IDEAS S/W that was used to design the FAME
instrument. Because the finite element thermal
model of the instrument is developed directly from
the solid model, the thermal modeling is identical
to the instrument design and design changes are
easily incorporated into the thermal model. This
thermal model was used to study the thermal dis-
turbances and their effect on the optical element
temperatures. These temperatures are input to a
structural model to predict deflections. These
deflections are used to verify that optical perfor-
mance parameters are satisfied. The component
power dissipations that were input to the model are
shown in the FAME instrument power table in
Foldout 4. The nominal operational power was
used with the addition of 10 W for each star track-
er because they are attached to the instrument
bench.

This model includes both solar and Earth ther-
mal disturbances experienced by FAME. The ther-
mal disturbances induced by varying solar and
Earth heat loads on the FAME radiation shields
cause only extremely small changes in the temper-
atures of the instrument—essentially a steady state
condition. Figures 4-35, 4-36, and 4-37 show the
spatial temperature gradients of the compound
mirror, the primary mirror, and CCD, respectively,
for the baseline configuration of FAME. These
temperature gradients do not affect optical perfor-
mance because the ULE CTE is essentially zero.

In the most extreme thermal configuration, the
Earth passes directly through both fields and
deposits approximately 18 W/m? into the star view
ports. This increased aperture heat load has almost
no effect on the optics temperatures. The tempera-
ture fluctuation of the compound mirror over one
40 minute rotation is shown in Figure 4-38. This
shows a maximum temperature increase of 3.5 mK
and requires 30 minutes to return to steady state
conditions.

A variable thermal environment for the CCD
radiator could result in temperature fluctuations of
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ture for the coldest condition, which occurs when
the radiator views space only. The peak power
requirement for this condition is 2 W. Figure 4-39
shows the variation in FPA temperature over a 40

minute rotation when the FPA radiator is viewing
the Earth. This results in less than 4 mK fluctua-
tion on the focal plane.
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CCD control heater power (W) 2 2 2 0
Temperature control heater
power (W) 80 80 80 0
Survival heater power (W) 0 0 0 20 60

The power requirements for thermal control
heaters during various operational scenarios are
shown in Table 4-55.

4.4.6.4 Thermo-Mechanical Deformation Anal-
ysis of the Optical System. During the concept
study, a thermo-mechanical analysis was per-
formed. Thermal gradients generated from the
TMG transient analysis were mapped to the
IDEAS structural finite element model to predict
the rigid body and flexible deformations of the
optical elements and CCD assembly. The deforma-
tion results were then transferred into the OPTI-
MA program to evaluate optical performance
under the applied temperature gradient. The estab-
lished links between the thermal, mechanical, and
optical analyses allow rapid trade studies on the
structural design. There was an insignificant wave-
front error and change in Strehl ratio due to the
thermal deformation of the optical system. Image
shift was also small. These results were used to
calculate the temperature stability requirement for
the optical bench. For <1/50 pixel image shift, the

required temperature stability of the optical bench
is £73 mK. This compares to a predicted tempera-
ture change of 1 mK over a 10 minute period. The
allowable steady-state gradient in the bench can be
much larger as long as it is stable. The thermo-
mechanical stability of the mirrors and FPA win-
dow is much greater than the optical bench due to
the extremely low CTE of ULE. All results are
summarized in the performance column of Table
4-54.

4.4.7 Error Budget. Table 4-56 shows the astro-
metric accuracies expected during the mission.
Column 0,4 lists the centroiding accuracy of a sin-
gle measurement, with anticipated instrumental
systematics of 105 uas included. The 105 pas
reflects correction for error by modeling based on
all available data. In forming the estimates of
astrometric parameters for the whole mission,
there is an additional reduction of error via averag-
ing, to a limit set by correlations. Effects of the
neutral density filters on the photon statistics can
be seen in Table 4-56. The column N is the typical
number of usable observations made for a star of a
given magnitude. This number not only includes
the fact that some of the CCDs are covered with
ND filters, but that for magnitude 4, 6, and 8, some
observations through a particular filter will be sat-
urated. This depends on whether the image passes
straight down a TDI column, or if the image is
elongated in the cross-scan direction by the S/C
precession. The final mission accuracy estimate is
listed under oy, in Table 4-56. This is calculated as
the RSS of an allowance for correlated errors (10
pas, see below), and the single observation accura-
cy divided by the square root of half of the number
of observations. The error budget includes those of
the instrumental/systematic type; those that do not
decrease with the number of observations but may,
with enough data, be modeled to a manageable
level. Figure 4-40 shows the amplitude of these
effects. These will be modelable and are expected
to contribute a total of less than 10 pas to the final
positional accuracies (Table 4-57). A key focus of
the Phase B study will be to improve the under-
standing of the instrument to enable a better esti-
mate of this lower limit to the error.

3 In Phase B, the use of “Start-Stop” technology
(SST) will be investigated. Using SST, all CCDs
are available in all magnitude ranges. This increas-
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Table 4-56. FAME Accuracies

M, Ging (HS) N oy (pas)
4 314 143 38
5 485 204 49
6 328 153 39
7 485 204 49
8 314 666 20
9 482 952 24
10 758 952 36
11 1206 952 56
12 1943 952 90
13 3189 952 146
14 5404 952 248
15 9664 952 443
16 18646 952 855

Table 4-57. Averaging Characteristics of
Major Systematic Error sources

Proportional to radius in FOV —after model-
ing, observations of a given star will have
mean error <<10 pas.

Distortion as func-
tion of wavelength

Primarily due to traps. The larger traps are
Charge transfer modeled individually. Those that are left are
effects smaller, and random, so will average to <10
pas.

Incorrect stellar
spectrum model

Average over pixel phase, for a particular
star of any spectrum, is <<10 pas.

Optical distortion

Average over FOV is <<10 pas by modeling.

FAME Single-Observation Systematic Error
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Figure 4-40. Fame Instrumental Effects

Error of a single observation, exclusive of statistical error, in pyas
both before (in parentheses) and after (not in parentheses) correct-
ing with models based on all mission data.

es the number of astrometric observations per star,
thereby increasing the mission accuracy. If this is
successful, the errors will be reduced to less than
35 pas for all stars brighter than V=10.

4.5 Payload Integration.

4.5.1 Instrument Integration and Test. The
FAME instrument is assembled and integrated as
shown in the FAME master schedule. Figure 4-41
details the component assembly flow and phasing
of the critical assembly tasks. LMMS has exten-
sive experience in integrating and testing electro-
optical systems on programs including TRACE,
CLAES and HIRDLS. The assembly sequence
begins with the receipt of the composite structure
assembly. After delivery, the structure is cleaned
and baked-out prior to optics installation. All
assembly and precision cleaning operations are
performed in the LMMS Class 100 clean room.
The optical elements are then installed and
aligned. Section 4.4.2.2 describes the fabrication,
assembly, and alignment of the optical elements.
The engineering unit focal plane assembly is then
installed. The engineering unit focal plane assem-
bly consists of eight CCDs split into two groups of
four located on opposite sides of the assembly.
This configuration allows testing of TDI rate deter-
mination and acquisition capabilities. Following
focal plane alignment and electronic box installa-
tion, an integrated systems functional test is per-
formed to verify the data I/Fs between the focal
plane assembly, electronics and S/W, and an end to
end test of the system from input photons to output
data stream. The engineering unit focal plane
assembly and electronic boxes are then removed.

Before integration into the instrument, this radi-
ator/thermal link assembly will be tested with the
engineering model focal plane assembly. The test
article will consist of a focal plane assembly engi-
neering model, the thermal link, the radiator, the
support structure, and insulation. The engineering
model focal plane assembly has a heater to simu-
late the CCD heat load, a thermal control heater,
and temperature sensors. The assembly is subject-
ed to flight-like environments in a vacuum cham-
ber with a nitrogen cold wall to verify that temper-
ature and temperature stability requirements are
met. Once this test is complete, the radiator/ther-
mal link assembly is ready for integration into the
instrument. The radiator/thermal link assembly
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Figure 4-41. Instrument I1&T Flows

and the flight focal plane assembly, after complet-
ing full environmental acceptance testing, which is
described in Section 4.4.3.3, is installed and
aligned to the optical elements. The flight electron-
ic boxes, after completing a successful full func-
tional test, are temporarily installed on the instru-
ment assembly. At that time an instrument full
electro-optic functional test is performed verifying
proper operation of the focal plane array, align-
ment of the optical system and integrating sphere,
and performance of FSW and electronics. The
electro-optic functional test sequence is defined in
Table 4-58.

After completion of the instrument functional
test, the electronic boxes are removed and confor-
mal coating of all electronic boards performed.
After conformal coating, the electronic boxes are
reassembled and then undergo component envi-
ronmental testing, which includes EMC, vibration,
pyroshock and thermal vacuum testing. After com-
pletion of the electronic box acceptance testing,
the electronic boxes are reinstalled on the instru-

Table 4-58. E-O Tests

Electro-Optic Functional Test

Sequence Functions to be Verified

Load Flight Software = Verify housekeeping data

Verify TDI operation
Verify acquisition mode
Verify binning controls
Verify TDI rate acquisition

Perform Scan Test

Perform Centroiding Accuracy = Verify centroiding capability to
Test within 1/350 of a pixel

ment. With the installation and interconnect of the
electronic boxes, the instrument is now ready for
systems test. At the beginning of systems test, a
full electro-optics functional test is performed with
FSW installed. Next, the instrument undergoes
EMC, vibration testing, functional testing, thermal
vacuum testing, and final functional testing. EMC
testing is performed in the Class 100 clean room
with test consoles located outside and cabling run
inside to the instrument. Vibration and thermal
vacuum testing are performed in the LMMS vibra-
tion test facilities. The systems test cycle is com-
plete with the measurement of the instrument
weight and center of gravity and installation of the
instrument in the shipping container.

4.5.2 Instrument Interface.

4.5.2.1 Mechanical Interface. This section exam-
ines the mechanical I/Fs affected by the optical
system design changes and the remaining instru-
ment to S/C I/Fs.

O During the update of the composite structure
design, the S/C shroud dynamic envelope was
used as a maximum volume gauge to assure suc-
cessful integration of the instrument on the S/C.
The S/C shroud dynamic envelope is defined as a
254 cm cylinder that is 7.62 cm long which then
tapers in at 15 deg for the next 71.12 cm and fur-
ther tapers in an additional 5 deg for the next 63.40
cm. The design of the instrument within this enve-
lope was completed successfully. Another critical
I/F area updated during the CSR was the instru-
ment mass properties. The mass property changes
are reviewed in more detail in Foldout 4 and sec-
tion 4.4.4.1. All critical S/C to instrument I/Fs
were reviewed during the CSR by LMMS and
NRL personnel to assure successful integration of
the instrument on the S/C. During the CSR, the
overall system alignment requirements were re-
viewed and the following changes were identified:
O Two S/C star tracker mounting locations were
moved to the instrument optical bench to facilitate
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boresight alignment of the star trackers to the in-
strument focal plane assembly CCDs.

O Optical cubes were added to the instrument to
allow alignment of the focal plane assembly
CCDs, star tracker boresight, and the spin axis of
S/C. During instrument assembly, the optical
cubes are aligned to the focal plane assembly CCD
columns. When the instrument is installed onto the
S/C, the optical cubes provide an easy reference
for orientating the focal plane assembly CCDs rel-
ative to the S/C spin axis. The alignment cubes al-
low the star tracker boresight to be aligned to the
focal plane assembly during installation onto the
optical bench. The instrument mounting system
onto the S/C is composed of three mounts that can
be shimmed and adjusted such that the optical axis
of the CCD focal plane assembly, which has been
transferred to the optical cube and the S/C spin ax-
is, can be aligned at integration. These design
changes have improved overall system perfor-
mance and simplified alignment integration effort.

4.5.2.2 Electrical Interface. There are four elec-
trical instrument I/Fs: power, passive telemetry,
1553, and serial science data out. Instrument pow-
er (see Foldout 4, Figure A) is provided by two 28-
volt DC inputs. Only one of these inputs is
required to operate the instrument. The primary
power input activates the “A” side of the instru-
ment, and the secondary power input activates the
“B” side. If both are active, only the “A” side is
operational. Passive telemetry provides thermistor
readouts to the S/C for monitoring temperatures
while the instrument is off. These values are used
to control the survival heaters. The 1553 I/F pro-
vides the commanding and housekeeping I/F
between FAME and the S/C. There are two redun-
dant 1553 busses which are controlled by the S/C
using the MIL-STD-1553B protocol. The com-
mand I/F is used for time updates, star tracker atti-
tude, active heater temperature setpoints, star cata-
log updates, flight program patches, and special
test modes. The housekeeping I/F provides updat-
ed temperatures, voltage monitors, and command
status information back to the S/C approximately
once per second. The science data are sent on the
quad High Speed Serial (HSS) link. This I/F can
operate at rates between 0.5 to 20 megabits per
second. For FAME, the expected data rates depend
on the number of stars in the field of view. Outside

of the galactic plane, an average of 817 stars are
expected per second, which corresponds to a data
rate of 263 kb/s per second. In the galactic plane,
the number of stars in the catalog is selectively
populated to keep the data rate under 400 kb/s.

4.6 Manufacturing, Integration, and Test. The
primary objective during the manufacturing, inte-
gration, and test phase is to qualify all compo-
nents, subsystems, systems, and S/W such that a
very reliable and highly qualified S/C is delivered
on schedule that meets or exceeds all mission
requirements and specifications. To meet the pro-
gram schedule, a smooth transition is made from
the design to the fabrication phase of the mission.
To facilitate this transition, NRL’s engineering
approach retains a single team of subsystem engi-
neers from design through system level acceptance
testing, thereby ensuring cost-effective and reli-
able S/C verification. The maintenance of this
team from program start-up enables timely resolu-
tion of problems during the fabrication, integra-
tion, and test phases because the team is involved
in the initial system and requirements definition,
design analyses and trades, “black box” manufac-
turing, and test plan development.

4.6.1 Verification and Test. FAME uses an incre-
mental design verification and test program
throughout the development process to provide
program visibility against cost, schedule, and tech-
nical performance. Emphasis is placed on perfor-
mance-based testing, early verification of system
design and environmental predictions, and demon-
strated margins during testing.

4.6.2 Hardware Procurement and Fabrication
Processes. All procured hardware along with
long-lead items and consumables are procured in a
timely manner to minimize any schedule con-
straints during this phase of the mission. Fabricat-
ed hardware is obtained from a select list of ven-
dors. All manufactured and procured hardware
will adhere to the quality assurance ground rules
stated in Section 4.9.

4.6.3 Software Development Processes. FSW is
developed using MIL-STD-498 guidelines.
Requirements are validated by formal review.
Once the requirements have been gathered, vali-
dated, and documented, the design and coding
begins. The S/W architecture and designs are pre-
sented at program design reviews. All new code
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developed for this program undergoes a formal
code walkthrough. For each formal build, the S/'W
for each flight component is unit tested by the
developer before integration with the rest of the
code. During Phase C, each build undergoes for-
mal testing to ensure that the current requirements
are met, all previous requirements are still being
met, and to identify as many anomalies as possi-
ble. All anomalies are documented in formal prob-
lem reports. The Version Description Document
(VDD) delivered with each build identifies what
S/W requirements are met by the delivered ver-
sion, what problems were fixed, and what prob-
lems are known, but not corrected. At a minimum,
the S/W group generates a S/'W Development Plan
and a VDD (one VDD for each S/W delivery).

4.6.4 Systems Level Integration. System level
integration is performed at the NRL’s Integration
and Test facilities. These facilities contain ample
room for integration and an array of cleanroom
environments to support the needs of the program.
During the integration phase, qualified techni-
cians, QA engineers, and planners, under the guid-
ance of an experienced Integration and Test Engi-
neer, are used. To ensure a smooth transition
throughout the integration phase, engineering
models are used. These engineering models are
used for a range of activities from RCS fabrication
to solar array/Sun shield assembly deployment
testing. The first step in the S/C assembly is the
assembly of the primary structure. An assembly
fixture is used to ensure proper alignment. The pri-
mary structure consists of the thrust tube, deck
angles, longerons, and instrument support panels.
Next, the RCS subsystem and instrument I/F deck
are integrated. The RCS subsystem consists of the
propellant tank, thrusters, valves, and plumbing. In
parallel with this, the electrical components are
integrated to the electronics deck. Once the elec-
tronics deck is complete, it is integrated to the pri-
mary structure. Due to the fact that the design is
modular, a parallel integration can occur. At this
time the S/C bus is ready for the integration of the
instrument. Foldout 3, Figure C describes the inte-
gration flow.

4.6.5 Tooling, Fixtures, and GSE. Minor modifi-
cations will be made to existing handling dollies
and shipping containers from the Clementine pro-
gram to support FAME. This reduces non-recur-

ring costs. However, this is not the case for several
tooling and test fixtures. The tooling fixtures need
to be fabricated for the assembly of the S/C’s pri-
mary structure and the RCS. They will be designed
and manufactured after the design of the S/C has
matured. The testing fixtures will be fabricated at a
later date and will be available at the appropriate
time to meet the program’s schedule.

4.6.6 System Level Electrical Integration. The
first step in the FAME S/C electrical integration
process involves build of a full-size structural
engineering model to provide a frame for the flight
wire harness build. As the harness is prepared, the
engineering model flight boxes are integrated as
they become available. All engineering model and
flight units are bench tested before integration onto
the “table top” structure. As the boxes are added,
integrated functional tests are performed incre-
mentally to insure S/W and H/W I/Fs are correct.
As the protoflight structure become available, inte-
gration activities are transitioned to the protoflight
structure/harness.

4.6.7 Software Integration. NRL uses OS/COM-
ET S/W for all integration and mission operations
activities. This allows operations use of the same
command and telemetry databases, performance
test files, telemetry display screens, and graphical
I/Fs that are developed during integration and test
activities. The key benefit of this methodology is
risk reduction, because a major portion of the
operational S/W is developed and verified during
integration and test. Also, the subsystem engi-
neers’ involvement in integration, test, and display
screens development greatly reduces the amount
of training required to transition to on-orbit mis-
sion operations.

4.6.8 System Level Mechanical Testing. System
level testing is performed at NRL’s Integration and
Test facilities. These facilities contain several
small and large thermal vacuum chambers,
anechoic chamber, acoustic chamber, vibration
test facility, static-loads test facility, optical align-
ment facility, and spin balance test facility. These
facilities are discussed in Section 4.8.

To verify the ability to survive launch and on-
orbit flight environments, a comprehensive envi-
ronmental test plan is developed and a series of
environmental tests is performed. A standard aero-
space testing program, using MIL-STD-1540 as a
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guideline, is conducted. Development, qualifica-
tion, and acceptance tests are performed as need-
ed. New designs are subject to a rigorous qualifica-
tion test program to ensure that the design offers a
margin of safety over design loads. All parts
undergo a thorough acceptance test procedure to
ensure acceptability for flight. Table 4-59 presents
the test-levels and margins that will be used. A
series of performance tests are performed to verify
the ability to meet operational requirements. These
tests are EMI/EMC, mechanism deployment, ther-
mal-vacuum, alignment verification, mass proper-
ties, and system functional and performance
checkout. Foldout 3, Figure C shows the test flow.

4.6.9 System Level Electrical Testing. Function-
al electrical tests serve as the acceptance baseline
for the S/C. They consist of an ambient electrical
test following S/C subsystem integration, estab-
lishing the baseline for subsequent testing. Func-
tional tests verify the integrity and functionality of
all normal and redundant components, connector
and cross-strapping I/Fs, vehicle-to-GSE I/Fs,
component-to-component I/Fs, vehicle-to-GSE
I/Fs, vehicle-to-L/V I/Fs, and component/sub-
system power consumption. After this functional
test baseline is established, abbreviated functional
tests are preformed before, during, and after envi-
ronmental tests. Table 4-59 presents the test levels
and margins that are used for burn-in, EMI, and
thermal cycle tests.

4.6.10 Manufacturing, Integration, and Test
Schedule. The detailed schedule of the overall
program is defined in Foldout 7, Figure A. The
schedule defines the major milestones for the man-
ufacturing, integration, and test phases of the mis-
sion.

4.7 MO&DA Systems.

4.7.1 Overview. Foldout 5, Figure A shows the
FAME Mission Operations System (MOS) con-
sisting of the S/C, the BP ground station (aug-
mented by DSN for early on-orbit operations), the
Mission Operations Center (MOC), and the Sci-
ence Operations Center (SOC). The S/C is operat-
ed by NRL’s BP using the existing MOC, with the
addition of a dedicated 11.3 m antenna and two
dedicated workstations. The MOC operates the
S/C bus and the SOC operates the instrument,
while all communications with the S/C are via the
MOC. Continuous wideband instrument data are

Table 4-59. Tests Follow MIL-STD-1540

Flight Limit

Test Loads Protoflight Qualification
Random Vibra- | Flight for One | Flight +3 dB for | Flight +6 dB for
tion Minute Two Minutes Two Minutes

’ Flight for One | Flight +3 dB for | Flight +6 dB for
Acoustic Minute Two Minutes Two Minutes
Pyrotechnic Fire Ordnance |Fire Ordnance |Fire Ordnance
Shock Once One Time Three Times
Thermal Vac- Max/Min Flight | - o
uum Temperatures 5C 10°C

200 hrs with 200 hrs with
Burn-in NA Last 50 hrs Last 50 hrs
Failure Free Failure Free
Range Safety Defi : ) :
: efined in Defined in
EMI Self Compati- Phase B Phase B
bility
Thermal Flight Environ- . 13 Cycles
Cycling ment 9 Cycles (5°C) (10°C)

downlinked from the S/C on a “24/7” basis, and all
decommutated science data flow to the SOC in
realtime. During the science operations phase of
the mission, S/C servicing and tasking nominally
occur during a single daily upload from BP. This
upload includes immediate and stored bus servic-
ing routines and scripted instrument tasking. The
instrument scripts are developed at the SOC, sent
electronically to the MOC, verified, and then
stored until the SOC-specified transmission time.
During preventive maintenance periods, or in case
of a failure, the FAME antenna at BP is backed up
by one of the two 15 m S-Band on-site antennas.
The switching matrix at BP is configured so that
the uplink and downlink path can be reconfigured
by the BP operators with a few “mouse clicks.” BP
routinely exercises all backup systems in order to
maintain operator’s proficiency in those systems
and to locate any system anomalies before the
backup systems are needed.

4.7.2 Management Approach. The MOC has pri-
mary responsibility for S/C bus management,
including development of operational timelines,
command sequences, and S/C uplink. The MOC
receives instrument command sequences (packets)
from the SOC and, after verification, queues them
for uplink based on times appended to the com-
mand sequences by the SOC. The MOC distributes
downlinked science data and instrument SOH data
products to the SOC. The MOC at BP and the
SOC at USNO are connected by a dedicated T1
link. All instrument activities are planned and
managed at the SOC. Once per week, the SOC
transfers a weekly plan file to the MOC. The plan
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file contains the schedule of events for instrument
operations, and the command sequences to be
uplinked. The MOC receives this file and validates
that it was not corrupted during transmission. Each
day’s sequence of events is stored in the queue to
be uplinked via the dedicated BP antenna. Regular
communications, such as catalog updates, will be
uplinked using scheduled daily updates to simplify
operations. However, because the S/C is in view at
all times, uplinks can be implemented as neces-
sary.

4.7.3 Wide Area Networking. The mission uses
two ground communication network paths. Both
networks are based on the use of dedicated T1 data
links (1.544 Mb/s) using standard communications
protocols and network routers. No data encryption
is baselined.

O Early On-Orbit Operational Phase: The first
data path, used during launch and the early orbit
period, consists of a dedicated T1 link between BP
and the NASA Integrated Services Network
(NISN) via GSFC. This path enables data transfer
of S/C telemetry and tracking data from NASA’s
DSN 34-m Beam Waveguide antennas at Madrid,
Goldstone, and Canberra to BP. It also enables
throughput commanding from BP to DSN sites.
This link is exercised during the pre-launch phase
for compatibility tests.

O Operational Phase: The second communica-
tions path is a dedicated T1 link between BP and
USNO’s SOC. The BP’s FEP parses S/C and in-
strument SOH data and wideband science data into
separate data streams and forwards the science da-
ta and instrument SOH data to the SOC. The S/C
SOH data are monitored at the MOC. This net-
work link is active throughout the mission.

O Computer Security: Both T1 data links use
dedicated connections, maintaining secure data
transfers. The link to the FAME public web site
from the SOC is isolated from both T1 links via an
“air gap” 1.e., no physical or virtual connection ex-
ists between them. A secure firewall is maintained
between the SOC and the public Internet and pass-
word protection is implemented. All system ac-
cesses are logged and monitored to detect intru-
sion attempts. A periodic computer security testing
program assesses possible vulnerabilities.

4.7.4 Staffing Plans. BP is currently staffed and
operated 24 hours/day, 7 days/week to meet NRL’s

ongoing satellite operations. For FAME’s require-
ments, additional personnel are added. Staffing
starts during Phase C/D so that detailed knowledge
of S/C operation and MOC constraints are collect-
ed and documented. BP personnel are assigned
responsibility to provide training and support to
the S/C bus IPDT and the I&T IPDT. BP partici-
pates in the S/C and instrument subsystem testing.
Specific MOC components (e.g., CEU, server, cli-
ent workstations, OS-COMET S/W) are used to
support these project phases and to develop C&T
databases, display formats, and command
sequences. We will bring these items forward into
the MOS to support on-orbit EE&C and flight
operations. During 1&T, the S/C specialist pro-
vides direct support to the I&T IPDT lead as a par-
ticipating member of the team. On-orbit mission
simulations are conducted during I&T and CPET.
During normal operations, BP performs S/C com-
manding, telemetry collection, and data archiving.
BP also supports SOC mission planning activities.
During the EE&C phase, the MOC staff is aug-
mented by the S/C bus and instrument develop-
ment team. Procedures are validated and autono-
my rules are verified. BP is staffed 24/7 during all
phases. Foldout 5, Table D lists the BP staffing
during the Operational Phase.

4.7.5 GDS Facility Reuse. FAME uses NRL’s
existing BP ground station. BP provides an in-
place infrastructure and is currently supporting
NRL’s satellite programs. Located at Blossom
Point, MD on the north shore of the Potomac Riv-
er, the 23 acre facility is surrounded by a 609 m
buffer zone. This setting assures freedom from
interference and enables satellite tracking down to
zero degrees elevation angle. BP has provided over
30 years of S/C engineering evaluation and opera-
tional support to NRL. BP uses a distributed, open
system environment using COTS OS/COMET
S/W for C&T processing, equipment configura-
tion, control, and narrowband data archival. Exist-
ing infrastructure for C* and Level 0 data process-
ing supports more than 150 satellite contacts per
day. Architecture changes for FAME are minimal
as shown in Figure 4-42. To ensure uninterrupted
S/C viewing, a dedicated 11.3 m limited motion
antenna system must be installed. The COTS
antenna system upgrades include a reflector, ped-
estal, controller, and dual transmitters. Other sta-
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Figure 4-42. BP Architecture for FAME Support

tion upgrades include a dedicated server and work-
stations. All other components shown in Figure 4-
42 are existing BP equipment. The FAME SOC is
located on the grounds of the USNO in Washing-
ton, DC. The USNO is located relatively close to
BP and the two locations can be connected easily
and cost-effectively using commercial communi-
cations networks and industry standard protocols
(e.g., TCP/IP, FTP, and NFS remote mounted file
access). BP will receive the single telemetry
stream from the S/C, decommutate it, and parse
the science data and instrument SOH in realtime to
the SOC at USNO. When the science data are
received at the SOC, they are immediately
archived and then forwarded to the data analysis
pipeline. The Flight Dynamics workstation in the
MOC uses GEODYN to perform orbit computa-
tion in support of Mission Planning. See section
4.1.3.5 for further description of the orbit determi-
nation system.

4.7.6 Deep Space Network. As shown in Foldout
2, Figure F, the S/C is not always in view of BP
during the launch and early orbit mission phases.
In order to maintain constant communications
between the S/C and the mission operations team
at BP, NASA’s DSN sites at Goldstone, Madrid,
and Canberra will augment BP contact times for
the first 7 days of the mission. Although the DSN
26-m antennas are adequate to close both the
uplink and downlink margins with the S/C, they
are not generally available to support the FAME
requirement of up to 12 hours of S/C contact time
per day. DSN’s Plans and Commitments Office has
recommended that the 34-m antenna be baselined
to fulfill this requirement. The DSN sites are used
in a “bent pipe” mode for telemetry, tracking, and
commanding of the FAME S/C. A serial communi-
cations link between BP and GSFC/NISN is added
to support the FAME mission. Telemetry and
tracking data received at any DSN site are routed
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in realtime to BP. Likewise, command data will
flow from BP through the serial link and directly
up to the S/C via the supporting DSN antenna.
This “bent pipe” mode of operations with DSN is
the same configuration as was used on the Clemen-
tine mission. A draft of the Project Service Level
Agreement (PSLA) was submitted. When the
PSLA is completed, the Detailed Mission Require-
ments (DMR) document will capture the FAME
requirements to the DSN. The DMR will also con-
tain the DSN responses and commitments to those
requirements.

4.7.7 Mission Unique Facilities. Most S/C moni-
toring functions are performed automatically by
the OS/COMET S/W at BP. Off-the-shelf S/W
capabilities include limit checking, trending analy-
sis, and inference engine rules functions. BP veri-
fies S/W execution, analyzes results, investigates
anomalies, and responds to off-nominal situations.
Realtime SOH data for the S/C are automatically
limit-checked by the OS/COMET telemetry pro-
cessing S/W. Out-of-limits conditions are flagged
on the operator display and logged. BP also per-
forms systems status analysis, including the
review and generation of trend plots for key
parameters and consumables. All out-of-limits
conditions or unexpected changes in trend slopes
are investigated and resolved by the MOC. Safing
measures are automatically initiated whenever it is
determined that a critical event seriously jeopar-
dizes the mission if it were to continue to operate
beyond defined and acceptable operating limits.
Authorized FAME staff will have the ability to
access OS/COMET displays and data via the inter-
net to review mission telemetry at any time, and
take quick actions to diagnose the problem and/or
safe the satellite (if required) before making the
trip to BP for more detailed anomaly resolution.

O Antenna System: A diplexer is required to
achieve Right Hand Circular (RHC) polarization
on the uplink and downlink. A filter is also re-
quired to achieve the necessary Tx/Rx isolation.
Components are included to provide transmitter
and receiver redundancy. There is also a ranging
coupler and a standard noise and signal calibration
subsystem. The ground antenna installation re-
quires an adequate foundation to support the
weight and mechanical stresses of the antenna’s
motion and local winds. Procurement specifica-

tions are developed during Phase B. However, BP
has an unused foundation that will be thoroughly
analyzed to assess its applicability to the FAME
mission, with a potential cost savings if it proves
sufficient.

O Downlink RF System: BP’s standard downlink
path contains a bank of Scientific-Atlanta 930 re-
ceivers with BPSK demodulators. For FAME, two
different receiver configurations are used, one sup-
porting wideband data rates and one supporting
narrowband data rates. For wideband rates, the S/C
directly BPSK-modulates the science data onto the
downlink carrier signal and the ground receiver is
tuned to this carrier frequency. The receiver de-
modulates the signal and outputs the baseband dig-
ital data to the bit synchronizer. At the narrowband
rates, S/C telemetry is BPSK-modulated onto the
1.7 MHz subcarrier. The carrier frequency (un-
modulated) is still present in the downlink signal.
In this mode, two ground receivers are used, one
tuned to the upper sideband and one tuned to the
lower sideband. After demodulation, the signals
are sent through a diversity combiner and the data
are output to a bit synchronizer.

(3 Range Rate and Doppler Equipment: To meet
the science requirement for S/C velocity knowl-
edge, range and range rate data are gathered by the
GDS. The S/C transponder is nominally operated
in the coherent mode and the downlink carrier fre-
quency shift provides S/C ranging information.
The carrier frequency is always available during
downlink transmission and its presence is not
downlink data rate-dependent. Note that when data
are modulated onto the carrier, the range rate in-
formation is still available. The phase-locked re-
ceiver local oscillator (180 MHz + the doppler fre-
quency) is routed to the Carrier Doppler Measure-
ment System (CDMS). The CDMS measures the
doppler frequency and provides the doppler mea-
surement at the rate of 10 samples/second. The
CDMS operation is automated and needs no oper-
ator intervention. Doppler data are output by the
CDMS at all times and are flagged “good” when
the receiver’s input signal exceeds a preset level,
the CDMS doppler loop is locked, and the CDMS
has detected no internal faults. The tracking data
are formatted and stored on disk for use in assess-
ing S/C movement.
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O Digital Data: For FAME, BP uses CCSDS
101.0-B-3 recommendations for telemetry channel
coding. These consist of a soft decision bit syn-
chronizer with a 3-bit quantization and a rate 1/2,
constraint-length 7 maximum-likelihood (Viterbi)
decoder. All the raw Level 0 incoming downlink
telemetry data are captured and stored in the BP
FEP. The data are deinterleaved and Reed-So-
lomon decoded with I = 5 interleaving. The FEP
then frame synchronizes the uncoded transfer
frame and stores each frame.

O Uplink Commanding: The mission-unique
CEU receives digital uplink commands from a cli-
ent workstation via an asynchronous RS-232 port.
The CEU outputs STDN-compatible data as BPSK
command data at 2 kb/s with NRZ-M encoding.
This signal modulates a COTS HP8780 signal syn-
thesizer that outputs an RF signal to drive a High
Power Amplifier (HPA) for transmission to the
FAME S/C. The BP is being upgraded with dual
COTS 200W HPAs (200 W continuous STDN-
compatible) for the command uplink.

4.7.8 Communication, Tracking and Ground
Support. FAME’s 28.7° inclination and GEO alti-
tude allow continuous 24/7 downlink data commu-
nications and continuous uplink availability, sim-
plifying mission planning and flight operations.

O Antenna Visibility: Foldout 5 shows the ground
antenna azimuth and elevation movement neces-
sary to maintain constant contact with the S/C. The
elevation ranges from 12° to 75° and azimuth from
6° to 48° during each 24 hour period. This allows
use of a low cost, limited motion ground station
antenna while encompassing all S/C view angles.
A trade study determined the range of S/C asyn-
chronous orbit locations with a Washington-area
ground facility. Using 5° minimum antenna eleva-
tion as the criterion resulted in a range of 39.5° to
114.5° West longitude. A candidate location of 88°
West longitude is baselined.

O Downlink Telemetry Requirement: The GDS
receives a continuous CCSDS packetized data
stream from the S/C at a 400 kb/s rate. These
packets consist of commutated wideband science
data and narrowband SOH engineering data for the
instrument and S/C bus. The S-Band downlink us-
es BPSK modulation, and the GDS must provide a
<10 BER with a 99.5% data availability.

O Command Uplink Requirement: The GDS pro-
vides an uplink data rate sufficient to update 1° x
1° tiles comprising the star catalog. Assuming a
nominal 2 kb/s uplink data rate, a single tile can be
updated in <1 minute. The S-Band command up-
link is PCM/PSK/PM modulated with a 16 kHz
subcarrier to provide compatibility with NASA
DSN stations for launch and GTO injection. Com-
mand data processing supports uplink to the S/C
per CCSDS COP-1 protocols. S/C command re-
ception and execution is monitored and verified
through downlinked COP-1 telemetry. The GDS
must support the S/C’s three command modes: re-
al-time, ground preplanned, and onboard schedul-
ing based on uplinked command loads.

O Solid State Recorder Management: The sci-
ence data from the instrument are inherently
“bursty” due to the variable star density as the S/C
scans the celestial sphere. The S/C uses an SSR to
buffer this stream and data are read out continu-
ously for downlinking. SSR management is re-
quired to control data recording, select data for
downlink, and to replay data lost in transmission.

O Data Sizing Requirement: The MOC’s GDS is
sized to ingest the nominal 400 kb/s continuous
data rate, buffer and store the raw data, and for-
ward science data packets to the SOC in realtime.
Raw wideband data are archived for playback pur-
poses. The daily data volume is ~4.3 GBytes. A
weekly archive data volume is ~30 Gbytes.

4.7.9 Spectrum Management. Our proposed RF
spectrum use is based on NASA’s existing S-Band
frequency allocations. During Phase B, we deter-
mine the specific frequency, together with accept-
able alternate frequencies if this frequency is
unavailable. We follow the guidelines of NASA
Handbook 2570.6A and submit NASA Form 566
for assignment of frequency allocations.

4.7.10 Software Systems. The BP ground pro-
cessing architecture relies on distributed process-
ing under a centralized control process to maxi-
mize ground S/W reusability. The use of COTS
products and adherence to industry standards min-
imizes time, risk, and expense for providing sup-
port to new programs, such as FAME. The COTS
OS/COMET reusable satellite telemetry/command
databases, command control procedures, and GUI
displays provide significant life-cycle cost reduc-
tion because they are also used during FAME S/C

AO 98-0SS-03

4-64

Concept Study Report



Full-Sky Astrometric Mapping Explorer

FAME

[&T. This system supports a number of NRL’s
ongoing satellite programs, and has substantial
heritage from over 80+ spaceflight programs. Its
field-proven applications, flexible architecture,
custom adaptability, and easy-to-use development
environment provide practical and robust solutions
faster and at far less cost than other systems.
Updates to this system for FAME’s mission unique
requirements are accomplished using a structured
S/W engineering process. BP uses a spiral build
implementation that deploys multiple builds with
increasing functionality.

4.7.11 Low Cost Operations. For both the flight
and ground systems, automation is included wher-
ever it can be safely and reliably employed. Dur-
ing the science operations phase, the S/C main-
tains only one operational mode for data collection
activities. Also, the orbit characteristics were cho-
sen to minimize east-west, and eliminate north-
south, stationkeeping. An east-west maneuver,
once every 6 weeks, is required to maintain the
desired GEO orbit. The GDS uses the BP infra-
structure to lower the on-orbit support costs.
Because BP maintains round-the-clock operations,
the addition of another project such as FAME
requires only a small expenditure. Using DSN to
support only the launch and early orbit phases, at a
cost of , saves a significant amount of

money over the life of the mission. Because NRL
uses OS/COMET S/W for both the S/C integration
and test (I&T) and mission operations environ-
ments, the command procedures and telemetry
display screens developed during I&T are directly
transferred for use during mission operations.
Additionally, the S/C designers will not need to be
trained on the operations consoles, because they
will already be accustomed to using the same files
and screens they used during I&T.

4.7.12 Existing Facilities and Processes. FAME
is significantly reducing project cost by using ex-
isting GDS capabilities of BP. BP is currently a
state-of-the-industry ground station, incorporating
open system computing, a POSIX compliant oper-
ating system, COTS operational S/W, and ATM
and TCP/IP communications. Additionally, BP
employs highly trained and experienced S/C engi-
neers, maintenance engineers, and computer oper-
ators to minimize risk, while redundant hardware
systems provide high reliability. The minimal

changes needed to incorporate FAME into the BP
architecture, as highlighted in Figure 4-42, illus-
trates the flexibility of the BP approach.

4.8 Facilities. Existing facilities and laboratory
equipment at USNO, NRL, and LMMS are ade-
quate to execute the project, with only one facility
modification.

4.8.1 Modifications and Upgrades. The only
required upgrade to facilities is the acquisition of a
11.3m limited motion antenna for the BP GDS
(see Section 4.7.5). This upgrade consists of a
reflector, pedestal, controller, and dual transmit-
ters. A 9 to 12 month leadtime is anticipated. In-
place Environmental Impact Statements (EIS)
allow the upgrade without resubmittal. The anten-
na upgrade is operational in 2002.

4.8.2 Spaceflight Processing Facilities. NR L
maintains extensive facilities for the design, fabri-
cation, integration, and test of high performance,
high-reliability spaceflight systems. No new facili-
ties or major upgrades are planned or needed. A
brief description of NRL facilities follows:

O Modal Survey Test Facility: Provides the capa-
bility to define the S/C dynamic structural charac-
teristics like natural frequencies, damping ratios,
and modal deformation patterns. The data support
refining and validating the stiffness and mass ma-
trices of a computer models.

O Payload Processing Facility: Provides a cen-
tral location for equipment used to assemble and
test spaceflight systems, subsystems, and compo-
nents. It consists of a comprehensive laboratory
complex housing a high bay (12 m high ceiling)
assembly area, a secure assembly area, support fa-
cilities, storage area, lifting equipment, fabrication
machinery, and ground transportation equipment.
O RF Anechoic Chamber and Compact Range
Facilities: Used for EMC/EMI testing, and for the
design, manufacture, and test spaceflight antennas
O Spacecraft Acoustic Reverberation Chamber
Test Facility: Simulates the vibration and high in-
tensity acoustic noise environment experienced by
S/C structures and components during launch. The
acoustic reverberation chamber consists of a 283
m? reverberant chamber of highly reinforced con-
crete designed to withstand an internal sound pres-
sure level of 170 dB.

O Mechanical Inspection and Optical Alignment
Facility: Provides the capability to inspect parts
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and verify dimensions and alignment of critical
spaceflight hardware. Levels of precision are typi-
cally to the ten thousandths of a centimeter linear
and one arcsecond angular.

O Spacecraft Spin Test Facility: Used to test and
correct balance using either dynamic or static/cou-
pled measurement techniques to force the spin axis
to the desired principle axis of the satellite and to
verify the moments of inertia on large capacity
moment of inertia tables.

O Spacecraft Static Test Loads Facility: Provides
static loads tests to demonstrate that structural de-
sign requirements have been achieved. It can test
both small (2.25 kg) and large (17,236 kg) articles.
O Spacecraft Vibration Test Facility: Used to
qualify and accept components by simulating the
loading environments imposed on hardware and
demonstrating compliance to design specifica-
tions. Quasi-static, vibrational, and shock loads
can be generated using electrodynamic shakers.

O Thermal Vacuum Chamber Facility: Provides a
comprehensive environmental test complex de-
signed to simulate the high vacuum and varying
thermal conditions of space. It consists of a large
test chamber (5.5 m diameter and 9.75 m long),
two medium test chambers (2.5 m diameter and 3
m high), three small test chambers (0.5 m diameter
and 0.5 m high), and handling fixtures and cranes.
4.8.3 LMMS Facilities.

O Instrument Optical GSE: The instrument opti-
cal GSE required to build the instrument is readily
available at LMMS including a 1-meter collimator.
This item will be modified during phase B with a
scheduled lead-time of 1 month. LMMS will in-
corporate a beamsplitter and a flat panel display as
a light source thus converting it into an auto-colli-
mator. The modification is expected to have mini-
mal design and assembly impact.

O CCD Test Facility: The CCD test facility is
used to characterize the CCDs after they arrive
from the vendor. This facility determines the clock
phase overlap, amplitude, and timing of the flight
circuitry and uses the same exact circuitry as the
flight electronics. This enables us to fully charac-
terize the CCDs and flow that characterization into
the flight circuitry before we install the CCD in the
focal plane array. LMMS has a dedicated CCD
Test Lab that is scheduled for this effort. The lab
currently contains all of the optical and testing

hardware necessary except for the flight-like elec-
tronic circuitry. Procurement of the equipment will
start in phase A.

O Instrument Mechanical GSE: The instrument
mechanical ground support equipment list in-
cludes the instrument handling dolly, lifting slings,
and shipping container. The assembly dolly and
lifting slings will be fabricated by July 2001 while
the shipping container will be fabricated by Janu-
ary 2002.

O Instrument Class 100 Clean Room Assembly
Facility: The LMMS clean room provides the ca-
pabilities to precision clean and certify the instru-
ment components to MIL-STD-1246 level 100 and
has adequate space for assembly and test of the in-
strument. No modification to the facility is re-
quired.

O Instrument Thermal Vacuum Chamber Facili-
ty: The LMMS SEPS III thermal vacuum chamber
is scheduled for the FAME instrument acceptance
testing. It is 14’ diameter by 53’ long with guide
rails for insertion of the optical test bench. The op-
tical bench and optical bench dolly are to be pro-
cured in January 2001 for delivery in July 2001.
The facility does not require modification for the
FAME instrument.

O Instrument Vibration Test Facility: The LMMS
B156 vibration test facility has multi-axis shakers
that can handle an instrument the size of FAME
and is equipped with a clean room. No facility
modifications are required.

4.9 Product Assurance and Safety. FAME base-
lined a cost-effective, tailored Safety, Reliability,
and Quality Assurance (SR&QA) Product Assur-
ance Program (PAP). It establishes requisite provi-
sions for flight H/W, S/W, and GSE concurrent
with design activities, and it is commensurate with
project costs and risks. It emphasizes verification-
by-test and complies with MIDEX Assurance

Requirements (MAR).! NRL manages the project-
level PA program for the S/C, and reviews LMMS
efforts. NRL’s QA Engineer (QAE) works within
the IPDT structure to develop implementation
plans. Contained within our Task Descriptions and
SOWSs are agreements from each IPDT Lead to
comply with the PAP. NRL’s QAE serves as the

1. Addresses the recommendations of GSFC-410-
MIDEX-002 and it follows that document’s organization.

AO 98-0SS-03

4-66

Concept Study Report



Full-Sky Astrometric Mapping Explorer

FAME

single point of contact to the GSFC MIDEX
project office for PAP matters. The MIDEX
Project Office has authority to review and approve
FAME'’s SR&QA program. Project-level PAP doc-
uments include the Safety Program Plan (SPP), the
Reliability Plan, the Quality Assurance Plan
(QAP), and a Performance Verification Plan. Spe-
cific attention is focused on simple, conservative,
and test-verifiable designs, using selective redun-
dancy. Also emphasized are procurement controls;
fabrication controls and records; inspections and
tests; non-conforming material; handling and ship-
ping; and storage controls. The Reliability Plan
and the QAP encompass each project element, as
well as subcontractors and suppliers. Responsibili-
ties, cost and risk trade criteria, effective imple-
mentation of quality provisions, and the consider-
ation of project-unique conditions and require-
ments are addressed. LMMS maintains a separate
Reliability Plan and QAP defining their efforts.
Our PAP uses existing and proven plans, process-
es, and procedures to the maximum extent practi-
cal. NRL is responsible for the SR&QA processes,
and has review and approval authority over
LMMS’s SR&QA program.

4.9.1 MAR Guidelines. During Phase B, a for-
mal QA system is defined and implemented. It is
based on existing procedures that meet GSFC-
410-MIDEX-001 and ANSI/ASQC Q9001-1994
guidelines. Our approach addresses mandatory
MAR elements: (i) Quality Assurance; (ii)
Reviews; (iii) Safety; (iv) Design Assurance; and
(v) Verification. Our QA program ensures that
flight H/W, S/W, and GSE are designed, manufac-
tured, and tested to flight standards and that draw-
ing and specification requirements are met. Figure
4-43 shows the existing NRL QA processes
applied to each activity. Our QA approach is pre-
sented at the SRR and finalized at the PDR.

4.9.1.1 Quality System. Our QA approach con-
sists of a series of integrated actions to ensure both
mission success that meets all mission goals. QA
is considered throughout all phases of perfor-
mance. Our program emphasizes quality tasks and
their integration with design, fabrication, and test
phases. The QA program implements the policies,
requirements and activities required during design,
fabrication, test and delivery. Requirements are
included to detect and correct deficiencies or

trends resulting in unsatisfactory flight H/W quali-
ty. Workmanship is inspected and configuration is
verified beginning at the assembly level. In-pro-
cess inspections continue through post-environ-
mental test, transportation, and launch site pro-
cessing activities. QA personnel certify that an
appropriate set of activities has occurred to dem-
onstrate compliance and that inspection character-
istics conform to their documentation. Each IPDT
Lead is charged to ensure: (i) quality requirements
are continuously met, including the early and
prompt detection of actual and potential non-con-
formances, evaluations, trends, or conditions that
could result in unsatisfactory product quality; and
(ii) the implementation of timely and effective
remedial and preventative actions.

4.9.1.2 QA Plan and Manual. NRL leads the
IPDT process and develops a QAP based on the
guidelines of ANSI/ASQC Q9001-1994, augment-
ed by the following: (i) workmanship; (ii) person-
nel training and certification; (iii) nonconformance
control; (iv) procurement control; (v) metrology;
(vi) configuration management; (vii) contamina-
tion control; and (viii) S/W QA. Other mandatory
spaceflight guidelines include: 100% inspection at
the assembly level; a Post-Environmental Test
Inspection; a MRB with Engineering Design and
QA membership; and post-transportation and
receiving inspection on all items shipped from
suppliers and subcontractors. LMMS QA person-
nel develop and implement a QAP for instrument
flight hardware and support. NRL’s QAE works
with LMMS to develop internal plans and proce-
dures meeting levied QA requirements. LMMS
implements and monitors their own QA programs.

4.9.1.3 Workmanship. For FAME, we baselined
workmanship standards the meet or exceed MAR
guidelines (see Table 4-60). Extra coupons are
obtained for FAME’s PWBs. Inplace procedures
support coupon delivery to GSFC and assure an
approved-for-use report prior to CCA assembly.

4.9.1.4 Problem/Failure Reporting. Starting at
acceptance test, a tailored Failure Review And
Corrective Action System (FRACAS) is imple-
mented for the first functional test of flight H/W in
its major subsystem configuration. This assures
that all problems or failures that occur are
addressed and corrected. A Failure Review Board
(FRB), chaired by the NRL Systems Engineer, is

AO 98-0SS-03

4-67

Concept Study Report



Full-Sky Astrometric Mapping Explorer

FAME

Manufactured Items

[ENG [cMm [ccB [MFG [ENG [ ac [MFG
Prepare Authorize Prepare . Initiate -
Sclt:;wrgr?%rt?cs* Release [—| Release | Assembly [ Xerlrg\/&é | Traveler & — gibsréce?ggr
Records FAME Procedure PP Logbook Y
[CP-09.01]| |[CP-09.06 CM Plan [MP-07.01] [[QA-19.01] |[CP-11.02
EEE Parts Control CP-11.05
[ENG [CcM [ccB [ENG [ ac [MFG [ ac [ENG
Prepare Authorize Parts Kit Verify ECL
Sft:grglaart?cs_' Release [~| Release [~| _2OCUre || Screening ~|Componentsf~ Insti?ct | & Approve
Records FAME EEE Parts & DPA & Materials Kit
[CP-09.01 [CP-09.06 CM Plan [QA-11.01 [MP-06.01 [QA-06.01 [CP-09.07
Major Procurements
[ENG [CM [ccB [ENG [ QcC [ENG [Vendor
Prepare Prepare Authorize | | Prepare PO Quality Issue Parts &
Procurement —| Release [—| Release | or Procure- | Review & | Purchase [~ Materials
Specifications Records FAME ment Pkg Initiate Orders
[CP-09.01 [CP-09.06 CM Plan CP-09.01 Traveler
[QA-03.01 1
| ;
ENG QC MFG
Issue Inspect Prepare
Replace- Hardware Rework
ment Order & Generate Instructions
QA-14.01 ABCL MP-08.01
QA-06.02
Material Review CP-11.06
I H 1 I
. Rejected Vendor Reject Reject Manufactured !
: Parts Parts |
: Quality Control Quality Control :
! & Engineering & Engineering !
! Disposition Disposition I
. | 1. AcceptAs Is 1. AcceptAs Is X
| 2. Rework or Replace 2. Rework I
, |3.Scrap  [MP-08.01 3. Scrap X
X MP-09.01 X
I QA-15.01 |
I I
Acceptable As Is Accept N ble A |
cceptable As Is Rework
| :Test Failure
ENG .
Acceptable Lac | Acceptance ENG QC, Safety,
Parts MFG Physical Testing & Functional ENG
Audit & [Fan h - p
Assemble \ Qualification Configuration repare
Deliverable V?;gyécBEL Testing Audit (FCA) Sh.fOF .
End Item N N ipmen
CP-03.04 CP-15.02 CPI 15.06
CP-15.04 ) \
Rework T TestFailure |

ABCL = As-Built Configuration

CCB = Change Control Board

CM = Configuration Management
CP = Control Procedures

DPA = Destructive Physical Analysis

ECL = Engineering Change List

EEE = Electrical, Electronic, and Electromechanical
ENG = Engineering
MFG = Manufacturing

MP = Manufacturing Procedures
PO = Purchase Order

QA = Quality Assurance Procedures
QC = Quality Control

Figure 4-43. Existing QA Program Flows Are Tailored for FAME Phase C/D Activities

maintained. Failure reports and corrective actions
are reported to the MIDEX project office monthly.
We baselined a web-based Problem Reporting pro-
cess for flight S/W beginning with the first build
release. All PRs are tracked, dispositioned, and
statused by the IPDT lead. The PM reports the sta-
tus of outstanding PR actions during MIDEX
project office monthly meetings.

4.9.2 Reviews. We hold a SRR and PDR for the
S/C, FSW, and the Instrument during Phase B.
Other Phase C/D reviews include the CDR, the
TRR, and FRR (see Section 5.6).We conduct
incremental peer reviews and present summary
results at the formal reviews. Figure 4-44 shows
critical PAP review milestones and their relation-
ships to program activities.
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Figure 4-44. Product Assurance Program and Configuration Management Milestones

Table 4-60. Mandatory Workmanship Spec’s

Standard NASA & Commercial | Commercial & NRL
High Reliability ANSI/J-STD-001 _pa.
Soldering of Electri- | through- 006; NHB | SSD-PS-043, 044,
cal Connections 5300.4 (3A-2) ’ ’
Cable, Harness, &
Wiring Interconnects | NHB 53004 (3G) SSD-PS-070
Crimping NHB 5300.4 (3H) SSD-PS-071
Conformal Coating
and Staking NHB 5300.4 (3J) SSD-PS-041, 042
PWB Design IPC-D-275 IPC-D-275
ESD Control EIA-625 SSD-PS-052

4.9.3 Safety Assurance. A Safety Program Plan
(SPP) is developed during Phase B. It guides the
system safety and hazard control decisions and
activities during Phases C/D. It meets MAR guide-
lines, MIL-STD-882, and NHB 1700.1B require-
ments. During Phase B, NRL appoints a System
Safety Manager (SSM) to execute the Safety func-
tion throughout Phase C/D. The SSM reports to
the PM for project direction and to MIDEX safety
officials for policy and technical direction. All
safety requirements hinge on minimizing the
potential for injury to personnel; equipment loss or
facility damage; property damage; and potential

impacts to the USNO, NRL, or NASA in terms of
cost, schedule, public involvement, or interest.

O System Description and Safety Assessment: We
apply system engineering during Phase B/C/D to
identify and reduce hazards associated with fabri-
cation, assembly, test, operation, and support. En-
gineering documentation is maintained to provide
ready traceability to baseline safety requirements.
The entire project (S/C, Instrument, GDS, and
L/V) receives evaluation for known or potential
hazards, and all hazards are either controlled or
eliminated by corrective action. We prepare formal
hazard reports using the SPP guidelines. Analyses
and reports contain the hazard description, affect-
ed items, hazard causes and control, methods to
verify control exists, and the hazard level (e.g.,
critical, catastrophic). We submit all safety non-
compliances to the MIDEX Project Safety Manag-
er (PSM). To meet range requirements for assured
safety, Detailed Operating Procedures (DOP) are
developed and supplied to the range. DOPs cover
both nominal operations procedures (both hazard-
ous and non-hazardous), and plans and procedures
for contingency operations. Many existing Clem-
entine procedures are applicable for FAME’s pro-
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cessing needs. We support working groups that
coordinate common I/Fs, L/V integration tasks,
range safety, and schedules. We coordinate with
the PSM and the Eastern Test Range safety office
to develop a launch site safety package. All GSE,
flight hardware, and operational activities brought
onto the launch site comply with EWRR 127-1.
Additionally ground operations, hazardous opera-
tions, and S/C pre-launch servicing performed
within NASA facilities comply with NASA’s inter-
nal safety standards. We have in-place processes,
procedures, and the experience necessary to meet
all range requirements.

4.9.4 Design Assurance. An Engineering Config-
uration List (ECL) represents the as-designed con-
figuration, and contains the change status of draw-
ings, processes, and procurement specifications. It
documents the procurement, manufacturing, and
testing of flight H/'W and safety-critical GSE. Pro-
gram specifications and critical documents status
is tracked, maintained, and managed using our
existing CM process (see Section 5.2).

4.9.4.1 Parts. FAME’s parts, materials, and pro-
cesses are selected with special care. The optical
instrument is somewhat sensitive to contamina-
tion, driving the need for careful material selec-
tion, and a rigid Contamination Control Program
(CCP). The GEO altitude presents concerns
regarding radiation and charging effects, driving
the need for a Radiation Hardness Assurance
(RHA) program. Our EEE parts selection program
is guided by GSFC-410-MIDEX-001 (Section 35).
Our QAE works with IPDT members to develop
project-specific EEE parts selection guidelines.
We minimize part types by using multi-function
devices. We use the GSFC Preferred Parts List
(PPL) and MIL-STD-975 as our primary parts
selection sources. We take advantage of GSFC’s
experience in EEE parts engineering and GSFC’s
311-INST-001 for a Level II baseline (better than
MIDEX guidelines) with selective screening.

4.9.4.2 Materials. A formal, documented, materi-
als and processes (M&P) control program assures
that S/C and instrument performance, contamina-
tion control, and safety requirements are met. We
follow MIDEX guidelines (GSFC-410-MIDEX-
001, Section 6.1). Both NRL and LMMS maintain
a database of metallic and non-metallic materials
usage. All M&P are certified for compliance with

safety requirements and for specified outgassing
requirements. NRL reviews M&P in flight hard-
ware and provides compliance certification. The
M&P Program is documented in a formal plan pre-
sented at PDR. We use well-established processes
(e.g., soldering, conformal coating, cable harness
fabrication, plating) in building our S/C and the
Instrument. We use control procedures and work
instructions for special processes.

O Contamination Control Program: Optical scat-
tering, principally caused by particulate and mo-
lecular contamination, is a concern to the Instru-
ment design team. To address the concern, a for-
mal CCP for both the Instrument and the S/C is es-
tablished in Phase B, and we address cleanliness
levels throughout fabrication, integration and test,
environmental test, and launch operations. Key el-
ements include selection of materials approved for
spaceflight applications with a TML <0.1% and a
CVCM <0.10%. Our approach achieves cleanli-
ness levels through initial component cleaning,
routine S/C cleaning, and a Class 10,000 clean tent
for integrated S/C and Instrument I&T activities.
Higher level requirements are met using bags and
gas purges. All flight hardware undergoes thermal
bakeouts to reduce potential self-contamination to
address residual condensation on cold surfaces
during TVAC, launch, or on-orbit activities. Many
of these methods are adapted with little modifica-
tion from Clementine.

4.9.4.3 Reliability. During Phase B, NRL desig-
nates a Reliability Engineer to serve as single
point of contact for all project reliability issues. He
coordinates S/C and Instrument developmental
efforts with an integrated reliability engineering
program that supports reliability matters like
FMEA, parts application analyses, and radiation
effects analyses. Our reliability engineering plan
follows GSFC-410-MIDEX-001 guidelines (Sec-
tion 3.0 and Section 5.3). It provides guidance for
EEE parts selection, screening, and applications.
We perform a FMEA as a “bottom-up” approach
to analyze system design and performance using a
fully integrated reliability analysis tool (Relex).
Our FMEA uses failure rate calculations devel-
oped during the reliability prediction analyses.

4.9.4.4 Software QA. Our tailored SQA approach
uses guidelines from the Software Engineering
Institute, Capability Maturity Model (Level II). We
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meet our objective of developing reliable S/W by
auditing S/C and Instrument FSW requirements
for clarity, technical adequacy, and traceability.
Cost-effective, structured, developmental process-
es (e.g., moderating peer review, code walk-
throughs, and test plans) producing minimal devel-
opmental documentation are used. SQA ensures
that all requirements are verified during testing. A
S/W Development Plan (SDP), presented at the
PDR, includes SQA in Phases C/D.

4.9.4.5 Test and Verification Program. We have
included comprehensive tests in all significant
environments, including a functional performance
demonstration of specific operating modes, com-
patibility tests, and end-to-end system tests. A for-
mal System Verification Test Plan defines in detail
tests required to demonstrate acceptability of the
flight H/W and S/W in the subsystem and system
configurations. Prescribed tests are completed
using approved procedures, and documented in a
final report. These tests provides design qualifica-
tion, and verify workmanship, material integrity,
and readiness for flight. The verification test pro-

gram includes flight S/W validation to insure that
all S/W requirements are met. An environmental
test and analysis activity, consisting of environ-
mental design, analysis and testing of the flight
H/W and S/W, is implemented. Test requirements
address thermal-vacuum (TVAC), dynamics,
EMI/EMC and natural space environments. Other
key verification requirements include fit checks,
RF compatibility tests, and L/V mechanical and
electrical verifications, and on-orbit EE&C verifi-
cation and instrument commissioning. Many of
our test documents are adapted with little modifi-
cation from Clementine. Preliminary documents
are submitted at PDR, and finalized after the CDR.

4.9.5 New Technology. New technology hard-
ware is flight qualified through tailored tests and
analyses. Heritage hardware pedigrees are reviews
by the SEIT to determine the applicability of
design and test history relative to the FAME mis-
sion requirements. The PDR, CDR, and TRR
design reviews emphasize reliability and qualifica-
tion status.
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Table A. FAME Equipment Manifest Listing FOLDOUT 3
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Instrument Support Panels 3 11.23 10% Make NRL CCD Control Asserbi {} ‘} VME : NiH, Batteries
Longerons 6 5.09 10% Make NRL {} A Bus |
Deck Angles 12 359| 10% | Make NRL D?ﬁgfgggﬁ) Y ‘} } ]
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FAME Instrument Mass

1998 Proposal Current Mass
ltem Mass Estimate Estimate

(kg) (kg)
Mirrors 54 76
Focal Plane Assembly 14 19
Optical Bench 14 16
Strong Backs 24 23
Other Structural Components 15
Baffles, Mounts, and Fasteners 10 11
Analog Processing Electronics 4 4
CCD Control Electronics 10 5
Data Processing & Instrument 10 11
Control Electronics
Thermal Hardware and Shields 10 10
Cable Harnesses 0 10
TOTAL MASS ESTIMATE 165 191
Contingency (20%) 33 38
TOTAL PROJECTED MASS 198 229

FAME Electronics Block Diagram

CCD Clocks
and Biases

1

1

1

CCD Outputs

Analog Processor
Cards (2 ea)
6 Channels

per Card

Analog Processor
Assembly (4 ea)
48 Channels Total

Heater Control,

Temp Data

=

II Clock Driver 1

Clock Driver 2

CCD Control Assembly

Data Links,
Power

Power, Data

7

Power, High-Speed Quad 422,
To _ 1553, Discretes, Test

S/IC

=

-

pD
D
pp
|| EEPROM 4

EEPROM 5

Data Processor
and Control Assembly

Full-Sky Astrometric Mapping Explorer FAME
FAME Instrument FAME Instrument Power
Spacecraft Omni Antenna ltem Operational* | Transfer Orbit | Survival
(W) (W) (W)
CCD Radiator Focal Plane Assembly 6 0 0
Analog Processing Electronics 15 0 0
— Aperture Cover (4 Boxes)
CCD Control Electronics 26 0 0
Data Processing & Instrument 50 0 0
Spacecraft Control Electronics
Star Tracker Focal Plane Heaters 2
; Instrument Heaters 80
/ Data Processor Survival Heaters 0 20 60
and Control TOTAL POWER ESTIMATE 179 20 60
Electronics
Contingency (50%) 90 10 30
TOTAL PROJECTED POWER 269 30 90

Optical Bench

FAME Instrument
With Cover Removed

Compound
Mirror
Mounts

Figure A. FAME Instrument

Compound
Mirror Mirror

* Power Is the Same for All Operational Modes:
Both Apertures View Space; One Aperture Views Earth, and Eclipse

FAME Instrument-Cutaway (Side View)
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Figure A. Mission Operations Block Diagram

FAME
FOLDOUT 5

Table A. Uplink Budget (Omni-Mode, GEO)
Transmitter Power (200 W) 53.0 dBm
Line & Diplexer Loss -0.9dB
Antenna Gain 44.0 dBi
Free Space Loss (Geosynch at 5 deg elev) -190.3 dB
Diplexer & Switch Loss -0.8 dB
Minimum Antenna Gain -18.0 dBi
Cable Loss -2.0dB
-Receiver Sensitivity -(-118.0 dBm)
Margin 3.0dB

Table B. Downlink Budget (409 kb/s, GEO)
Power Amplifier Output 40.0 dBm
Diplexer & Switch Loss -1.5dB
Line Loss -2.0dB
Minimum Antenna Gain -1.0dBi
Free Space Loss (5 deg elev) -191.8 dB
Atmosphere Loss (5 deg elev) -0.5dB
Data Rate -56.1 dB Hz
Receive G/T 22.3dB/K
Boltzmann’s Constant 198.6 dBm/Hz/K
Eb/No 8.0dB
Implementation Loss -2.0dB
Required Eb/No (10 BER) -3.0dB
Margin 3.0dB

Table C. Downlink Budget (800 bps, GEO)
Transmitter Power 33.0 dBm
Modulation Loss -2.3dB
Diplexer, 10 dB Coupler & Switch Loss -2.0dB
Line Loss -2.0dB
Minimum Antenna Gain (w/Hybrid) -18.0 dBi
Free Space Loss (5 deg elev) -191.8 dB
Atmosphere Loss (5 deg elev) -0.5dB
Data Rate -29.0 dB Hz
Receive G/T 22.3dB/K
Boltzmann’s Constant 198.6 dBm/Hz/K
Eb/No 8.3dB
Implementation Loss -2.0dB
Required Eb/No (10°® BER) -3.0dB
Margin 3.3dB

Table D. MOC Staffing
Position QTY Comment

Flight Ops Manager 0.5 |5 days per week
S/C Specialist 2.0 |5 days per week
Console Operators 2.0 :;(/)%;-ggep\?vl;rserl]iieﬁf’)‘l shifts (24/7
Maintenance Engineer 0.25 | Collateral position with other BP
Mission Analyst/Planner 0.5 |Staff
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5. Management Plan

FAME’s programmatic and mission objectives
are met using sound technical and managerial
approaches. “Lessons Learned” from NRL’s Clem-
entine program, DoD technology initiatives,
NPOI, and spaceflight projects shaped our plan-
ning, review, and control approaches. Our pro-
posal includes personnel from these efforts, and
we believe that our development approach, cou-
pled with a small engineering team augmented at
critical junctures by in-depth “point-skills™ at criti-
cal junctures provides a low risk approach to meet
FAME mission objectives.

O Our focused PI and world-class Science Team
provide vital and fundamental astronomical data
addressing key NASA themes for Origins, for
Structure and Evolution of the Universe, and for
the Solar System. Our Team includes laboratory
and industry partners who have successfully exe-
cuted fast-track programs under constrained bud-
gets and schedules. Our “best practice” partners
assure high levels of scientific yield per dollar ex-
pended. NRL, our laboratory partner for the S/C,
provides streamlined and innovative development
practices that have been proven on sounding rock-
et and spaceflight missions for the past 50 years.
LMMS ATC, our industry partner for the instru-
ment, is a proven source for highly successful
spaceflight missions and instruments during the
past 25 years, including SOHO/MDI and TRACE.

O Our team is organized on an Integrated Prod-
uct Development Team (IPDT) basis. Realistic and
achievable performance requirements satisfy the
demands of the baseline science investigation
within cost and schedule constraints. Clear lines of
accountability make identifiable individuals, not
organizations, responsible for each program ele-
ment. Our well established, strong systems engi-
neering approach effectively addresses instrument,
S/C, and GDS issues. We manage trade studies to
obtain the best science available within resource
limits. Throughout definition, development, and
test activities, our partnering institutions maintain
a “badgeless IPDT” environment and a consistent
systems engineering focus. Our complete, accu-
rate, and timely reports provide project-wide visi-
bility for development issues via the project web-
site. Frequent and rapid communication via e-
mail, internet, and teleconferencing ensures that

NASA HQ

Code S

GSFC
Senior Executive MIDE).( Office

Board Principal Investigator

USNO, NRL, SAO[-1 Dr. K. Johnston

& LMMS ATC USNO

Education Science Team

and Public Outreach
Coordinator

Dr. K. Seidelmann, Chair
USNO

Systems Engineering Project Manager
and Integration [ Mr. M. Johnson
Team NRL

Project Scientist
Dr. R. Reasenberg
SAO

Systems Engineering
NRL - Mr. G. Flach

Mission Assurance
NRL / LMMS ATC

S/C IPDT Lead | |Instrument IPDT Lead ||[MO&DA IPDT Lead
Mr. C. Garner Dr. Richard Vassar Dr. Scott Horner
NRL LMMS ATC USNO

Figure 5-1. FAME Organizational Structure

all project elements are coordinated. Risk Mitiga-
tion (RM) plans are developed early, and pre-
planned descope “off ramps” maintain the
project’s cost and schedule integrity.

5.1 Team Member Responsibilities.

5.1.1 Organizational Structure. Our manage-
ment approach, structure, and organization (Figure
5-1) reflects experience gained from fast-paced,
resource-constrained, projects. Table 5-1 summa-
rizes our Team’s organizational roles and top-level
responsibilities. The PI consults with NASA’s
MIDEX office before changing key personnel,
their roles and responsibilities, or their commit-
ment to the project.

O Dr. Kenneth Johnston, the PI, is accountable
for the FAME mission, including on-time and on-
budget delivery of the instrument, S/C, GDS,
MOC, SOC, and archival data products. He guides
the mission’s scientific aspects; and organizes the
Science Team and scientific investigation, includ-
ing prompt reduction and dissemination of data to
the scientific community. His past leadership of
USNO/NRL’s NPOI efforts clearly demonstrates
his abilities to manage “low cost, high-payoft”
projects. He is responsible for achieving the Level
1 science objectives and recommending termina-
tion if these objectives cannot be met within re-
serves. The Science Team serves as the PI’s scien-
tific advisory body.
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O Mr. Mark Johnson, the Project Manager (PM),
is delegated complete authority and responsibility
by the PI to successfully accomplish FAME’s
schedule, cost, and scientific performance goals.
He is responsible for developing mission elements
to a consistent set of requirements, supporting the
Level 1 baseline agreed upon by the PI and Sci-
ence Team, and assuring the budget and schedule
are met. The PM is responsible for instrument and
S/C delivery, integration and test, GDS, MOC,
SOC, launch services support, and initial on-orbit
EE&C and instrument commissioning.

O The Team is organized on an IPDT basis with
designated team leaders for each engineering
product area. The IPDT Leaders own their product
area, and they are responsible for establishing a
multi-disciplinary development team. They are
empowered to make binding decisions implement-
ing their strategies, and they are delegated authori-
ty to manage their component suppliers.

O The FAME organization employs a Systems
Engineering and Integration Team (SEIT) working
within IPDT process bounds. It is comprised of the
lead scientists and engineers for each product area
(Instrument, S/C, L/V, GDS, MOC, SOC, Mission
Assurance, MO&DA), Science Team Chair,
Project Scientist, and a dedicated Systems Engi-
neer (NRL’s Mr. George Flach). The SEIT struc-
ture provides horizontal integration across project
elements to avoid “stovepipes” and to focus re-
sources to achieve a common objective. The SEIT
identifies, integrates, and validates technical re-
quirements, and performs cost/performance trades.
The PM leads the SEIT and is assisted by the Sys-
tem Engineer. The PM ensures that project cost
and schedule aspects are maintained.

O A Senior Executive Board (SEB), comprised
of executives from each parent organization, as-
sures that institutional activities are aligned with
the project’s objectives. It is chartered to resolve
top-level issues that conventional project mecha-
nisms cannot successfully resolve alone.

5.1.1.1 Responsibilities and Key Positions. Rele-
vant institutional experience and areas of responsi-
bility are described in Section 5.1.1.2 and Table 5-
1, respectively. Table 5-2 identifies key positions
and their responsibilities. Section 5.1.1.2 describes
each organization’s relevant capabilities. During
the CSR, we examined the project’s staffing needs.

Table 5-1. Team Member Responsibilities

Org FAME Mission Responsibilities

Principal Investigator’s Home Institution

Lead organization for MO&DA

Lead for GDS, MOC, & SOC Development

Lead for Mission Ops, MOC, & SOC During Phase E
Lead Institution for Education and Public Outreach

USNO

Project Manager’s Home Institution

Mission Systems Engineering

Lead for Mission Assurance, SR&QA, & CM

S/C Bus Development, Integration & Test
S/C-toP/L Integration and Performance Test
Comprehensive Performance & Environmental Test
Support GDS and MOC Development

Support Processing and Launch Services

Provide GDS and Support MOC during Phase E

NRL

= Design, Fabricate, Test, Calibrate, Deliver, and support
Instrument Commissioning

= Support to Mission Ops & SOC during Phase E for Instru-
ment Analysis & Data Interpretation

LMMS
ATC

= Project Scientist’s Home Institution

= Lead for Data verification and algorithm development

= Support Institution for Education & Public Outreach

= Synthesis and Verification of Scientific Measurement Sys-

SAO

tem

We identified sources for all personnel required to
meet the project’s needs.

0 USNO, as the PI’s home institution, provides
access to all personnel, material, and facilities nec-

essary to execute the FAME investigation accord-
ing to this CSR and AO-98-0SS-03.

O NASA provides funds to USNO who then
funds all FAME institutions. The PI delegates ac-
quisition responsibility and authority to NRL for
Phase B/C/D instrument, S/C, and GDS acquisi-
tion. USNO oversees all Phase E contracts. Use of
reserve funds by NRL’s PM is subject to PI ap-
proval, and the mission budget or reserves may be
adjusted among product areas. All funding reduc-
tions for E/PO activities are approved by NASA.

(3 NRL oversees funding for the instrument, S/C,
and GDS acquisition via existing and new compet-
itive contracts. Established Cost Performance Re-
porting (CPR) formats are required. For each con-
tract, NRL develops a SOW with product assur-
ance approach and defined deliverables.

(0 USNO and NRL performed a competitive in-
strument supplier selection using a BAA issued
under FAR paragraphs 35.016 and 6.102(d)(2).
LMMS ATC was selected by the process to pro-
vide personnel, supplies, and facilities necessary
to develop and conduct the instrument portion of
the FAME investigation. Specific instrument pa-
rameters, baselined in a Subsystem Allocation and
Requirements Document (Foldout 6, Figure A) are
developed during Phase B to support verification.
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O NASA provides launch services with funding
identified within this CSR.

O NRL provides system engineering and mission
assurance; designs, develops, and delivers a S/C
bus; performs S/C and instrument integration and
final system calibration; performs CPET; and pro-
vides the BP Ground Station. NRL supports L/V
integration with the S/C, and provides on-orbit
EE&C with support from LMMS ATC for instru-
ment commissioning. After EE&C is complete, the
S/C is operated by the MOC with connectivity to
USNO’s SOC provided by NRL’s GDS.

5.1.1.2 Relevant Institutional Experience. Our
IPDT and Science Team encompass USNO, NRL,
LMMS ATC, SAO, and other institutions. Our
team brings with it an extensive and impressive
background in astrometry, astrophysics, space sci-
ence, S/C engineering, instrument development,
and mission operations. Table 5-3 lists relevant
institutional experience.

5.1.2 Key Personnel. FAME is organized using
experienced personnel with the authority and
responsibility to ensure meeting science, technical,
schedule, and cost objectives. Key positions and
other personnel are described in Foldout 6, Table
A. Each has prior experience in similar positions
and has worked on successful spaceflight pro-
grams. Any changes in key personnel are deter-
mined by the relevant organization subject to PI
and PM approval. Relevant experience is the key
qualification factor for personnel selection. Our
IPDT approach assigns responsibility and author-
ity to the scientist or engineer closest to the work.

5.2 Management Processes and Plans. The PI
and PM establish an effective management
approach concurrent with Phase B to assure that
NASA and FAME project performance require-
ments are satisfied within the cost and schedule
limitations. A project plan, written during Phase B,
follows NASA’s NPG 7120.5a, Program and
Project Management Processes and Requirements
guidelines. It addresses resource management,
information technology, risk and performance
management, process metrics, and acquisition
management. The document is submitted at PDR,
and updated periodically with NASA concurrence.
5.2.1 Management Processes. FAME applies
proven methods and tools to baseline the IPDT
process. Our approach includes a formal require-

Table 5-2. Key Personnel & Advisory Teams
= Dr. K. Johnston, USNO: Oversight and Scientific

Pl Direction; Mission Success Responsibility
PM = Mr. M. Johnson, NRL: Program Execution, Busi-
ness Management and S/C Development
SEB = Dr. K. Johnston, USNO
suonorts | Mr. P. Wilhelm, NRL
FA'\BI%’S Pl " Dr. I. Shapiro, SAO
= Mr.T. Morton, LMMS ATC
Science : . . ;
Team Dr. K. Seidelmann; USNO; Chairman

Coordination Dr. R. Reasenberg; SAO; Deputy Chairman

Dr. S. Horner; USNO; MO&DA
Mr. G. Flach; NRL; Systems Engineer

SEIT Mr. C. Garner; NRL; S/C Manager
supports Dr. R. Vassar; LMMS ATC; Instrument Manager
FAME'’s PM Dr. R. Reasenberg; SAO; Project Scientist

Dr. P. K. Seidelman: USNO; Chair
Mission Assurance Manager

Table 5-3. Relevant Institutional Experience

* United States Naval Observatory: Founded in 1830 and located
in Washington, DC., USNO fulfills a number of essential scientific
roles for the US, Navy, and DoD. It maintains the US’s master clock,
measures the Earth's rotation and orientation, determines the posi-
tions and motions of the Earth, Sun, Moon, planets, stars, and other
celestial objects, and assembles this information into catalogs to
establish and maintain reference frames. USNO personnel have
broad experience analyzing astrometric data of all types. In addition
to catalogs compiled from classical transit circle and photographic
surveys, USNO recently assembled S/W pipelines for astrometric
data reduction from NPOI and the Sloan Digital Sky Survey.

= Naval Research Laboratory: A Federal Executive Agency
located in Washington DC., NRL is the Navy's corporate research
laboratory. It has an extensive history of spaceflight developments
with more than 80 satellites and 32 launches. NRL maintains
resources supporting all phases of development, integration and
test, and operations. NRL developed the highly successful Clemen-
tine satellite, a fast-paced, low-cost mission. NRL currently is devel-
oping ICM, WindSat, and NEMO.

* Lockheed Martin Missiles and Space Advanced Technology
Center: LMMS ATC, the principal research and development orga-
nization of the Lockheed Martin Corporation, is a world-class pro-
vider of advanced scientific and space technologies, prototypes,
and research for physical, engineering, information/computing,
materials, electronic, electro-optical, and other applications. LMMS
ATC is a major contributor to the development of numerous sophis-
ticated systems, ranging from smart materials that absorb radar
waves to satellite telescopes used to measure solar phenomena.

= Smithsonian Astrophysical Observatory: Headquartered in Cam-
bridge MA, SAQ is joined with the Harvard College Observatory to
form the Harvard-Smithsonian Center for Astrophysics (CfA), where
more than 300 scientists are engaged in a broad program of
research in astronomy, astrophysics, Earth and space sciences,
and science education.

ments development process, design baseline man-
agement, a verification compliance matrix, techni-
cal performance metrics, internal and external peer
reviews, detailed schedules, cost models, and
weekly status meetings. Acquisition responsibility
resides with the IPDT leads and the SEIT provides
technical support. Each contract is managed by a
Contract Officer and a Technical Manager
assigned by the PM. The SEIT maintains oversight
of major procurements and contract schedule per-
formance. Major items are selected via competi-
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tive procurements using firm-fixed price or award
fee contracts. Existing NRL contracts provide
technical services, suppliers, and materials. Com-
mercial standards are preferred, and NASA/Mili-
tary standards are used if industry standards are
not available or acceptable. Critical subcontracts
are subject to the PM’s approval. Supplier’s must
have a proven record of meeting cost and schedule
constraints. Our heritage managerial approach
examines technical and program events and
ensures our capability to achieve mission goals.
The PI and PM receive frequent status of progress,
achievements, schedules, and cost.

O Systems Engineering and Integration Team:
The SEIT integrates project management and sys-
tems engineering’s technical, cost, and schedule
goals, and provides cost-effective identification of
conflicting interfaces, requirements, design prod-
ucts, and schedules. It also integrates cost and
schedule needs with project reserves. The Systems
Engineering Management Plan (SEMP) docu-
ments and reflects the output of this effort.

O Design Reference Mission: FAME used a
DRM for the CSR to derive size/mass/power and
data parameters, error budgets, and on-orbit obser-
vation timelines. It supports ongoing trades, analy-
ses, and alternative studies crossing IPDT bound-
aries to ensure trade results reflect the optimal sys-
tem solution. The DRM is updated in Phase B.

O Requirements Development, Analysis, and
Synthesis: The SEIT analyzes needs, objectives,
and requirements to determine the functional and
performance requirements for each primary mis-
sion function and interface. These traceable design
requirements are synthesized to: (i) define and al-
locate functions to the system elements; (ii) define
internal and external interfaces; (ii1) identify criti-
cal parameters; (iv) define system and element so-
lutions to a level that enables verification; and (v)
translate the architecture into a specification tree, a
WBS, specifications, and a configuration baseline.
Major trade studies are defined, conducted, and
documented. Results are documented in the Mis-
sion Requirements Document (MRD) shown in
Foldout 6, Figure A. The MRD contains specific
Level 1 mission objectives, design criteria for the
full range of mission needs, and key referenced
documents and/or agreements. It is baselined at
SRR and updated at CDR to reflect design changes

or descope options. The SEIT creates project-level
documents (Foldout 6, Figure A), RM plans, and
maintains the mass properties, all of which are
provided at PDR with CDR updates.

o The SEIT verifies that engineering products
(S/C, Instrument, L/V, GDS, MOC, SOC, and
MO&DA) and processes satisty requirements (in-
cluding interfaces) from the lowest level and that
they can be implemented. The SEIT IPDTs per-
form this activity and integrate requirements verti-
cally and horizontally. The SEIT measures techni-
cal progress, evaluates and recommends alterna-
tives, and documents data and decisions.

o The SEIT ensures that system-level analyses,
including performance, reliability, risk, contami-
nation, EMI/EMC, L/V compatibility, and Failure
Modes and Effects Analyses (FMEA) are accom-
plished. Contamination and EMI/EMC guidance is
established before PDR. Preliminary analyses are
provided at PDR with CDR updates.

o A formal Verification Compliance Matrix da-
tabase ensures that the totality of analyses and
tests fully verify FAME’s capability to meet speci-
fied system performance and operational require-
ments. The SEIT identifies verification require-
ments at the PDR and baselines these at CDR.

O Technical Performance Metrics: The SEIT de-
velops TPMs to identify and monitor key system
resources, parameters, and reserves. These include
cost, mass, power, propellant, processor through-
put, memory usage, and pointing knowledge (in-
cluding jitter budgets). TPMs are baselined at SRR
and updated as the project evolves. If the margin
required for a given project phase is not main-
tained, the SEIT and the PI take corrective action.

O Configuration Management: NRL’s estab-
lished CM system identifies and controls configu-
ration throughout the project life cycle (Section
4.9.1.2 and Figure 4-44). These same requirements
flow down to the instrument supplier. The SEIT is
responsible for system baseline control, and NRL
is responsible for mission CM processes. Hard-
ware and flight S/W configuration is managed
throughout development, integration, test, and
launch to ensure a seamless transition to MO&DA
with minimal impact (Table 5-5). CM documenta-
tion is stored electronically on a database on the
project website. CM maintains a password-pro-
tected database to provide access and status docu-
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ments via the Internet. Two levels of change con-
trol via a formal CCB are baselined. The PM
chairs the CCB. Class I changes affect S/C-to-L/V
and S/C-to-Instrument interfaces, and mission per-
formance requirements. Class II changes are inter-
nal to the Instrument or S/C and are transparent to,
or do not affect, external interfaces or perfor-
mance. We provide a CM plan at PDR.

O Schedule Management: An Integrated Master
Schedule (IMS) is established during Phase B and
includes top-level network schedules, critical
paths, and detailed supporting schedules. The PM
maintains the IMS and each IPDT Leader devel-
ops and maintains supporting schedules. Progress
is reviewed weekly by the PM during scheduled
meetings, who provides status to the PI.

O Team Coordination and Communication: We
hold weekly telcons among the PI, PM, and the IP-
DT Leaders. Agendas, meeting minutes, and
project information are transferred rapidly via a
password-protected project website. NRL uses this
process on ICM, NEMO, and WindSat programs,
and has in-place templates and databases. Our site
provides immediate access to CM status, sched-
ules, and to an on-line project library.

O Progress Reporting: During each weekly
meeting, the status of project progress, cost and
schedule data are reviewed.

O Periodic NASA Reporting: USNO submits
Monthly Progress Reports using narrative text,
graphs and/or schedules (Table 5-4). The Report is
submitted in hard copy, made available via the
project website, and presented via teleconference
or presentation. The location of any monthly pre-
sentations is determined by mutual consent of the
PI and the MIDEX Project Office. USNO, togeth-
er with NRL and LMMS ATC, conduct Quarterly
Status Reports (QSR) with the MIDEX Project Of-
fice. These reviews include summary information
on technical, cost, schedule and other issues, and
they are conducted at the MIDEX Project Office
or at a FAME project facility.

o Financial Reporting: USNO submits monthly
and quarterly (533M and 533Q or equivalent) fi-
nancial management, or equivalent, reports as de-
scribed in NPG 9501.2B NASA Contractor Finan-
cial Management Reporting. Reports are prepared
using the WBS and cost element structures con-
tained in the CSR, or as mutually agreed upon. Fi-

Table 5-4. Monthly Report Content

Summary Status:

= Summarize current contract and schedule status. Identify any
anticipated changes in scheduled milestones.

= Provide status of critical path items and report schedule slack.
= Provide status of mission critical technical resources, including
margins or reserves.

= Provide current status of mission cost reserves, including liens.

Major Accomplishments:

= Summarize achieved accomplishments vs. planned accomplish-
ments for the previous month

= Detail planned accomplishments for the next month.

Current Problems:

= Present a “Top Ten” list of problems.

= State progress toward solving problems previously identified and
discuss new problems that have been identified during the past
month, including schedule for resolution.

= State whether assistance from MIDEX Project Office is required.
= |dentify work around positions if a problem has significant impact
on on-time completion or on critical scheduled milestones.

Problem Avoidance:
= Recommend any action that would assist in preventing major
potential problems from developing.

RM Status Report:
= Update list of the high risk items, discussing any RM actions that

were implemented and a status of upcoming risk decision points.

= Facility Status Report: Discuss the status of facilities.

nancial management reporting are provided at the
total resource (Level III) and by cost element for
(Level II). Reporting is required for first-tier con-
tracts using NASA FAR Supplement Section 18-
42.7201 (b) (1) guidelines. USNO/NRL provide
contract funding profiles, and explain variances
between projected and actual costs (see Section
5.6 for additional information).

O Performance and Resource Management: Our
Performance Management System (PMS) inte-
grates resources and cost via the WBS, schedule
via the IMS, and technical performance via IMS
milestone entry/exit criteria and TPMs (Section
5.2.1). It provides WBS traceability and is consis-
tent with the IMS. It supports reserve and budget
allocations, cost accumulation, and performance
reporting (Section 5.4.1). For the CSR, we mapped
our technical approach and IMS to the WBS, as-
signed responsibilities to the IPDT Leaders, and
tailored our PMS approach commensurate with the
project’s size and scope. The PMS is updated in
Phase B and provided at PDR.

5.3 Schedules and Work Flows. The CSR mas-
ter schedule (Foldout 7, Figure A) establishes task
interrelationships, time phasing of events and key
activities. These activities and flows support the
IMS developed in Phase B. Schedule sequences
and durations are consistent with NRL and LMMS
ATC experience and FAME’s planned staffing lev-
els. A Level 1 milestone schedule, jointly devel-
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Table 5-5. Defined CM Processes

= CM Planning: Contained in the Phase B SRR Briefing

= CM Identification: Baselined incrementally with released docu-
mentation status and sources maintained via webpages

= Change Control: The CM Representative facilitates intra-IPDT
coordination, and the SEIT pre-approves changes before process-
ing; PM approves all classification of changes; CM Change Board
(CCB) includes PI review for Class | Changes with NASA concur-
rent; Disciplined redline process used for Class || Changes

= Status Accounting: Class | changes maintained using an on-line
computer database; Class Il changes maintained via existing red-
line change process

= CM Audit: Ensures compliance with requirements via verification
compliance matrix; Verifies physical configuration via review of
Engineering vs. “As-Built” Configuration List (ECL/ABCL)

oped by the PM and the IPDT, is approved by the
PI during Phase B. Any changes to Level 1 mile-
stones are approved by NASA.

O Schedule and Longlead Activities: Foldout 7,
Figure A identifies all major activities, critical
path items, schedule margins, and delivery dates.
Table 5-6 lists critical EEE and their leadtimes. We
anticipate placing cancellable orders shortly be-
fore PDR for those items with 12 months leadtime.

Table 5-6.Critical EEE Leadtimes

CCDs 12 mo.
Connectors and Filter Pins 12 mo.
RADG6000 Processor 12 mo.
DC-DC Converters 10 mo.
Semiconductors 8 mo.

5.4 Risk Management. We baselined a formal
process to identify and assess the probability and
implications of risks as they pertain to the mission.
Our primary RM approach is: (i) identify and miti-
gate the “top 10" risks listed in Foldout 6, Table C;
(i1) use of cost reserves to “back-up” program risk
areas; and (iii) use of program descope options
should reserves be insufficient. The PM maintains
a “risk watch” list and reviews risk status with the
SEIT monthly. The PM and the SEIT develop and
categorize risk severity, and formulate mitigation
plans for the PI. The PI oversees the RM process.

O Technical Risk Identification: This process is
formalized in Phase B. Foldout 6, Table C lists
“top ten” risk areas that may impact cost, sched-
ule, performance, or science objectives. It pro-
vides a subjective rating of RM difficulty. Risk is
rated high when it is difficult to mitigate or when it
greatly impacts project cost, schedule, or perfor-
mance. The key to manage risks is resolving per-
formance and schedule issues before CDR.

O Descope Options: The descope options are
listed in Table 5-7. If several of the mission top ten
risks are not mitigated, then descope options will

be necessary. A formal risk analysis is performed
in Phase B with updates in Phase C/D. Our de-
scope options follow agreed-upon processes (Sec-
tion 5.4.2). If mission descope is considered, the
PM provides the PI with a set of decision options
and recommended actions. The PI determines the
appropriate course of action (Section 5.4.2).

Table 5-7. Descope Option

Science Impact

Area Savings
S/IC Reduced S/C

Reduce Optics
Instrument | and Focal
Plane

O Qualification of New Technologies: New tech-
nology H/W is flight-qualified using tailored tests
and analyses. Design and test history reviews de-
termine suitability for use. We perform selective
radiation screening for EEE parts without flight
heritage. Table 5-8 lists new technologies and
planned qualification approaches.

Table 5-8. New Technology Qualification

Descope

Reduce position, parallax
accuracy to 80 pas

New Technology Verification and Qualification Plan
= |, = Procure candidate CCD and verify perfor-
@ Astrometry mance. Extensive M&S of characteristics data
£ |Using CCD type
% 'I;(r)rcaaISPIane = Procure CCD in Phase B to verify perfor-
< Y mance
= Extensive M&S of system parameters
~ | SolarTorque [ = Extensive deployment tests of solar arrays
© | Precession in simulated zero-g environment under hot/
3 cold, and vacuum conditions.
o
I |= Composite |= Procuring qualification test panel and sam-
O |S/A Substrate | ple cells to be subjected to shock, vibration,
& Panel and thermal cycling tests.

5.4.1 Integrated Financial Performance Mea-
surements. We establish a integrated Earned
Value Measurement System (EVMS) using Micro-
Frame and MS Project during Phase B. We main-
tain a program financial log that includes manage-
ment reserve, undistributed budget, planned/actual
reserve usage as a function of schedule, actuals by
resource or element of cost, and start/stop dates.
We baseline standard reports, including variance
analysis, cost performance, and cost/schedule/
funds. These same requirements flow down to
LMMS ATC. The IPDT Leaders, identify, track,
and report on their use of reserves to the PM.

5.4.2 Reserve and Margins. Defined funding
reserves and resource margins account for design
and development uncertainty. Decisions that
change system performance parameters and/or
critical paths are coordinated among the SEIT, the
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PM, and the PI through weekly meetings on status,
problem resolution, and resource allocation. Trade
studies provide insight on the impact of alterna-
tives on schedule and technical performance.

O Reserve Management: Reserves are held spe-
cifically to alleviate unforeseen problems that can
occur during Phase C/D/E. The PI approves any
change in scope, funding, or performance based on
trade study results. He makes all decisions impact-
ing mission requirements and thresholds (e.g., sci-
ence return, cost, schedule). The PI authorizes the
PM to release reserves. Residual cost reserves are
used to enhance the science return.

O Mission Descope: Decisions involving de-
scope options reside solely with the PI acting with
the advice of the Science Team. If reduced mission
performance is identified during Phase B/C/D, the
PI proposes a “mission descope” to NASA for ap-
proval. Table 5-7 shows that a mission descope by
CDR is primarily due to: (i) inability to predict and
model the S/C’s rotation via solar torque or thrust-
ers; (ii) inability to acquire a sufficient quantity of
CCDs; and (iii) inability to define the optic’s per-
formance. Any of these conditions result in a mis-
sion descope decision, resulting in a reduced capa-
bility instrument, and a reduced science mission.
The descope option includes a smaller aperture, a
focal plane populated by fewer CCDs, and a re-
duction in accuracy to 80 pas for stars brighter
than 10th magnitude. Exercise of these descopes
results in a $M cost savings.

O Schedule Reserves and Margins: Our emphasis
on network-based schedule management and
EVMS drives schedule risks to the surface quick-
ly. Each risk area and its effect on critical path is
planned using a detailed subnetwork with fre-
quent, short-duration objectives. We baselined
funded schedule reserves for the S/C and each of
its subsystems, and included a funded schedule re-
serve for the instrument. Table 5-9 summarizes
schedule reserves and margins. The IPDT Leaders
identify, track, and report on schedule reserve us-
age to the PM monthly.

5.5 Government Services and Facilities. No
government furnished property, services, or facili-
ties are required to support the mission. All gov-
ernment facility usage is on a “full cost recovery”
as identified in Section 7.0.

Table 5-9. Reserves & Funded Schedule

Margins
Phase | Project Element R7§%st Sched(ul\In%;VIargin
Instrument Lon
B lead procurement Nore
Instrument 1 Month for Major
C S/IC Component Deliveries
MOSDA & 1 Month for Test
Instrument
1 Month for System
D SIC 1&T
MO&DA
Launch Services 3 Months

O Launch Services: A MedLite launch vehicle is
provided by the NASA Launch Vehicle Office and
funded within the FAME investigation.

(O Deep Space Network: DSN usage is funded
within the FAME investigation

O Facilities: USNO and NRL facilities constitute
no additional project costs because their usage is
paid under DoD’s full cost accounting practices.
5.6 Reporting and Reviews. FAME uses stream-
lined reporting requirements, coupled with exter-
nal reviews allowing the MIDEX Project office to
maintain insight, understand progress, and to exer-
cise independent oversight. We encourage infor-
mal weekly telecons with the MIDEX project
office and its SR&QA representatives. Reports,
reviews, and their supporting materials use inter-
nal project products and processes as practical.
(Section 5.2.1 discusses monthly and quarterly
progress reporting.) Periodic design reviews
(Foldout 6, Table B) using NHB 7120.5a mile-
stone reviews, are baselined. USNO, in collabora-
tion with NRL and LMMS ATC, prepare technical
data packages for distribution and presentation at
the reviews. A NASA-appointed review panel
conducts the reviews and advance presentation
copies are submitted for review 10 days before the
formal presentation. USNO and NRL jointly
establish a review board responsible to evaluate
the reviews and the project’s status. This board
includes individuals with extensive experience
with spaceflight programs and is independent of
the FAME Mission. The MIDEX Project Office is
invited to attend all technical meetings and
reviews conducted by the Mission Team. Review
Item Discrepancies (RIDS) are formally tracked
and dispositioned, subject to PI and NASA con-
currence.
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Table A. Summary of Key Personnel Roles, Experience, and Time Commitment

Name, Roles and Responsibilities, Relevant Experience, and Time Commitment

Address

Dr. Ken Johnston, PI: Section 5.1.1 fully describes the PI’s roles and responsibilities. Dr. Johnson directs FAME’s scientific,
technical and business efforts. He is accountable to NASA for all decisions made and actions taken that impact the viability
and quality of the program.

= Assigned 50% to FAME for Phases B/C/D/E

Scientific Director
USNO

3450 Mass. Ave., NW
Washington, D.C. 20392
(202) 762-1513

Full-Sky Astrometric Mapping Explorer
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Table C. Top 10 Risks, Mitigation Approach, and Scientific Impact

FOLDOUT 6

Mr. Mark Johnson, PM: Section 5.1.1 fully describes the PM’s roles and responsibilities. He is responsible for program exe-
cution and accomplishment and reports directly to the PI.

= Mr. Johnson has served in progressive technical and managerial roles, including Deputy PM, Project Engineer, Systems
Engineer, Electrical Systems Manager, and Lead Engineer for more than eight spaceflight programs, projects, and experi-
ments of National significance. Mr. Johnson has progressive experience with advanced flight experiments like MPTB, HTSSE,
and spaceflight missions like Clementine, Clementine I, LACE, and LIPS lll. He has demonstrated design, development, and
managerial expertise with advanced processors, telemetry and command systems, attitude control electronics, and the inte-
gration, test, and on-orbit operations. Mr. Johnson served as PM on NASA’s TSIM CSR and FAME’s CSR. He was the Deputy
PM and Systems Engineer for MPTB, the Electrical Systems Manager for Clementine, and in a collateral role, served as the
lead engineer for its S/C controller. He was the Project Engineer for HTSSE, and the Lead Engineer for LACE Electrical Sys-
tems, and the lead CT&DH/ADCS engineer for LIPS Ill. He designed the SLD mission GSE. Mr. Johnson serves on several
technical advisory committees for DoD space programs, and he is the recipient of several awards, including NASA’s Medal for
Exceptional Engineering Achievement, May 1994. He is a Contracting Officer’s Representative for $60mil of developmental
contracts for spaceflight components.

= Assigned 100% to FAME for Phases B/C/D.

NRL, Code 8100
4555 Overlook Ave., SW.
Washington, D.C.
20375-5000
(202) 767-0892 (voice)
johnson@ssdd.nrl.navy.mil

Dr. Richard Vassar, Instrument IPDT Lead: Leads instrument development, design, fabrication, testing, and calibration to
ensure achievement of science goals. Reports directly via incentivized contract to the PM

= Dr. Vassar has 10 years of program management experience and 22 years of space systems development experience.
Most recently, Dr. Vassar was PM for the Gravity Probe B Payload and Deputy PM for the Gravity Probe B Space Vehicle. Dr.
Vassar was responsible for the technical development, fabrication, assembly, testing, and delivery of the GP-B payload for
Stanford University. He fulfilled significant technical roles on a number of spaceflight projects including SIRTF, Gravity Probe-
B, Zenith Star, LODE, FLTSATCOM, and SLCSAT. These roles included Pl for a SIRTF related IRAD program, error budgets
and end-to-end error analysis for GP-B, lead control systems architect for Zenith Star, primary mirror facesheet control for
LODE, ACS upgrades for FLTSATCOM, and developing a two satellite formation flying control system for FLTSATCOM.

= Dr. Vassar is an Associate Fellow of the AIAA. He was named the AIAA Outstanding Engineer of the Year— Astronautics by
the San Francisco Bay chapter. He is a member of Sigma Xi, Tau Beta Pi, and other honor societies. He is a graduate of the
LM Management Institute and the LM Supervisory Institute.

= Assigned 100% to FAME for Phases B/C/D

LMMS-ATC
0O/L9-23 B/251
3251 Hanover St.
Palo Alto, CA 94304-1191
(650) 354-5113 (voice)
richard.vassar@Imco.com

Dr. Scott Horner, MO&DA IPDT Lead: Leads MO&DA activities, overseeing GDS development and operation, SOC and
MOC development, and coordinating the data analysis activities of the USNO and SAO during Phases B/C/D, and is directly
responsible to lead Phase E efforts. He provides continuity during the transition from development to MO&DA. Reports
directly to the PM during Phase B/C/D and to the PI during Phase E. He coordinates activities with the Project Scientist to
assure that science data activities meet levied requirements.

= Dr. Horner is the former U.S. Project Manager for XMM Optical/UV Monitor with experience developing S/W for flight and
ground H/W, GSE, and data analyses. He has previous experience managing the development of a distributed S/W data anal-
ysis system. He is an Astrophysicist who has conducted research in stellar structure and evolution, astroseimoogy, exoplanet
detection, and ground/space astronomical instrumentation.

= Assigned 100% to FAME for Phases B/C/D/E.

USNO
3450 Massachusetts Ave.,
NW

Washington, D.C. 20392
(202) 762-0381
shorner@usno.navy.mil

. I Risk T . . .
Area Risk Description Category Mitigation Approach Decision Point Scientific Impact
= Rgmt: Extremely Low Jitter i
S/IC = Risk: Unanticipated (unmodelled) S/C Jitter Pe'\r/fleF(Kjisk * |mproved Modeling PDR/CDR Redu%%%lﬁztgmetnc
Sources Y
= Rgmt: Optics PSF Performance Sl o :
L\ fori ot : : Med = Maintain temperature stability on Reduced Astrometric
Instr. | = Risk: Variations due to optical component shifts & - : CDR
compound mirror Perf Risk |optics to <60 mK Accuracy
. . PDR/CDR
. : = Baselined Propulsion Backup :
= Rgmt: Solar Torque Rotation : = Trade studies, :
S/IC = Risk: New technology approach fails or Unmod- Pe'\r/fleF?i sk gnoedrgt?gﬁable of 21/2 yrs continuous Modeling & Simula- Reducfgcﬁrs;(r:ometnc
elled Solar Flux Variations .p In-flight Calibration tion to predict per- Y
9 formance
Instr = Rgmt: CCD Performance Med = Radiation shielding included in . ProthFja cch Reduced Astrometric
: = Risk: Changes due to radiation dosage Perf Risk |baseline design demonstr)g?ion Accuracy
= Rgmt: Continuous Data Downlink Low
GDS = Risk: Data Rates, coupled with 24 hour contact Perf Risk | " High Link Margin PDR Loss of some data
times allow data dropouts
= Rgmt: Full CCD Chipsets Med . : Reduced Astrometric
Instr. |, Risk: Cost Growth Perf Risk Use Fewer CCD Chipsets PDR Accuracy >12 mag.
= Rgmt: Two 1/2 Year Mission Life .
MO&DA | = Risk: Single string Instrument with selectively Pe’\rgelgisk . Ezrl¥a';'\eﬂfé’ s modes PDR/CDR Loss of some data
redundant S/C and instrument 9 P
= Micro-arcsecond Data Analyis
MOSDA | " Rgmt: S/C velocity tracking errors Med Algorithms CDR Reduced Astrometric
= Risk: S/C errors too large to model Perf Risk [= Use of ground optical Tracking to Accuracy
improve algorithm performance
MO&DA |= Need for 24 hour continuous observation contacts (g/lpesdgi?k = Backup antenna available at BP CDR Loss of some data
: = Optics covered until on-station
= Rgmt: Point 45 deg away from Sun Low . : ! : e
S/C = Risk: Unintentional Sun Stare Perf Risk awfyagfmcslir(]hfeboat) points Optics PDR Loss of mission

Mr. James C. Garner, Spacecraft IPDT Lead: Leads S/C development, design, fabrication, testing, instrument-to-S/C inte-
gration and test, CPET, and EE&C to ensure achievement of all mission goals during Phase B/C/D. Reports directly to PM.

» Mr. Garner is the Electrical Power System lead engineer for the ICM with direct responsibility for a budget over $10Mil. He
was the Project Engineer for the Sodium Sulfur Battery Experiment flown on STS-87, and handed all range safety issues. He
serves as the PE for NRLs TiPS power subsystem, for the development and qualification for NiH2 SPV and DPV batteries,
and for the power subsystem flown on Clementine. He was the Electrical Systems lead engineer for two classified spacecraft,
and supports those programs in an advisor capacity after the design was transitioned to industry.

= Mr. Garner is a member of IEEE and the Interagency Advanced Power Group. He served as Chairman, Renewable Energy
Conversion Working Group, and serves on the NASA Aerospace Battery Steering Group Committee.

= Assigned 100% to FAME for Phases B/C/D

NRL, Code 8100
4555 Overlook Ave., SW.
Washington, D.C.
20375-5000
(202) 767-9075(voice)
garner@ssdd.nrl.navy.mil

Table B. Design Reviews

Review

Exit Criteria

Systems Requirements Review (SRR): Describe/assess design approach, and verifies mission require-
ments are satisfied. Includes preliminary MRD and CONOPs, Level 1 requirements, initial design and top-
level system trades, alternate configurations, systems analyses, environments, top-level test and calibra-
tion plans, mission assurance plans, and critical parts lists.

= Qutput includes defined SOWs and
design requirements for major acquisi-
tions like CCDs, S/As, and EEE Parts

Preliminary Design Review (PDR): Confirms that requirements, allocations, and specifications meet mis-
sion objectives. Includes final MRD and CONOPS, refined science requirements, draft ICDs, and draft
segment specifications; Lists high-risk items and presents a prioritized mission descope plan; SR&QA,
CMS, and Verification Plans are presented; H/W, S/W, GSE, and ground are addressed.

= Completion baselines mission
design.

Critical Design Review (CDR): Confirms that designs are ready for manufacturing, implementation, inte-
gration, and testing with acceptable risk; Technical problems and design issues are resolved without
impacts to performance, reliability, or safety. Addresses all design areas.

= Completion freezes design, and
results in fabrication and formal S/W
coding, integration, and testing.

Test Readiness Review (TRR): Takes place before CPET to evaluate H/W status, and review plans. Con-
firms assembly and subsystem-level testing. Evaluates each deliverable’s status integration.

= Completion results in approval to
proceed with CPET.

Flight Readiness Review (FRR): Takes place before shipment to launch site. Emphasizes CPET perfor-
mance results, and demonstrates meeting system requirements. Reviews ground systems, flight opera-
tions plans, and other operational I/Fs to assure support of on-orbit flight operations.

= Constitutes system acceptance.
= NASA approval to ship to launch
site.

Level 1 - (MIDEX/NASA Headquarters)

Level 2 - (FAME/System) |

MIDEX Program Plan |

FAME Mission Definition
& Requirements Agreement

FAME Project Plan |

Education & Public

Outreach Plan

¢ Science Implementation
¢ Post-Mission Science Data Products

ission Requirements Document | - L|

System Eng. Mgmt. Plan

L

Launch Vehicle Integration Documents

Structural Requirements

System Test &

System Safety Plan
Configuration Management Plan

S/C-to-L/V ICD Document Verification Plan Product Assurance Plan
Integ & Test Plan S/W Development Plan
o Environmental Requirements Document
Calibration Plan Contamination Control Plan
[ | | 1
ICDs Ground Data System Spacecraft Instrument Mission Ops & Data Analysis

¢ S/C-to-Instrument

¢ S/C-to-Ground Data Sys.

¢ Ground Data Sys-to-
Science Ops Center

Subsystem Description &
Baseline Requirements

Subsystem Allocation
& Baseline Requirements

Subsystem Allocation
& Baseline Requirements

Subsystem Description
& Baseline Requirements

Level 37]
(Cognizant Engineer Level)

Command &0
Telemetry Handbook

Mission Operations Plan

Subsystem &
Component Specs

Subsystem &
Component Specs

Subsystem &
Component Specs

Ops Procedures

Figure A. FAME’s Streamlined Document Tree Captures Project Requirements
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FOLDOUT 7
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O OO 9@ OCU Development 01/06
TCS Rqmts Prelim TCS Dsn Rgmt Spec TCS Sys Dsn H/W Procurement End Baseline Msn
O OO OO, O hermal Integration 01’/07
o RFRgmts  _  Prelim RF Dsn Rgmt Spec RF Sys Dsn RF Integration | @ Distribute Baseline
}: GSE H/W Procurement K Catalog
GSE Rqmts Prelim GSE Ds Rgmt Spec GSE Sys Dsn GSE Rack/Stack 07/08
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Figure A. FAME Master Schedule
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6. Technical Definition (Phase B) Plan
6.1 Plans and Products.

6.1.1 Plans. Phase B concentrates on completing
key trade-offs in the design of the instrument and
S/C (discussed in Section 4.0). Notable among
these are the choices to be made on CCD imple-
mentation. CCD development is the one long-lead
development item underway during this phase.
Preliminary design, tolerancing, error budgets, and
requirements definition are conducted. Manage-
ment and technical documents for completion by
PDR will be prepared. A Contract End Item Speci-
fication, refined scientific investigation plan, and
Performance Measurement System elements in-
cluding WBS to Level 4 will be prepared. Support
to the various working group meetings and
progress reviews will be provided. Initial planning
for the FAME mission will take place. This phase
concludes with the PDR.

The FAME Phase-B Study culminates in com-
bined Preliminary Design and Cost Reviews
(PDR/CR) that serves as a Confirmation Review
for Phases C/D/E. PDR/CR is expected to consist
of a Non-Advocate Review (NAR) style program-
matic effort. Contingent upon successful comple-
tion of the PDR/CR and NASA’s confirmation, the
MIDEX Project Office contracts with USNO and
the FAME Mission team to proceed with Phases
C/D/E. To allow for formal confirmation without
mission delay, the FAME Mission Team will, with
MIDEX approval, begin to design and develop the
flight and ground control segment immediately
following the PDR/CR.

O Project Management Approach: As the focal
point for the MIDEX Project Office, the PI is re-
sponsible for mission success. The PI designates
an NRL Project Manager (PM) and delegates the
requisite responsibility and authority to manage
and administer Phase B tasks. This individual en-
sures that all Phase B objectives are met within
schedule and cost constraints, including timely
progress reporting. With USNO concurrence, NRL
establishes, implements, and maintains a manage-
ment system that integrates management disci-
plines (scientific and technical) and functions.
This system contributes to achieving a range of
objectives, such as cost-effective planning, orga-
nizing, controlling, and reporting. The MIDEX
Project Office approves any funding for long-lead

part purchases made before official confirmation.
The MIDEX Project Office expeditiously receives
Project Documents, and Memoranda of Under-
standing for review and comment.

O Schedules: Consulting with the PI, the PM es-
tablishes, implements, and maintains an IMS and
derivative detailed schedules that establish the in-
terrelationships and time-phasing of essential ac-
tivities and events, and identify critical paths and
schedule slack. The master level-1 schedule (see
Foldout 7) constitutes the “baseline” schedule and
is under configuration control.

(3 Progress Reports: USNO submits Monthly
Progress Reports using narrative text, graphs, and/
or schedules (see Table 5-4). The report is submit-
ted in hard copy, made available via the project
website, and presented via telecon or presentation.
Together, the PI and the MIDEX Project Office de-
termine the location of monthly presentations.

(3 Reviews: Collaborating with NRL and LMMS
ATC, USNO prepares technical and programmatic
data packages to be distributed and presented at
the SRR and PDR/CR. A NASA-appointed panel
receives advance materials before the formal pre-
sentation and reviews the content. USNO and
NRL jointly establish a review board to evaluate
the SRR and PDR/CR and project status. Individu-
als with extensive spaceflight program experience
are included on the board, which is independent of
the FAME Mission. The Mission Team conducts
technical reviews, and the MIDEX Project Office
is invited to attend.

6.1.2 Products. During Phase B, USNO and its
mission team provide the facilities, materials, ser-
vices, and personnel necessary to further define
the FAME mission (see Table 6-1).

6.2 Key Mission Trade-offs and Options. We
continue to refine the preliminary design, investi-
gate alternate mission and system concepts, and
develop descope options. During Phase B, we per-
form mission trades and studies (Table 6-1). An
SRR is held with NASA to ensure that all partici-
pants understand the requirements. A PDR/CR is
held with NASA and the MIDEX community to
confirm: (i) that the system design approach satis-
fies the functional baseline; (ii) risks are mitigated
with closure plans; and (iii) the system is ready for
detailed design and fabrication. Phase B deliver-
ables are shown in Table 6-3.
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Table 6-1. System Studies

= Complete the FAME system preliminary design.

= Develop a final instrument ICD that includes all S/C electrical, mechanical, and thermal accommodations, along with instrument oper-
ablllty issues (e.g., data volumes, command sequences).

Identify primary interfaces, and develop outline interface definitions, including a preliminary L/V ICD.

Identify long-lead items, and refine the schedule to minimize their potential impact on the S/C and Instrument.

Specify operational radio frequencies and obtain authorization to use that frequency.

Work with NASA to define the launch services (mass, envelope, injection accuracies, and integration requirement).

Prepare ICD with L/V and up and down link.

Refinement Studies

= Refine and specify CCD detector and readout technology requirements in terms of speeds, quantum efficiency, noise, and availability
= |dentify issues associated with solar torque precession, including the mechanism deployment, on-orbit adjustments, optical emissivity,
variability, and third-body effects.

= Evaluate “Start-Stop” technology to replace the ND filters.

= Evaluate and optimize photometric filter parameters.

= Further evaluate focal length, spin rate, precession rate, and FOV for accuracy improvement.

= Develop thermal requirements and evaluate alternate design concepts.

= Study alternative sizes of the S/A panels, mission impacts, and cost/benefit/risk.

= Perform trade studies on the mechanisms and actuation devices used to correct low-order torque perturbations.

= Investigate alternative methods to determine S/C position and perform navigation via on-board systems.

= |dentify and evaluate potential single-point failures, mitigation actions, and design alternatives for degraded modes.

= Define the fault-protection architecture in terms of modes and degraded operations.

= Investigate and define stressing environments in terms of thermal, jitter, vibration, solar flux variations, and shock.

= Evaluate and specify contamination control needs for materials selection and environmental control.

= Evaluate and refine different methodologies of data analysis using further simulations to ensure robust systems.

= Evaluate RF designs, including EMI/EMC effects, analysis of luni-solar effects, and perturbations to orbit altitude.

= Address mirror-specific technology issues like materials, fabrication, surface figure quality, and vibration isolation.

= Develop the optical prescription for all optics.

= Develop and test hardware and software data storage and compression schemes and formats, and trade against downlink data rates,
the robustness of algorithms, and potential for loss of information.

= Develop a preliminary dynamic S/C model to estimate system pointing control performance.

= Develop and refine S/C specifications (e.g., power, telemetry, pointing control, jitter, aspect accuracy) based on systems requirements,
and proposed component capabilities.

= Obtain component capabilities from suppliers, and trade options for acquiring and packaging S/C subsystems.

= Evaluate the radiation requirement and study alternate components for the S/C and for instruments.

= Investigate the use of an accelerometer to determine the spin axis and CG.

= Investigate the use of a Lithium lon battery.

= Solicit technical proposals and detailed costs on major S/C subsystems and components; evaluate and refine systems concepts
based on proposed capabilities.

= Evaluate alternate ground architectures and cost/benefit/risk trade-offs to add autonomy to S/C, instrument, and MOC to reduce staff-
ing and lower costs.

= Evaluate orbit alternatives and obtain permission for specific orbital slots

= Optimize data base and analysis system.

Trade Studies and Design Alternatives

Table 6-2. Phase B Products

FAME level 2 requirements including science, instrument, S/C, GDS and mission operations, to be included in the MRD;

GDS concept and operations plan including the ground station and MOC;

A MOC GDS specification, a S/C performance specification, and an Instrument performance specification;

Preliminary design of the instrument, S/C, and GSE;

Preliminary I/F agreements between the S/C and instrument, and between the flight segment and ground segment;

Support preliminary L/V I/Development;

An SDP for the mission;

Hold a combined Instrument and S/C SRR in December 1999, with the objective to start cancellable acquisition of critical long lead items
CCDs) in January 2000;

Perform mission trades and any technology demonstrations required during the definition phase;
= A RM system, documented in the Phase C/D/E Project Plan, to identify high-risk items and associated mitigation plans; plans, if any, for
flight spares to mitigate risk during instrument, S/C, I&T; and a Descope Plan defining a prioritized descoping of the mission from the Baseline
Science Mission to the Minimum Science Mission, including latest practical decision dates, if a forecast of cost, schedule, or technical margin
erosion occur. It includes a list of critical milestones, at least one per quarter, that if not met will result in formal consideration of a descope or
a major review for descoping.
A set of recommended TPMs for program evaluation by NASA and the mission team, including cost and schedule factors;
Establish a PMS and a financial EVMS, that incorporates the TPMs, the WBS, and the IMS.
If authorized by NASA, order long lead parts or take other measures to reduce schedule risk;
SEMP, and its supporting plans (PAP, SR&QA, Contamination, Environments)
Monthly progress and financial reports, as discussed in Section 5.6;
CM plan for managing and controlling the design, fabrication, test programs, and all other CM activities;
Updated Phase C/D/E Project Implementation Plan and an updated Cost Plan that include the following:
A revised Cost Plan with supporting data, in the same format and level of detail as required by the MIDEX CSR in real year dollars, that
separately reflects costs for Phases C/D and E and includes a fully executed SF1411;
= A Mission Implementation Plan for the design, development and operation of the flight and ground hardware and software, including
launch, mission operations, and data processing and distribution;
= A set of mission schedules with schedule slack and critical path(s) explicitly shown; and
= Coordinate FAME mission definition with the MIDEX Project Office by participating in programmatic and technical meetings;
= Refine the E/PO plan;
= Phase B final report, consisting of the PDR/CR presentation package, RID responses, and system trades and analysis reports.

—
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Table 6-3. Phase B Deliverables

Deliverable SRR | PDR
= SRR and PDR Briefing Package with supporting Cost Review information X X
= Mission Requirements Document and System Description, including requirements allocations, subsystem flowdowns, and .
iy Prel. | Final
traceability
= Top-Level Network Schedule with Detailed Subsystem Network Schedules Prel. | Final
= S/C and Instrument Performance Specifications, including top-level requirements for Flight and Ground S/W X

= Detailed S/C and P/L Block Diagrams showing all primary I/Fs
= Command and Telemetry List (Preliminary) X

Interface Control Documents (ICD):
= |nstrument-to-S/C ICD

= S/C-to-Launch Vehicle ICD

= Internal Subsystem ICDs

Preliminary Specialty Engineering Plans:
= SEMP, QA Plan; CM Plan; Reliability Assurance Plan; Risk Management Plan; Software Development Plan; Systems Inte- X
gration Plan; Test Verification Plan; Long Lead ltems List; Calibration Plan; and System Safety Plan. Hire System Safety Man-
ager.

Systems Level Analyses:

= Selecting and Determining Orbit; Link Margins; Loads; Radiation; Dataflows, Memory Storage, and Processor Loading; X
Thermal; Pointing and Jitter Budgets; and Test Limits/ Margins.

Other Analyses: X
= CCD, SST, and Photometric requirements; and Solar Torque variability

= S/W End Item Requirements Document for Flight and Ground S/W X

Engineering Drawings (Preliminary):
= S/C and P/L Schematics

= Parts and Materials Lists

= Mechanical Layout Drawings

Support to Launch Vehicle Integration:
Inputs to Missile System Prelaunch Safety Package or ARAR X
= Hazard Analysis Reports

= Plans to integrate and verify Mission X
= Flight Operations Plan (Preliminary) X
= Plans to identify and mitigate risk X

Management Deliverables:
= Cost Performance Report from Performance Management System X
= Schedule Briefing
= Technical Briefing
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7. Cost Plan

The FAME project team is confident that it will
achieve the maximum science value consistent
with the objectives of the proposed scientific in-
vestigation within the cost limits established in the
CSR guidelines (Table 7-1). Moreover, our devel-
opment approach results in a state-of-the-art in-
strument package that incorporates new-technolo-
gy CCDs and solar torque rotation, proven camera
technologies, and COTS processors. This ap-
proach, coupled with our previous experience with
streamlined S/C development (Clementine), en-
sures that associated risks are minimal, well-un-
derstood, and controlled. We developed this cost
plan using flight-proven hardware, software, and
development processes.

Table 7-1. CSR Adjustment to TMC (FY98%$)
Item Cost

Total CSR Phase B/C/D/E Budget

Less Launch Vehicle Adjustment

Phase A (CSR) Cost Add-in

Total FAME CSR Cost

7.1 SF-1411 Contract Pricing. Appendix E con-
tains a Contract Pricing Proposal Cover Sheet
(Standard Form 1411), executed by Dr. Kenneth
Johnson, who serves both as USNQO’s Scientific
Director and the FAME Mission PI.

7.2 Basis of Estimate. This cost proposal breaks
out the costs associated with each phase of the
Mission and development consistent with the for-
mats provided by the AO and the CSR instruc-
tions. Costs in all phases were estimated in terms
of the required cost categories (Direct Labor, La-
bor dollars, Materials, Subcontracts) using the
FAME WBS dictionary (Table 7-3). The WBS
provides the structure for the entire Mission’s
Phase B/C/D/E lifecycle. We used the NASA in-
flation index to calculate all real-year dollar
amounts. LMMS ATC used their standard industry
forward pricing rates for government contracts.
The FAME WBS Detail spreadsheets, provided in
the volume entitled FAME Supporting Financial
Data, contain all WBS cost elements, whether ac-
tive or inactive, for that phase. Cost elements at-
tributable to all team members are integrated into
the final project summary spreadsheets. We fac-
tored “lessons learned” and “best practices” from

previous NRL and LMMS ATC programs are fac-
tored into our costing approach. We baselined
ICM and NEMO’s EAGE/MAGE, and its COTS
S/W to reduce cost. We baselined substantial FSW
reuse from NEMO and MPTB to reduce cost. Our
reuse of existing GDS capabilities at NRL’s Blos-
som Point facility reduced development cost in
Phase B/C/D, and in Phase E. our instrument de-
sign benefits from ongoing USNO and LMMS
ATC-funded laboratory characterizations of the
CCDs to reduce cost and risk.

7.3 Total Mission Cost. Figure 7-1 lists the
FAME'’s Total Mission Cost (TMC) time-phased
by Fiscal Year in real year dollars consistent with
CSR Guidelines, Figure 1. It represents the opti-
mum mission funding profile.

7.4 Time-Phased Cost Breakdown by WBS
(Phase B/C/D). Figure 7-2 lists a summary of the
total Phase B/C/D, and Phase E costs, time-phased
by Fiscal Year, FY98 dollars consistent with CSR
Guidelines, Figure 2. The cost summary is consis-
tent with the WBS and includes all costs to NASA,
including contributed costs. Note that the TMC ac-
counts for the CSR funds ($350K) added against
the FY98 Cost Cap.

7.5 Fiscal Year Costs in Fixed FY98 Dollars.

Figure 7-3 lists the costs of the entire FAME
mission expressed in fixed FY 1998 dollars consis-
tent with CSR Guidelines, Figure 3. The cost sum-
mary is consistent with the WBS and includes all
costs to NASA, including contributed costs.

7.6 Mission Cost Reserves. We assessed the risk
of the design and development work, and placed a
20% nominal reserve on those tasks judged to have
the most risk (Instrument detectors and camera-
heads, electronics and software, integration and
test). In addition, we placed a 10% nominal re-
serve on those tasks perceived to have less risk (S/
C mechanical, structural, and thermal efforts).
Management cost reserves of $M ($FY98) are

applied to Phases B/C/D, with the bulk of these
applied to Phase C/D (see Table 7-2). Phase D in-
cludes three months of funded scheduled reserves.

7.7 Recurring and Non-Recurring Costs. Fig-
ure 7-3 lists a Phase C/D Development Costs in
FY98 Dollars consistent with CSR Guidelines,
Figure 4.

AO 98-0SS-03

Concept Study Report



Full-Sky Astrometric Mapping Explorer

FAME

Table 7-2. Management Cost Reserves

Phase | Phase | Phase

ltem Element B C D Total
Instru- o o
ment 20% 20%
Space- 10% 10%
craft ° °
Reserve
% Instru-
ment
Longlead 20% 20%
Procure-
ments
Calculated Reserves
Reserves
by Phase |Additional Reserves
(ZP\(/I?I? Total, All
Reserves

Reserves by Phase
(FY98, $Mil)

7.8 Full Cost Accounting. No NASA civil servant
effort is proposed under FAME, and no contribu-
tions are anticipated from NASA Centers. We pro-
posed full cost accounting for all activities pro-
cured via NASA (Deep Space Network and
Launch Services). We proposed full cost account-
ing for all civil service support provided by USNO
and NRL (see 7.12.6.2).
7.9 Inflation Index. We applied the inflation in-
dex provided in the AO’s Table B-3. Our industry
partner for the instrument, LMMS ATC, used their
standard industry forward pricing rates for Gov-
ernment contracts.
7.10 Detailed Costing for Phase B/C/D. The
FAME WBS Detail spreadsheets, provided in the
volume entitled FAME Supporting Financial Data,
contain all WBS cost elements, whether active or
inactive for each project phase. The cost proposal
directly corresponds with the plans set forth in the
Science, Technical Approach, and Management
sections of the proposal.
O Cost plans are phased by Fiscal Year, Fiscal
Quarter, and by the Project Phase.
O The LMMS ATC cost proposal for Spaceborne
Payload Technology contained in the volume enti-
tled FAME Supporting Financial Data provides a
similar level of detail for their Instrument activi-
ties.
O Appendix E contains a SF 1411, executed by
Dr. Kenneth Johnson, who serves both as USNO’s

Scientific Director and the FAME Mission PI. He
is authorized to sign this document by USNO.

7.10.1 Work Breakdown Structure. Our WBS is
compliant to the revised MIDEX Phase A CSR
guidelines for program cost elements. Our WBS
Dictionary (see Table 7-3) expands on these guide-
lines for S/C and Instrument subsystems, along
with other major task efforts.

7.10.2 Workforce Staffing Plan. The FAME
WBS Detail spreadsheets, provided in the volume
entitled FAME Supporting Financial Data, contain
all WBS cost elements, whether active or inactive,
for each project phase. The workforce staffing plan
is phased by Fiscal Year, Fiscal Quarter, and by the
Project Phase. Time commitments for all person-
nel, including the PI and PM, are clearly shown.
The LMMS ATC cost proposal for Spaceborne
Payload Technology contained in the volume enti-
tled FAME Supporting Financial Data provides a
similar level of detail for their Instrument activi-
ties.

7.11 Proposal Pricing Techniques. Cognizant
scientific and technical personnel at USNO, NRL,
LMMS ATC, along with members of the Science
Team, estimated FAME Mission resource require-
ments. These same personnel supported the cost
development, and reviewed the resultant technical
and cost proposal for continuity and completeness.
We used a “bottom-up” detailed costing approach.
Our primary objective focused on realistic and
supportable cost estimates for science mission that
provides maximum science return within the cost-
capped MIDEX mission limits. To develop the
cost estimate, the Team draws on its collective ex-
perience developing high-performance, low-cost
space missions (Clementine, WindSat, NEMO)
and high-payoff spaceflight instrumentation. At
the start of proposal costing, the science team de-
fined scientific objectives and measurements, and
these were allocated to space, ground, and mission
segments (see Table 4-1).

a. We developed a Design Reference Mission
(DRM) that allowed a core team of science and en-
gineering personnel to define subsystem capabili-
ties required to meet mission science objectives
(see Table 4-6).

b. We developed product-oriented WBS (see
Table 7-3) to Level 3 and 4 using NASA’s guide-
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Table 7-3. WBS Dictionary

WBS Description WBS Dictionary
Svstems Eng. and Summary element provides an integrated FAME mission management at USNO and project
10 P)r/o'ect M m%. (Mission management function at NRL. Includes the PI, the PM, supporting business management
’ Levjel) gmt. and project administration functions, the Systems Engineering, Mission Assurance, Config-
uration Management, project website, and documentation support.
1.1 | Principal Investigator Pl and SAQ’s Project Scientist support
Includes all efforts associated with project-level planning, controlling, directing of prime and
1.2 | Program Manager subcontractor efforts and interactions. Includes the data/report generation activities to pro-
duce internal and external documents. Includes program financial and schedule controls.
1.3 |Business Management | USNO Business management
Mission Desian and NRLs project-level engineering task to integrate the IPDTs and to ensure that S/C and
1.4 Svstem En ir?eerin Instrument subsystems function properly to achieve system goals and requirements.
Y 9 9 Includes preflight trajectory analysis and ephemeris development.
15 Configuration Manage- |Includes NRLs efforts to establish and maintain an integrated CM system for all project ele-
™ | ment ments.
Includes NRLs support to establish and provide an integrated Mission Assurance (formerly
Product Assurance) activity for the S/C, Instrument, and GDS elements. Includes participa-
1,6 Fgggg}gﬁiﬁ:sgﬁggf tion in the SEIT, and project oversight of Reliability Engineering, QA, S/W assurance,
9 Safety, Contamination Control, and parts engineering. QC costs are contained within the
project elements.
1.7 |Program Reserves Contains S/C and Instrument Reserves held at PI's level.
2.0 |Ground Data Systems | Summary element, includes Phase B/C/D development and implementation costs.
Project Engineering and . . . .
21 Management Includes Project Engineering and Management support for this element.
50 Ground Command and | Tracking Services including DSN This line item includes all costs associated with this ser-
= | Control vice for the specific proposed mission profile.
2.3 gglrt]atrge Operations Includes upgrades for FAME specific hardware for the SOC.
Site Upgrades and .
2.4 Modifications Includes upgrades for FAME specific hardware for the GDS, MOC, and SOC.
3.0 | Science Ln:r:LtK)jeS Phase B/C/D (pre-launch) support costs. (See WBS 8.0 for post-launch compo-
3.1 Science Team Coordi-
" | nation Includes the costs for a team of Co-Investigators. This task addresses Science Team sup-
32 | Co-Investiqators port to Mission Design and Definition, Instrument design, test, and calibration planning and
’ 9 execution. Task continues through Phase E and for a year after mission completion.
3.3 | Special Studies
Included all costs incurred to design, develop and fabricate the FAME instruments through
delivery of to the S/C for integration (see LMMS ATC CNRL costs incurred for S/C integra-
4.0 |Instrument Payload tion are included in the WBS 6.0. All LMMS ATC costs are maintained in this element for
clarity. The LMMS ATC cost proposal for Spaceborne Payload Technology contained in the
volume entitled FAME Supporting Financial Data
Includes costs to specify, design, develop, and fabricate (or acquire) the S/C subsystems.
5.0 |Spacecraft Bus Component level test and burn-in is included in this cost element. Costs for Mission Level
Integration and Assembly, along with Systems Tests are addressed in WBS 6.0.
51 Uggﬁft Eng.and Project Includes Project Engineering and Management support for this element.
Summary Element for all subsystem costs. Includes component and subsystem specifica-
tion, design, development, test, and integration into subsystems. Includes component level
5.2 | Spacecraft Subsystems acceptance test and burn-in. Individual Level 4 elements for ADCS, Propulsion, EPS,
CT&DH, Structures and Mechanisms, TCS, Telecommunications, and Flight S/W.
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Table 7-3. WBS Dictionary (Continued)

WBS Description WBS Dictionary
. Supports integration of S/C subsystems into a fully tested, S/C bus to support the Instru-
5.3 asrﬁ’g?rz(;aﬂ Integration ment. Includes requirements specification, design, test procedures, GSE, test and evalua-
tion, and test reporting.
Mission Systems Inte- | Summary element includes I&T team, test procedures, subsystem integration and align-
6.0 |gration and Test ments, MAGE and EAGE, other GSE, and handling equipment. Facility upgrade costs, and
(MSI&T) the facility costs for environmental tests are included.
6.1 Hggﬁft Eng.and Project Includes Project Engineering and Management support for this element.
6.0 Integration and Test System tests include thermal-vacuum, thermal-cycle, electrical and mechanical functional,
= | Support acoustic, vibration, electromagnetic compatibility/interference, and pyroshock.
6.3 Electrical Aerospace
| Ground Equipment Includes specifying, designing, modifying, developing, integrating, testing, and checking out
Mechanical Aerospace | all MAGE/EAGE, related GSE, and handling equipment.
6.4 Ground Equipment
6.5 %guwn)d Software Provides the S/W for the EAGE and MAGE used to support the S/C I&T process.
Facility Upgrades and . I D
6.6 Modifications Includes facility modifications needed to support this mission.
Summary element for launch services. Includes launch checkout and orbital operations sup-
7.0 | Launch Services port costs for launch planning, launch site support, launch-vehicle integration (spacecraft
; portion), and the first 30 days of flight operations. Includes transportation costs to the launch
site.
71 mﬁt Eng. and Project Includes Project Engineering and Management support for this element.
7.2 |NASA Launch Services | Includes launch vehicles and services are provided by NASA under fixed price contracts.
Includes launch checkout and orbital operations support costs for launch planning, launch
7.3 |Launch Processing site support, launch-vehicle integration (spacecraft portion), and the first 30 days of flight
operations (excludes WBS 8.0 activities). Includes transportation costs to the launch site.
This cost element refers only to Phase E (post-launch), and has two major components:
Mission Operations and Data Analysis. Mission operations comprises all activities required
to plan and execute the science objectives, including spacecraft and instrument navigation,
8.0 Mission Operations and | control, pointing, health monitoring, and calibration. Data analysis activities include collect-
" | Data Analyis ing, processing, distributing and archiving the scientific data. MO&DA costs include all post-
launch costs for people, procedures, services, hardware and software to carry out these
activities. Includes science team support costs post-launch.
8.1 :\D/lrgrjr?ft Eng.and Project Includes Project Engineering and Management support for this element.
Observation and On-
8.2 | Orbit Encounter Plan- | Includes orbit trajectory person.
ning
Data Analysis, Archival, . . L .
8.3 and Distribution Includes data analysis, archive and distribution personnel, costs and instrument.
8.4 E;:lg On-Orbit Opera- |1 des orbit insertion process and fees.
8.5 |Baseline Mission Includes mission operations.
8.6 | External Mission External mission costs are not charged to NASA.
Ground and Science C
8.7 Infrastructure Mgmt. Includes hardware and communication costs.
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Table 7-3. WBS Dictionary (Continued)

WBS Description

WBS Dictionary

Education and Public

9.0 QOutreach

9.1 |Education
9.2 | Public Outreach

public outreach.

Includes all costs associated with developing and implementing programs for education and

lines. The WBS fully integrates the work efforts of
our team.

c. We wrote and evaluated detailed task de-
scriptions and Basis of Estimate (see the Basis of
Estimate worksheets contained in the volume enti-
tled FAME Supporting Financial Data) for each
WBS task.

d. We then prepared a master schedule that
accommodated the proposed launch schedule.

e. Cost guidelines were written with specific
emphasis on implementing a low-cost approach.
For example, the estimating team was asked to
quote their effort assuming the use IPDT Leaders,
to reduce workforce cost. The cognizant engineers
assigned to each task costed the baseline effort at
WBS Levels 3 and 4. All cost elements for each
task are phased quarterly to minimize the cost pro-
file, to improve phasing accuracy, and to allow
greater cost profile flexibility.

7.11.1 NASA Launch Services. The launch vehi-
cle costs included in the FAME CSR Budget are
based on Kennedy Space Center (KSC) cost esti-
mates provided to NRL in June, 1999. These costs
are $M higher (in FY98$) than the costs listed

in the AO (see Table 7-4). Based on a response re-
ceived from the MIDEX Project Office (FAQ#17),
the FAME CSR budget must be adjusted (reduced)
by this amount.

Table 7-4. LV Cost Reconciliation
Real

FYO1 | FYO2 | FYO3 | FYO4 Year FY98
(SMiD) | ($Mily | ($Mil) | (SMiD) (SMil) ($Mil)
KSC
Estimate
AO/FAME
Proposal
Variance

7.11.2 Proposal Costing Assumptions. The fol-
lowing groundrules and assumptions apply:

a. The project is exempt from the require-
ments of NMI 7120.4.

b. All costs are in real-year dollars.

c. Forward funding is made available based
on the first 6 weeks’s burn-rate for each fiscal year.

d. Inflation rate information is based on the
AQO98-035-03 guidelines for NRL and USNO. For
LMMS ATC standard forward pricing rates were
used

e. The project (S/C and Instrument) are cost-
ed as a Level 2 Program (redundancy, but single
string design is allowable) per NASA 311-INST-
001 (Rev. A).

f. Estimate assumes the use of Grade 2 EEE
parts with selective upgrade screening.

g. Estimate assumes reuse of a substantial
portion of existing MAGE, EAGE, and Launch
GSE.

h. Estimate assumes substantial reuse of
flight S/W elements of NEMO, Clementine, and
MPTB.

i. Estimate assumes substantial reuse of BP
infrastructure for MOC and GDS, with upgrades
for the addition of a dedicated antenna and trans-
mitter.

7.12 Phase B/C/D Time-Phased Cost Summary.

The FAME WBS Detail spreadsheets, provided
in the volume entitled FAME Supporting Financial
Data, contain all WBS cost elements, whether ac-
tive or inactive for each project phase. The cost
proposal directly corresponds with the plans set
forth in the Science, Technical Approach, and
Management sections of the proposal. Cost plans
are phased by Fiscal Year, Fiscal Quarter, and by
the Project Phase. The LMMS ATC cost proposal
for Spaceborne Payload Technology contained in
the volume entitled FAME Supporting Financial
Data provides a similar level of detail for their In-
strument activities.

7.12.1 Basis of Labor-Hour Estimates. We de-
veloped Basis of Estimates (BOE) for the Direct
Labor Full Time Equivalents (FTE) that are re-
quired to specify, develop, integrate, test, calibrate,
launch, and analyze data for the FAME Mission.
These estimates are shown in the FAME BOE
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worksheets, provided in the volume entitled FAME
Supporting Financial Data.

7.12.2 Direct Productive Person-Hour Rates
and Schedules. Our DPPH labor rate schedule us-
es a productive year of 45 person-weeks (1800
hours) per year for all USNO and NRL Civil Ser-
vice and Contractor Support task.

7.12.3 Schedule of Direct Labor Rates. Table 7-
5 provides a schedule of the General Service (GS)
civil servant rates and the Contractor Support rates
used in this proposal.

7.12.3.1 Civil Service Rates. USNO and NRL use
a stabilized billing rate for all civil service em-
ployees that includes hourly direct labor rates,
fringe rates, production rates, and general and ad-
ministrative rates. For the FAME costing, we ap-
plied Fiscal Year 1998 stabilized billing rates.
These rates are used in the FAME WBS Detail
spreadsheets, provided in the volume entitled
FAME Supporting Financial Data.

7.12.3.2 Contractor Support Rates: We ana-
lyzed the contractor support (CS) direct labor base
at USNO, NRL, and Blossom Point to classify and
categorize applicable personnel costs, including all
applicable overheads, burdens, surcharges, and
pass-through factors. These rates are used in the
FAME WBS Detail spreadsheets, provided in the
volume entitled FAME Supporting Financial Data.

7.12.4 LMMS ATC Labor Rates. Refer to the
LMMS ATC cost proposal for Spaceborne Payload
Technology contained in the volume entitled
FAME Supporting Financial Data.

7.12.5 Government Approved Labor Rates. All
USNO/NRL contractor support activities under
this proposal are based on the latest cost or pricing
data available at the time of its preparation.

O The LMMS ATC cost proposal for Spaceborne
Payload Technology (contained in the volume en-
titled FAME Supporting Financial Data) provides
a similar pricing policy statement.

O SAQ’s proposal pricing system is in general
compliance with the OMB Circular A-133, Audits
of States, Local Governments, and Non-Profit Or-
ganizations. SAO maintains in-place procedures to
ensure that recipient activities are monitored and
that related charges to federal awards comply with
federal regulations.

7.12.6 Civil Service Labor Contributions.
7.12.6.1 Contributed Civil Service Labor. No
contributed costs by Civil Servants are required or
contemplated.

7.12.6.2 USNO/NRL Full Cost Accounting. We
baselined and have proposed full cost accounting
for all civil service support by USNO and NRL.
NRL is classified as a Navy Working Capital Fund
Agency (NWCF) meaning that all direct project
costs, including salaries, are derived from project
funds. Overhead is applied only to civil servant
salaries. Direct costs associated with major con-
tracts are included as procurement surcharges.
7.12.7 Direct Materials. The FAME WBS Detail
spreadsheets, provided in the volume entitled
FAME Supporting Financial Data, contain all
WBS cost elements, whether active or inactive for
each project phase. Each contains a summary of
the materials and parts required for each WBS ele-
ment.

(0 The cost proposal directly corresponds with
the plans set forth in the Science, Technical Ap-
proach, and Management sections of the proposal.
Cost plans are phased by Fiscal Year, Fiscal Quar-
ter, and by the Project Phase.

O The LMMS ATC cost proposal for Spaceborne
Payload Technology contained in the volume enti-
tled FAME Supporting Financial Data provides a
similar level of detail for Instrument activities.
7.12.8 Subcontracts. The FAME WBS Detail
spreadsheets, provided in the volume entitled
FAME Supporting Financial Data, contain all
WBS cost elements, whether active or inactive for
each project phase.

O Each contains a summary of the subcontracts
required for each WBS element. The cost proposal
directly corresponds with the plans set forth in the
Science, Technical Approach, and Management
sections of the proposal. Cost plans are phased by
Fiscal Year, Fiscal Quarter, and by the Project
Phase.

7.12.9 Major SubContracting Actions and Ad-
Justments. The LMMS ATC cost proposal for
Spaceborne Payload Technology contained in the
volume entitled FAME Supporting Financial Data
provides a cost detail for their Instrument activi-
ties. No adjustments were made to the burdens and
overheads of this cost submission, except as noted
below:
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O USNO and NRL performed a competitive in-
strument supplier selection using a BAA issued
under FAR paragraphs 35.016 and 6.102(d)(2).
LMMS ATC was selected to provide personnel,
supplies, and facilities necessary to develop and
conduct the instrument portion of the FAME Mis-
sion. That cost proposal is contained in the volume
entitled FAME Supporting Financial Data. The
LMMS ATC proposal includes detailed Phase B/
C/DJE costs for the FAME Instrument in Real Year
dollars. A summary page lists FY98 costs based
on LMMS ATC escalation factors.

O To meet AO and CSR guidelines, we entered
LMMS ATC Real Year costs into FAME spread-
sheets and de-escalated the proposed pricing using
LMMS ATC'’s Travel, Labor and Material de-esca-
lation factors. There are three significant differenc-
es between the FY98 costs we have calculated and
costs calculated by LMMS.

a. LMMS ATC did not de-escalate material
from FY99 to FY98. We used the NASA de-esca-
lation factor (3.8%), the same factor used on other
FAME materials.

b. LMMS labor was not de-escalated from
FY99 to FY98. We used the their de-escalation
factor (3.6%) for all LMMS ATC labor.

C.

7.12.10 Other Direct Costs. The FAME WBS
Detail spreadsheets, provided in the volume enti-
tled FAME Supporting Financial Data, contain all
WBS cost elements, whether active or inactive for
each project phase, including the use of Other Di-
rect Costs (ODC). The identified ODCs are based
on a technical and programmatic evaluation devel-
oped from a detailed WBS and task analysis. Trav-
el is based on similar evaluation methods. We use
DoD guidelines under the Joint Travel Regulations
for the allowability of costs for USNO, NRL,
LMMS ATC and SAO. All consultant usage is in
accordance with the performing organization’s
practices and disclosures.

O NRL is classified as a NWCF organization. All
direct project costs, including salaries, are derived
from project funds. Overhead is applied only to
civil servant salaries. Direct costs associated with
computer service centers are applied as a rate per
hour for all direct labor hours worked and this rate
is collected in NRL’s stabilized billing rate calcu-
lation.

O NRL maintains in-place procedures under the
FAR to ensure that all contract activities are moni-
tored and that related charges comply with federal
regulations.

O The LMMS ATC cost proposal for Spaceborne
Payload Technology, contained in the volume enti-
tled FAME Supporting Financial Data, provides
the required information on their ODCs, policies,
overheads and burdens, including approved bid-
ding rates.

O SAO’s indirect overheads and burdens, includ-
ing approved bidding rates, are in general compli-
ance with the OMB Circular A-133, Audits of
States, Local Governments, and Non-Profit Orga-
nizations.

7.12.11 Indirect Costs. The FAME WBS Detail
spreadsheets, provided in the volume entitled
FAME Supporting Financial Data, contain all
WBS cost elements, whether active or inactive for
each project phase, including the use of Indirect
Rates and Factors, if applicable. No “offsite” or
“project-specific” overheads or burdens are used
for this cost proposal. All indirect costing is in ac-
cordance with the performing organization’s prac-
tices and disclosures.

(3 NRL is classified as a NWCF organization. All
direct project costs, including salaries, are derived
from project funds. Overhead is applied only to
civil servant salaries. Direct costs associated with
major contracts are included as procurement sur-
charges.

O NRL maintains in-place procedures under the
FAR to ensure that all contract activities are moni-
tored and that related charges comply with federal
regulations.

(3 The LMMS ATC cost proposal for Spaceborne
Payload Technology, contained in the volume enti-
tled FAME Supporting Financial Data, provides
the required information on their indirect over-
heads and burdens, including approved bidding
rates.
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O SAO indirect overheads and burdens, includ-
ing approved bidding rates, are in general compli-
ance with the OMB Circular A-133, Audits of
States, Local Governments, and Non-Profit Orga-
nizations.

7.12.12 Fee Arrangements. USNO and NRL, as
Federal Executive Agencies, are not authorized to
participate in Performance Incentive Award (PIA)
fees. We baselined a PIA for the Instrument acqui-
sition under the guidelines stated by the MDRA
between NASA’s MIDEX Project Office and the
FAME PI. The PIA meets the requirements of this
CSR and AO-98-0OSS-03. Appendix H contains
PIA details.

7.13 MO&DA (Phase E) Cost Estimate.

7.13.1 Work Breakdown Structure. The WBS
for Phase E applies the same WBS (see Table 7-3)
used for Phase B/C/D and it is consistent with the
plans set forth in the proposal’s Science, Technical
Approach, and Management sections.

7.13.2 Cost Estimating Technique. The Cost Es-
timating Technique for Phase E is based the same

methodologies used for Phase B/C/D (see Section
7.11) and it is consistent with the plans set forth in
the proposal’s Science, Technical Approach, and
Management sections.

7.13.3 Workforce Staffing Plan. The workforce
staffing planning is based on the same methodolo-
gies used for Phase B/C/D (see Section 7.2), and it
is consistent with the plans set forth in the propos-
al’s Science, Technical Approach, and Manage-
ment sections.

7.14 Time Phased Cost Breakdown by WBS
(Phase E). Figure 7-2 summarizes the total Phase
B/C/D, and Phase E costs, time-phased by Fiscal
Year, consistent with the AO’s Figure 2. The cost
summary is consistent with the WBS and includes
all costs to NASA, including contributed costs.
7.15 Total Mission Cost Estimate. Figure 7-1
lists the FAME’s TMC time-phased by Fiscal Year
for the total Phase B/C/D. It also lists Phase E
costs consistent with the AO’s Figure 1. It repre-
sents the optimum mission funding profile. Ad-
justments to total cost are explained in Table 7-1.
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8. Launch Delay

8.1 Science Implications. The delay of the launch
for FAME will have no impact on the quality of
the science achieved. The delay would slightly in-
crease the epoch difference between the Hipparcos
and the FAME observations, thus slightly improv-
ing the two-project proper motions, which can
confirm the individual project proper motions or
indicate the nature of the source of the differences
in the proper motions. A launch delay will delay
the availability of the science and the astrometric
data. The delay could have an impact on the Space
Interferometry Mission (SIM), since the astromet-
ric data from FAME will provide the best means
for screening potential grid stars for non-linear
motion and for identifying target stars that appear
to have proper motions perturbed by planets or
brown dwarfs. The earlier that FAME can provide
the astrometric data for SIM the better for the
preparations for the SIM mission.

Alternatively, a launch delay would provide re-

laxation of the critical path driven by the procure-
ment of the charge coupled devices and more time
for the preparation, simulation, and testing of the
FAME data reduction and analysis procedures and
the scientific investigations.
8.2 Implementation Plan Changes. The long
lead items that strain the current schedule will be
ordered with a more robust time line. This will be
particularly true for the CCD procurement.

If the start of Phase B is delayed by 1 year, we
will downsize the staff to the PM, the S/C IPDT
Lead, and the Instrument IPDT Lead. USNO will
supply the MO&DA Lead, as needed, to support a
skeleton SEIT. This reduced staff will prepare the
high level project documents, including the PIP

and Level II requirements. The PI supports this
working group on matters of policy and mission
requirements. This arrangement retains key staff,
produces important products, and allows for a fast
start once the Phase B funds are available.

The development of algorithms and subsequent
software preparation will be spread over a longer
period of time to permit more simulations and test-
ing of the astrometric and photometric pipelines.

The schedule for delayed launch is given in Ta-
ble 8-1.

Table 8-1. Delayed Schedule

Phase A January to June 1999
Phase B October 1999 to June 2001
Phase C July 2001 to March 2002
Phase D April 2002 to June 2004
Launch July 2004

Phase E July 2004 to January 2008
Extended Mission January 2007 to July 2010

8.3 Cost Plan Changes. The costs for the delayed
launch are the salaries of the Program Manager
and the IDPT leads. This cost will be charged
against the reserves and is estimated to be.
Other people will be brought onto the project as
needed. The delay in procurement is anticipated to
result in no increases under the FY98 dollars cost
cap. The inflation scale should compensate for the
real year dollar increases in hardware and person-
nel.

The program costs in $FY98 are given in Table
8-2.

The FAME team will work with NASA to ar-
rive at a mutually acceptable funding profile with-
in the $140M cap.
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A. Resumes
A.1 William F. van Altena.

Education:

Ph.D. (University of California, Berkeley)
(Lick Observatory), 1966.

B.A. (University of California, Berkeley),
1962.

Professional Employment:

Instructor to Assoc. Prof., University of Chica-
go, 1966-1974.

Director, Yerkes Observatory, University of
Chicago, 1972-1974.

Professor, Department of Astronomy, Yale Uni-
versity, 1974.

President, Yale Southern Observatory, 1975-
present.

Chairman, Department of Astronomy, Yale
University, 1975-1981.

Vice President and President, International As-
tronomical Union, Commission 24 (Photographic
Astrometry), 1986-1991.

President, WIYN Observatory Board of Direc-
tors, 1996-present.

Visiting Professor, Vatican Observatory
(Rome), June-August 1977; Chinese Academy of
Sciences, May 1991; University of Barcelona,

Spain, April-August 1992; National Astronomical
Observatory of Japan, January-May 1995.

National Academy of Sciences Astronomy De-
cade Review panels, 1969-1971, 1979-1980.

Group and Committee Memberships:

Corresponding Member (elected 1997), Barce-
lona Academy of Arts and Sciences; Fellow
AAAS.

American National Standards Institute Com-
mittee PH1-3, 1970-1990.

Space Telescope Astrometry Instrument Defini-
tion Team Leader 1972-1976.

Hubble Space Telescope Astrometry Science
Team, 1977-present.

AURA Board of Directors, 1972-1974.

WIYN Board of Directors and SAC, 1996-
present.

Member of various AURA, NSF, and Space
Telescope Science Institute Visiting and Users
Committees.

HST General Observer Proposal Review Panels
for Cycles 1, 1-Revision, and 2.

NSF Advisory Committee for Astronomical
Sciences (ACAST), 1991-1993.

Member of NASA Space Interferometer Mis-
sion Science Working Group, 1996-present.

AO 98-0SS-03

A-1

Concept Study Report



Full-Sky Astrometric Mapping Explorer

FAME

A.2 John N. Bahcall.

Positions:

Indiana University, Research Fellow in Phys-
ics, 1960-1962

CalTech, Res. Fellow, Asst. Prof., Assoc. Prof.
of Physics: 1962-1970

Institute for Advanced Study, Member 1968-
1969 (term II), 1969-1970: Professor Natural Sci-
ences 1971-1997; Richard Black Professor Natural
Sciences 1997-date

Princeton University, Visiting Lecturer with
rank of Professor, 1971-date

Honors:

Warner Prize American Astronomical Society,
1970; Sloan Foundation Fellow, 1968-1971 Na-
tional Academy of Science, American Academy of
Arts and Sciences, Member 1976 James Arthur
Prize Lecturer, Harvard-Smithsonian center for
Astrophysics, May 1988 NASA Distinguished
Public Service Medal, 1992

The Jessie and John Danz Lectureship, Univer-
sity of Washington, May 1992 Academia Euro-
paea, Member 1993; Nevada Medal of Science
1994

Dannie Heinemann Prize, American Institute of
Physics/Amer. Ast. Soc. 1994

Award Medal, University of Helsinki 1996

Hans Bethe Prize, American Physical Society
1998

National Medal of Science, United States 1998

Russell Prize, American Astronomical Society
1999

Responsibilities and Offices:

Hubble Telescope Working Group, At-Large
Member, Interdisciplinary Scientist, 1973-1992

American Astronomical Society, Councillor,
President 1978-1981, 1990-1992

National Academy of Science, Chair, Section
on Astronomy, 1980-1983

National Academy of Sciences, Chair Astron.
And Astrophys. Survey Committee, 1989-1991

National Academy of Sciences, Chair Panel on
Neutrino Astrophysics 1994-1995

Chair, U.S. National Committee of the Interna-
tional Astronomical Union 1996-1998

Books:

Neutrino Astrophysics Cambridge University
Press (1989).

Solar Neutrinos: The First Thirty Years, Addi-
son-Wesley, eds. J. Bahcall, R. Davis, P. Parker, A.
Smirnov, and R. Ulrich (1995).

Unsolved Problems in Astrophysics, John N.
Bahcall and Jeremiah P. Ostriker eds., Princeton
University Press (1997).

The Redshift Controversy, auths. H. Arp & J.
Bahcall, ed. G. Field, Addison-Wesley (1973).

The Decade of Discovery in Astronomy and As-
trophysics, J. Bahcall, Chair, and NAS Survey
Committee Members, National Academy Press
(1991).
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A.3 Charles A. Beichman.

Education:

A.B. (Astronomy), Magna Cum Laude, 1973,
Harvard College, Cambridge, Massachusetts

M.S. (Astronomy), 1975, University of Hawaii,
Honolulu, Hawaii

M.S. (Physics), 1976, University of Hawaili,
Honolulu, Hawaii

Ph.D.(Astronomy), 1979, University of Hawaii,
Honolulu, Hawaii (Thesis advisor Dr. E.E. Beck-
lin)

Professional Employment:

JPL Chief Scientist, Origins Program, 1999-
present

Director, Infrared Processing and Analysis
Center, 1991-1999

Origins Program Scientist at JPL, 1996-1999

Member, Institute for Advanced Study, 1990-91

Associate in Astronomy, California Institute of
Technology, 1991-present

Program Scientist, Astrophysics Division, Jet
Propulsion Laboratory, 1988-1990

Visiting Scientist, Ecole Normale Superieure,
Paris, various times from 1986-present.

Project Scientist, Infrared Processing and Anal-
ysis Center (California Institute of Technology),
1985-1989

Supervisor, Infrared Astrophysics Group (JPL),
1984-1990

Project Scientist, IRAS Project, 1984-85

Awards:

NASA Exceptional Service Medal, 1985

Group and Committee Memberships

NASA Origins Subcommittee, 1996-present

Gemini Science Committee (National and In-
ternational), 1990-1995

2MASS Science Team, 1990-present

Terrestrial Planet Finder Science Working
Group, Co-chair, 1997-present

Member and Executive Secretary, 1988-90 As-
tronomy and Astrophysics Survey Committee (Na-
tional Research Council)

SIRTF Photometer (MIPS) Science Team,
1983-present

IRAS Science Team, 1981-88

Recent Publications:

Articles:

1. “First Results from the ISO-IRAS Faint Gal-
axy Survey,” with D.A. Levin, C.J. Lonsdale, R.L.

Hurt, H.E. Smith, G. Helou, C.A. Beichman, C.
Cesarsky, et al. 1998. Astrophys. J., 504, 64L.

2. “The ISOPHOT Far-infrared Serendipity
North Ecliptic Pole Minisurvey.” with M. Stickel,
S. Bogun, D. Lemke, U. Klaas, L.V. Toth, U.
Herbstmeier, G. Richter, R. Assendorp, R. Lau-
reijs, M.F. Kessler, M. Burgdorf, C.A. Beichman,
M. Rowan-Robinson, and A. Efstathiou, 1998. As-
tron. Astrophys., 336, 116-122.

3. “The ISO-IRAS Faint Galaxy Survey.” H.E.
Smith, R.L. Hurt, D.J. Lonsdale, D.A. Levine, G.
Helou, C.A. Beichman, et al. 1998. The Young
Universe, ASP Conference Series, Vol. 146.

4. “The Terrestrial Planet Finder: The Search
for Life-Bearing Planets Around Other Stars.” by
C.A. Beichman, 1998. SPIE Conference Proceed-
ings, March 20-28, 1998, Kona, Hawaii, No.
3350-719B.

5. “Exo-zodiacal Disk Mapper: A Space Inter-
ferometer to Detect and Map Zodiacal Disks
around Nearby Stars”, with P.Y. Bely, R. Burg, L.
Petro, J. Gay, P. Baudoz, Y. Rabbia, J-M, Perrin,
L.A. Wade, and C.A. Beichman, 1998. SPIE Con-
ference Proceedings, March 20-28, 1998, Kona,
Hawaii, No. 3350-698B.

6. “Planet Discoverer Interferometer (PDI) I: A
potential Precursor to Terrestrial Planet Finder”,
with N.J. Woolf, J.R.P. Angel, C.A. Beichman,
J.H. Burge, M. Shao and D.J. Tenerelli, 1998.
SPIE Conference Proceedings, March 20-28,
1998, Kona, Hawaii, No. 3350-683W.

Books:

The Explanatory Supplement to the IRAS Cata-
logs and Atlases, edited by C.A. Beichman, G.
Neugebauer, P. Clegg, H. Habing and T. Chester,
1985, NASA Printing Office; second edition 1988,
Government Printing Office.

The Decade of Discovery in Astronomy and As-
trophysics, with the Astronomy and Astrophysics
Survey Committee.

The Road Map for The Exploration of Neigh-
boring Planetary Systems, with the ExXNPs team,
edited by C.A. Beichman, 1996, JPL Publication
96-22.

Terrestrial Planet Finder, by C.A. Beichman,
N.J. Woolf, and C.A. Lindensmith, 1999, JPL Pub-
lication.
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A.4 Alan P. Boss.

Education:

University of California, Santa Barbara, M.A.
1975, Ph.D. 1979 (Physics)

University of South Florida, B.S. 1973 (Phys-
ics)

Affiliations:

American Astronomical Society (AAS), Divi-
sion for Planetary Science of AAS, Division on
Dynamical Astronomy of AAS

American Geophysical Union

American Association for the Advancement of
Science

International Astronomical Union

Meteoritical Society

Professional Experience:

Staff Member, 1983-present, Carnegie Institu-
tion of Washington, Department of Terrestrial
Magnetism

Staff Associate, 1981-1983, Carnegie Institu-
tion of Washington, Department of Terrestrial
Magnetism

Resident Research Associate, 1979-1981,
NASA Ames Research Center, Space Science Di-
vision

Selected Professional Committees:

NASA Origins of Solar Systems Workshops
(1986-87)

NAS/NRC Committee on Cooperation with the
USSR on Planetary Sciences (1988-89)

NASA Planetary Systems Science Working
Group (1988-91,1994)

NAS/NRC Committee on Planetary and Lunar
Exploration (1990-93)

NASA Toward Other Planetary Systems Sci-
ence Working Group (1991-93)

NASA Origins of Solar Systems Management
Operations Working Group (1994-)

Chair, DDA/AAS Brouwer Award Selection
Committee (1994-95)

Chair, NASA Planetary Systems Science Work-
ing Group (1995-96)

NASA Keck Review Team (1995-96)

NASA Solar System Exploration Subcommit-
tee (1995)

NASA Keck/IRTF Management Operations
Working Group (1996-98)

NASA Astronomical Search for Origins and
Planet. Systems Subcommittee (1996-98)

NASA Space Interferometry Mission Science
Working Group (1996-)

Chair, NASA Origins of Solar Systems Man-
agement Operations Working Group (1998-)

NASA Astrobiology Roadmap Team (1998)

Recent Conference Organization Committees:

Vice Chair, Gordon Research Conference on
Origins of Solar Systems (1997)

Co-Chair (Co-Editor of book) Protostars &
Planets IV Conference (1998)

Scientific Organizing Committee, The Interna-
tional Origins Conference, Estes Park, Colorado
(1997)

Organizing Committee, Origin of the Earth and
Moon Conference, Monterey, California (1998)

Scientific Organizing Committee, Euroconfer-
ence on Extrasolar Planets, Lisbon, Portugal
(1998)

Chair, Gordon Research Conference on Origins
of Solar Systems (1999)

Recent Relevant Publications:

A. P. Boss 1997, Giant Planet Formation by
Gravitational Instability, Science, 276, 1836-1839.

A. P. Boss 1998, Temperatures in Protoplane-
tary Disks, Annual Reviews of Earth and Planetary
Sciences, 26, pp. 53-80.

A. P. Boss 1998, Astrometric Signatures of Gi-
ant Planet Formation, Nature, 393, 141-143.

A. P. Boss 1998, Evolution of the Solar Nebula.
I'V. Giant Gaseous Protoplanet Formation, Astro-
physical Journal, 503, 923-937.

A. P. Boss 1998, Planet Formation: Twin Plane-
tary Systems in Embryo, Nature, 395, 320-321.
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A.5 David Van Buren.

Education:

Ph.D. (University of California, Berkeley),
1983.

Professional Employment:

Senior Research Fellow, Theoretical Astro-
physics, California Institute of Technology, 1992.

Staff Scientist, Infrared Processing and Analy-
sis Center, California Institute of Technology and
Jet Propulsion Laboratory, 1993-present.

Group and Committee Memberships:

Member of the Space Interferometry Mission
Science Working Group.

Architect for the Interferometry Science Center
at Caltech/JPL.

Publications:

Van Buren, D., Terebey, S., Ressler, M., and
Brundage, M., 10 Micron Search for Cool Com-
panions, 1998, AJ, accepted.

Boden, A. F., Sao, M., & Van Buren D., Astro-
metric Observations of Macho Gravitational Mi-
crolensing, 1998, ApJ, 502, 538.

Terebey, S., Van Buren, D., Padgett, D., Han-
cock, T., & Brundage, M., A Candidate Protoplan-
et in Taurus, 1998, AplJ Letters, accepted.

Wade, L. A., Llilienthal, G. W., Terebey, S., Ka-
dogawa, H., Hawarden, T. G., Rourke, K., & Van
Buren, D., Mid-Infrared Optimized Resolution
Spacecraft (MIRORS), 1996, Boulder Meeting on
Spacecraft Technologies, Conference Proceedings.

Jarrett, T. H., Beichman, C. A., Van Buren, D.,
Gautier, N., Jorquera, C., & Bruce, C., Palomar
Prime-Focus Infrared Cameras (PFIRCAM),
1993, Infrared Arrays: The Next Generation,
McLean, 1., ed. (Kluwer).

1995 “A Study Of The Accuracy To Narrow
Field Astrometry Using Star Trails Taken With

The CFHT”, Publications of the Astronomical So-
ciety of the Pacific, 107, 399. I. Hand and G. Gate-
wood.

1995 “MAP Based Trigonometric Parallaxes
Of Open Clusters: Coma Berenices”, Astrophysi-
cal Journal, 450, 364. G. Gatewood and J. Kiewiet
de Jonge.

1995 “MAP Based Trigonometric Parallaxes
Of Altair And Vega”, Astrophysical Journal, 445,
712. G. Gatewood.

1995 “A MAP Based Study of ADS 14893,
Astronomical Journal, 110, 1880. G. Gatewood
and I. Han.

1996 “Lalande 21185”, Bulletins of the Ameri-
can Astronomical Society, 20, 885. G. Gatewood.

1997 “MAPS, The Multichannel Photometer
with Spectrograph: A New Instrument for the
Characterization of Extrasolar Planetary Sys-
tems”, in ASP Conf. Ser. 119. G. Gatewood, A.
Snyder Hale, D.S. Hale, W.T. Persinger, R.S. Mc-
Millan, J.L. Montani, T.L. Moore, T.L., and M.L.
Perry.

1997 “FAME, Fizeau Astrometric Mapping Ex-
plorer”, A.J. Seidelman et al.

1998 “Correlation of the Hipparcos and Allegh-
eny Observatory Parallax Catalogs”, Astronomical
Journal, 116, 1591. G. Gatewood, J. Kiewiet de
Jonge, and W.T. Persinger.

1999 “On the Systems of the Hipparcos and Al-
legheny Observatory Parallax Catalogs”, in Mod-
ern Astrometry and Astrodynamics, 37. G. Gate-
wood, J. Kiewiet de Jonge, W.T. Persinger, and T.
Reiland.

1999 “The Pleiades, MAP Based Trigonometric
Parallaxes Of Open Clusters V”, Astrophysical
Journal, reviewed but page not set.
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A.6 George D. Gatewood.

Education:

B.A. Astronomy, University of South Florida
(1965); M.A. Astronomy, University of South
Florida (1968) (University Scholar’s Award);
Ph.D. Astronomy, University of Pittsburgh (1972)
(Zaccheus Daniel Fellowship)

Research Concentration:

Astrometry, astronomical instrumentation; sta-
tistical methods; stellar astrophysics; observation-
al discovery and study of planetary systems.

Present Position:

Professor, Physics and Astronomy, Geology
and Planetary Science; Director, Allegheny Obser-
vatory, University of Pittsburgh

Professional Organizations:

American Astronomical Society, divisions of
Dynamical Astronomy and Planetary Science; In-
ternational Astronomical Union, commissions on
Astronomy, Binary Stars, and Life Sciences.

Patent:

United States Patent Application Serial
#236,023, “Apparatus for Processing Electromag-
netic Radiation and Method”, 54 claims allowed:
January 19, 1983

Concurrent Activities:

Extrasolar Planetary Foundation, Chairman
1984-present

Director, Allegheny Observatory, 1977-present

Principal Investigator, The Allegheny Observa-
tory Search for Planetary Systems, 1977-present

Principal Investigator, The Allegheny Observa-
tory Trigonometric Parallax Program, 1974-
present

Recent Publications:

1995 “A Study of the Astrometric Motion of
Barnard’s Star”, Astrophysics and Space Sciences
223, 91. G. Gatewood

1995 “Astrometric Studies in the Region of Al-
gol”, Astronomical Journal, 109, 434. G. Gate-
wood, J. Kiewiet de Jonge, and W.D. Heintz.
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A.7 Marvin E. Germain.

Education:

Ph.D. (Physics), University of Arizona, 1993.

M.S. (Physics), University of Arizona, 1986.

B.A. (Physics), Canisius College, 1983.

Professional Employment:

Astronomer, U.S. Naval Observatory, 1993-
present.

Group and Committee Memberships:

American Astronomical Society.

Society of Photo-Optical Instrumentation Engi-
neers.

Recent Publications:

Germain, M. E., Douglass, G. G., and Worley,
C. E., “Speckle Interferometry at the US Naval
Observatory 11, ApJ, in press.

Germain, M. E., Douglass, G. G., and Worley,
C. E., “Speckle Interferometry at the US Naval
Observatory II1”, ApJ, in press.

Nordgren, T. E., Germain, M. E., Benson, J. A.,
Mozurkewich, D., Sudol, J. J., Elias II, N. M.,
Hajian, A. R., White, N. M., Hutter, D. J.,
Johnston, K. J., Gauss, F. S., Armstrong, J. T.,
Pauls, T. A, and Rickard, L. J., “Stellar Angular
Diameters of Late-Type Giants and Supergiants
Measured with the Navy Prototype Optical Inter-
ferometer”, ApJ, submitted.

FAME Participation:

Derivation of algorithms and writing of soft-
ware simulations for data analysis.
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A.8 Andrew Gould.

Education:

Ph.D. (Physics), Stanford University, 1988.

B.Sc. (Mathematics), Stanford University,
1971.

Professional Employment History:

Associate Professor, Ohio State University,
1996-present.

Assistant Professor, Ohio State University,
1993-1996.

Postdoctoral Fellow, Institute for Advanced
Study, 1988-1993.

Actuary, William M. Mercer, San Francisco,
1982-1984.

Body Sealer, Ford Motor Co., Milpitas, CA,
1973-1981.

Honors and Awards:

1994 recipient of Alfred P. Sloan Fellowship.

Recent Relevant Publications:

Gould, A., “MACHO Parallaxes From A Single
Satellite,” 1995, ApJ, 441, L21.

Nemiroff, R. J. & Gould, A., Probing For MA-
CHOs of Mass 10-15 M to 10-7 M with Gamma-

Ray Burst Parallax Spacecraft, 1995, ApJ, 452,
L111.

Gould, A., Bahcall, J. N., & Flynn, C., M
Dwarfs From Hubble Space Telescope Star Counts
III: The Groth Strip, 1997, ApJ, 482, 913.

Gould, A. & Gaudi, B. S., Femtolens Imaging
of a Quasar Central Engine Using a Dwarf Star
Telescope, 1997, ApJ, 486, 687.

Palanque-Delabrouille, N. et al., Microlensing
towards the Small Magellanic Cloud. EROS 2 first
year survey, 1998, A&A, 332, 1.

Gould, A., & Popowski, P., Systematics of RR
Lyrae Statistical Parallax III: Apparent Magni-
tudes and Extinctions, 1998, ApJ, 508, 844.

FAME Participation:

Dr. Gould will focus on using FAME proper
motions and parallaxes to extract information
about Galactic structure, with primary emphasis
on determining the mass density and mass profile
of the Galactic disk. Dr. Gould has considerable
experience in this area dating back to 1989. His
most recent paper on this subject is listed above,
Gould, Bahcall, & Flynn (1997).
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A.9 Thomas P. Greene.

Education:

Ph.D. (Astronomy), University of Arizona,
1991.

Certificate, University of Arizona, Graduate
Optics Short Course, 1985.

B.A. (Physics), University of California at San-
ta Cruz, 1982.

Professional Employment:

Astrophysics Branch Chief, NASA Ames Re-
search Center, Moffett Field, CA, 1998-present

Research Scientist, Lockheed Martin Missiles
and Space Advanced Technology Center, Palo Al-
to, CA (Manager of SIRTF and NGST Instrumen-
tation Development), 1997-98

Division Chief, NASA Infrared Telescope Fa-
cility, and Associate Astronomer, University of
Hawaii Institute for Astronomy, Honolulu, HI,
1996-97

Assistant Astronomer, U. H. Institute for As-
tronomy NASA IRTF Cryogenic Echelle
(CSHELL) Spectrograph Project Scientist, 1992-
96.

National Research Council Research Associate,
NASA Ames Research Center, Moffett Field, CA.
1991-92

Graduate Research and Teaching Assistant,
University of Arizona, Tucson, AZ, 1985-91

Research Engineer and Software Engineer, Na-
nometrics Inc., Sunnyvale, CA, 1983-85

Group and Committee Memberships:

American Association for the Advancement of
Science

American Astronomical Society.

Astronomical Society of the Pacific.

Society of Photo-Optical Instrumentation Engi-
neers.

Recent Relevant Publications:

Wilking, B. W., Greene, T. P., & Meyer, M. R.,
Spectroscopy of Brown Dwarf Candidates in the r
Ophiuchi Molecular Core, 1999, AJ, 117, 469.

Mainzer, A., Greene, T., Young, E., et al., The
Pointing Calibration and Reference Sensor for the
Space Infrared Telescope Facility, 1998, Proc.
SPIE, 3356, 1095.

Greene, T. P. & Lada, C. J., Near-Infrared Spec-
tra of Flat-Spectrum Protostars: Extremely Young
Photospheres Revealed, 1997, AJ, 114, 2157.

Greene, T. P. & Joseph, R. D., The NASA Infra-
red Telescope Facility, 1997, BAAS, Annual Ob-
servatory Report.

Greene, T. P. & Lada, C. J., Near-Infrared Spec-
tra and the Evolutionary Status of Young Stellar
Objects: Results of a 1.1 - 2.4 mm Survey, 1996,
Al, 112, 2184.

Watarai, H., Hayata, E., Matsumoto, T., Taka-
hashi, H., Tutui, Y., Yoda, H., Matsuhara, H., &
Greene, T. P., MIRFI: A Mid-Infrared Fabry-Perot
Imager, 1996, PASP, 108, 1033.

Greene, T. P. & Meyer, M. R., An Infrared
Spectroscopic Survey of the rho Ophiuchi Young
Stellar Cluster: Masses and Ages from the H-R Di-
agram,1995, ApJ, 450, 233.

Greene, T. P., Tokunaga, A. T., Toomey, D. W,
& Carr, J. S., CSHELL: A High Spectral Resolu-
tion 1 - 5 micron Cryogenic Echelle Spectrograph
for the IRTF, 1993, Proc. SPIE, 1946, 313.

Witteborn, F. C., Greene, T. P., Wooden, D. H.,
& Cohen, M., Future Airborne IR Spectrometers:
Improved Efficiency and Calibration, 1993, in As-
tronomical Infrared Spectroscopy: Future Obser-
vational Directions, ed. S. Kwok, A. S. P. Confer-
ence Series 41, p. 365.

Greene, T. P. & Young, E. T., Near-Infrared Ob-
servations of Young Stellar Objects in the rho
Ophiuchi Dark Cloud, 1992, ApJ, 395, 516.

FAME Participation:

Provide scientific oversight in the construction
of the FAME instrument. Use FAME data to iden-
tify nearby star forming regions outside of molec-
ular cores and to study the earliest stages of pre-
main-sequence stellar evolution.
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A.10 Hugh C. Harris.

Education:

Ph.D. (Astronomy), Univ. of Washington,
1980.

B.S. (Engineering Physics), Cornell Univ.,
1970.

Positions:

Astronomer, U.S. Naval Observatory, Flagstaff
AZ. 1985-present.

Res. Assoc., Dominion Astrophysical Observa-
tory, Victoria BC. 1980-1985.

Res. Assoc., McMaster Univ., Hamilton ON.
1983-1985.

Relevant Publications:

A Photoelectric Radial-Velocity Spectrometer
on the 1.2-m Telescope of the Dominion Astro-
physical Observatory. Fletcher, J.M., Harris, H.C.,
McClure, R.D., & Scarfe, C.D. 1982, PASP, 94,
1017.

A Catalogue of Field Type II Cepheids. Harris,
H.C. 1985, AJ, 90, 756.

Population II Variables. Harris, H.C. 1987, in
Stellar Pulsation, ed. A.N. Cox, W.M. Sparks, &
S.G. Starrfield (Springer, Berlin), 274.

CCD Astrometry at the U.S. Naval Observato-
ry. Harris, H.C., Monet, D.G., & Stone, R.C.
1990, in CCDs in Astronomy. II. New Methods
and Applications of CCD Technology, ed. A.G.D.
Philip, D.S. Hayes, & S.J. Adelman (Davis Press,
Schenectady), 49.

Photometric Calibration of the HST Wide-
Field/Planetary Camera. I. Ground-Based Obser-
vations of Standard Stars. Harris, H.C., Baum,
W.A., Hunter, D.A., & Kreidl, T.J. 1991, AJ, 101,
677.

Seeing Measurements and Observing Statistics
at the U.S. Naval Observatory, Flagstaff Station.
Harris, H.C., & Vrba, F.J. 1992, PASP, 104, 140.

Photometric Calibration of the HST Wide-
Field/Planetary Camera. II. Ground-Based Obser-
vations of Calibration Fields. Harris, H.C., Hunter,
D.A., Baum, W.A., & Jones, J.H. 1993, AJ, 107,
1196.

The Globular Cluster NGC 6366: Its Blue
Stragglers and Variable Stars. Harris, H.C. 1993,
AlJ, 107, 604.

Trigonometric Parallaxes of Planetary Nebulae.
Harris, H.C., Dahn, C.C., Monet, D.G., & Pier,
J.R. 1997, in IAU Symp. 180, Planetary Nebulae,
ed. H.J. Habing & H. Lamers (Kluwer, Dor-
drecht), 40.

Accurate Ground-Based Parallaxes to Compare
with Hipparcos. Harris, H.C., Dahn, C.C., & Mo-
net, D.G. 1997, in Hipparcos Venice 97, ed. B.
Battrick (ESA SP-402), 107.

Astrometry and Photometry for Two Dwarf
Carbon Stars. Harris, H.C., Dahn, C.C., Walker,
R.L., Luginbuhl, C.B., Monet, A.B., Guetter, H.H.,
Stone, R.C., Vrba, F.J., Monet, D.G., & Pier, J.R.
1998, AplJ, 502, 437.

Astrometry and Photometry for Brown Dwarf
Candidates in the Hyades. Harris, H.C., Vrba, F.J.,
Dahn, C.C., Guetter, H.H., Henden, A.A., Lugin-
buhl, C.B., Monet, A.K.B., Monet, D.G., Pier,
J.R., Stone, R.C., & Walker, R.L. 1999, Astron.J.
117, 339.

A Very Low Luminosity, Very Cool, DC White
Dwarf. Harris, H.C., Dahn, C.C., Vrba, F.J.,
Henden, A.A., Liebert, J., Schmidt, G.D., & Reid,
I.N. 1999, AplJ, 125, in press.

Star Clusters. Harris, H.C., & Harris, W.E.
1999, in Astrophysical Quantities, ed. A.N. Cox
(Springer, Berlin), in press.
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A.11 Scott D. Horner.

Education:

Ph.D., Astronomy and Astrophysics, University
of Chicago, 1994.

M.Sc., Astronomy and Astrophysics, Universi-
ty of Chicago, 1988.

B.Sc., Physics and Astronomy (dual concentra-
tion), University of Michigan, 1987.

Honors and Awards:

1994 recipient of the Chrétien International Re-
search Grant.

Professional Employment:

Astronomer, U.S. Naval Observatory, Astrome-
try Department, 1998-present.

Medium Resolution Spectrograph Instrument
Scientist (Research Associate), Pennsylvania State
University, Department of Astronomy and Astro-
physics, 1996-1998.

U.S. Project Manager XMM Optical Monitor
(Research Associate), Pennsylvania State Univer-
sity, Department of Astronomy and Astrophysics,
1994-1996.

Project Scientist XMM Optical Monitor (Re-
search Associate), Pennsylvania State University,
Department of Astronomy and Astrophysics,
1993-1994.

Relevant Experience:

Proposal Manager — Full-sky Astrometric Map-
ping Explorer (MIDEX)

Co-Investigator and UVOT Instrument Lead —
Swift Gamma Ray Observatory (MIDEX)

Co-Investigator — Stellar and Planetary Explor-
er (UNEX mission)

Co-Investigator — Advanced Fiber Optic
Echelle group (planet detection and asteroseismol-
ogy)

U.S. Project Manager — XMM Optical/UV
Monitor (ESA Cornerstone)

Recent Relevant Publications:

Brown, T. M., Kotak, R., Horner, S. D., Ken-
nelly, E. J., Korzennik, S. G., Nisenson, P., & Noy-
es, R. W., Exoplanets or Dynamic Atmospheres?
The Radial Velocity and Line Shape Variations of
51 Pegasi and Tau Bootis, 1998, ApJS 117, 563

Brown, T. M., Kotak, R., Horner, S. D., Ken-
nelly, E. J., Korzennik, S. G., Nisenson, P., & Noy-
es, R. W., A Search for Line Shape and Depth
Variations in 51 Pegasi and Tau Bootis, 1998,
ApJL 494, L 85

Kennelly, E. J., Brown, T. M., Kotak, R., Sigut,
T. A. A., Horner, S. D., Korzennik, S. G., Nisen-
son, P., Noyes, R. W., Walker, A., & Yang, S., The
Oscillations of Tau Pegasi, 1998, ApJ 495, 440

Noyes, R. W., Jha, S., Korzennik, S. G., Krock-
enberger, M., Nisenson, P., Brown, T. M., Kennel-
ly, E. J., & Horner, S. D., A Planet Orbiting the
Star Rho Coronae Borealis, 1997, ApJL 483, L
111

Brown, T. M., Kennelly, E. J., Korzennik, S. G.,
Nisenson, P., Noyes, R. W., & Horner, S. D., A Ra-
dial Velocity Search for p-mode Pulsations in m
Bootis, 1997, ApJ 475, 322

Horner, S. D., The Search for Pulsations in
Four Late-type Giants, 1996, ApJ 460, 449
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A.12 John P. Huchra.

Education:

Ph.D. (Astronomy), California Institute of
Technology, 1977.

SB (Physics), Massachusetts Institute of Tech-
nology, 1970.

Professional Employment:

Senior Astronomer, Smithsonian Astrophysical
Observatory, 1989-present.

Professor of Astronomy, Harvard University,
1984-present.

Associate Director, Center for Astrophysics,
1989-1998.

Astronomer, Smithsonian Astrophysical Obser-
vatory, 1978-19809.

Center Fellow, Harvard-Smithsonian Center for
Astrophysics, 1976-1978.

Recent Relevant Publications:

Huchra, J., Hubble's Constant, 1992, Science,
256, 321

Mould, J., Huchra, J., Bresolin, F., Ferrarese,
L., Ford, H., Freedman, W., Han, M., Harding, P.,
Hill, R., Hoessel, J., Hughes, S., Illingworth, G.
Kelson, D., Kennicutt, R., Madore, B., Phelps, R.,
Saha, A., Silbermann, N. Stetson, P., & Turner, A.,
Limits on the Hubble Constant from the Distance
of M100, 1995, Apl, 449, 413

Kennicutt, R., Stetson, P., Saha, A., Kelson, D.,
Rawson, D., Sakai, S., Madore, B., Mould, J.,
Freedman, W., Bresolin, F., Ferrarese, L., Ford, H.,
Gibson, B., Graham, J., Han, M., Harding, P., Hoe-
ssel, J., Huchra, J., Hughes, S., Illingworth, G.,
Macri, L., Phelps, R., Silberman, N., Turner, A., &
Wood, P., The HST Key Project on the Extragalac-
tic Distance Scale XIII. The Metallicity Depen-
dence of the Cepheid Distance Scale, 1998, AplJ,
498, 181

Hill, R., Ferrarese, L., Stetson, P., Saha, A.,
Freedman, W., Ford, H., Graham, J., Hoessel, J.,
Han, M., Huchra, J., Hughes, S., lllingworth, G.,
Kelson, D., Kennicutt, R., Bresolin, F., Harding,
P., Turner, A., Madore, B., Sakai, S., Silbermann,
N., Mould, J., & Phelps, R., The Extragalactic Dis-
tance Scale Key Project V. Photometry of the
Brightest Stars in M100 and the Calibration of the
WEFPC2, 1998, ApJ, 496, 648

Macri, L., Huchra, K., Stetson, P., Silberman,
N., Freedman, W., Kennicutt, R., Mould, J., Fer-
rarese, L., Ford, H., Graham, J., Han, M., Harding,
P., Hill, R., Hoessel, J., Hughes, S., Illingworth,
G., Madore, B., Phelps, R., Saha, A., & Sakai, S.,
The Extragalactic Distance Scale Key Project
XVIII. The Discovery of Cepheids and a New Dis-
tance to N4535 Using the Hubble Space Tele-
scope, 1998, ApJ, submitted
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A.13 William H. Jefferys.

Education:

Ph.D. Yale University, 1965.

M.S., Yale University, 1964.

B.A. (Astronomy), High Honors & High Dis-
tinction, Wesleyan, 1962.

Professional Employment:

Chairman, Department of Astronomy, Univer-
sity of Texas, 1994-1998.

Harlan J. Smith Centennial Professor, 1985-
present; Professor, 1979-1985; Associate Profes-
sor, 1968-1979; Assistant Professor, 1966-1968;
University of Texas at Austin.

Instructor, Wesleyan University, 1964-1965.

Honors and Awards:

NASA Medal for Exceptional Scientific
Achievement, 1992.

Research Grants:

“Space Telescope Project-Astrometry Team,”
NASA Contract NAS8-32906, $5,588,482, 1978-
1990.

“GSFC Hubble Space Telescope Guaranteed
Time Observation Program,” NASA Contract
NAS5-29285, $2,709,410, 1986-1991.

“Hubble Space Telescope Astrometry Science
Team Guaranteed Observing Time Program,”
NASA Grant NAG5-1603, $8,026,785, 1991-
1998.

Group and Committee Memberships:

Vice-chair (1980-81) and chair (1981-82), Di-
vision on Dynamical Astronomy of the AAS.
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A.14 Mark S. Johnson.

Education:

B.Sc., Electrical Engineering, Marquette Uni-
versity, 1985

University of Wisconsin, Graduate Credits,
Nov. 1985, Data Communications and Networks

George Washington University, Graduate Cred-
its, May 1986 to May 1987, Algorithmic Methods
and Advanced Microprocessors

Cooperative Education with the Naval Re-
search Laboratory; Jan. 1984 to Aug. 1984; and
the Naval Sea Systems Command, Sept. 1982 to
Aug. 1983

Experience:

Mr. Johnson has served as the Deputy Program
Manager, Project Engineer, Systems Engineer,
Electrical Systems Manager, and Lead Engineer
for more than eight spaceflight programs, projects,
and experiments of National significance. His
background includes a number of advanced flight
experiments [Microelectronics and Phototonics
Test Bed (MPTB), High Temperature Supercon-
ducting Space Experiment (HTSSE)] and space-
craft mission [Clementine, Clementine II, the
Low-power Atmospheric Compensation Experi-
ment (LACE), and the Living Plume Shield
(LIPS) III] with demonstrated expertise in ad-
vanced processors, telemetry and command sys-
tems, attitude control electronics, and integration,
test, and on-orbit operations. Mr. Johnson serves
on a number of technical advisory committees
within NRL and provides expert consultation to
selected programs and projects. Mr. Johnson is a
designated Contracting Officer’s Representative
with responsibility for over $57 million in research
and development contracts with industry.

Awards and Honors:

Letter of Appreciation, U.S. Naval Academy,
June 1997

Navy Unit Commendation, July 1996

Navy Award of Merit for Group Achievement
(HTSSE 1), April 1992

Rotary National Award for Space Achievement
and Stellar Award for Spacecraft Design, 1995;
group award presented to the Clementine project
team

NASA Medal for Exceptional Engineering
Achievement, May 1994; presented by Mr. Dan
Goldin of NASA

Outstanding Performance Award, May 1997,
June 1996, June 1995, May 1994, May 1993, April
1992, May 1991, and May 1990; Naval Research
Laboratory

Group and Committee Memberships:

The Institute of Electrical and Electronics Engi-
neers (IEEE)

The IEEE Nuclear and Plasma Sciences Soci-
ety
Selected Publications:

M.S. Johnson, et al., Single Event Effects in the
Clementine Mission. 9th Annual Single Event Ef-
fects Symposium, 12-21 April 1994.

M.S. Johnson, Clementine Parts Selection,
Screening, and Operational Results. Case Studies
Symposium on the Successful Use of Commercial
Integrated Circuits in Military Systems, Institute
for Defense Analysis, 13-15 June 1994.

M.S. Johnson, Electrical Systems Overview;
The Clementine Housekeeping Processor (HKP)
and Solid State Data Recorder (SSDR). Clemen-
tine Engineering and Technology Workshop; Bal-
listic Missile Defense Organization; Lake Tahoe,
NV, 18-19 July 1994.

M.S. Johnson, Systems Integration of the
Clementine Spacecraft. 18th Annual AAS Guid-
ance and Control Conference; Keystone, CO, 1-5
February 1995. AAS Paper 95-027.

P.A. Regeon, P.R. Lynn, M.S. Johnson, and R.J.
Chapman. The Clementine Lunar Orbiter. Pro-
ceedings of the 20th International Symposium on
Space Technology and Science (20th ISTS), Vol. I,
pp. 841-850, 19-25 May 1996.
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A.15 Kenneth J. Johnston.

Education:

Ph.D. (Astronomy), Georgetown Univ., 1969.

B.S.E.E., Manhattan College, 1964.

Experience:

Dr. Johnston’s career has been devoted to As-
trophysical and Remote Sensing of celestial and
earth based phenomena. He is an expert in astro-
metric measurements of celestial objects at optical
and radio wavelengths. He pursued research in
centimeter wavelength astronomy, studying the
physics of molecular clouds that give rise to star
formation using single telescopes and high angular
resolution techniques like radio interferometry us-
ing connected link antennas and Very Long Base-
line Interferometry (VLBI). He developed astro-
metric techniques at radio wavelengths using in-
terferometry eventually resulting in a radio refer-
ence frame based on extragalactic radio sources
with accuracies of 0.1 milliarcsecond. He has ap-
plied VLBI’s astrometric techniques to optical
wavelengths with the Navy Prototype Interferome-
ter. This instrument is the first imaging optical in-
terferometer and measures star positions over
large angles to a milliarcsecond. Dr. Johnston has
extensive experience in managing large programs.
While at the Naval Research Laboratory (NRL),
he was Chief Scientist and Director of the Center
for Advanced Space Sensing, Superintendent for
both the Remote Sensing Division and the Space
Systems Technology Department. He currently
serves as Scientific Director for the U.S. Naval
Observatory, with responsibility for the Navy’s
precise time, time interval and astrometry pro-
grams.

Awards and Honors:

Sigma Xi Award for Pure Science, NRL, 1985

Alexander von Humboldt Senior Scientist
Award, 1985

Max Planck Research Award, 1990

Group and Committee Memberships:

Member, American Astronomical Society

Member, International Astronomical Union

Member, International Union of Radio Science

Member, Royal Astronomical Society

Visiting Committees for the National Radio As-
tronomy Observatory, Northeast Radio Astronomy
Cooperation, and Fachbeirat of the Max Planck In-
stitut fur Radioastronomie

National Academy of Science Committees on
Space Science and Astronomy

Subcommittees Interferometry and Radio As-
tronomy for the NAS Report on Astronomy for the
1990s

Recent Relevant Publications:

Johnston, K. J., Knowls, S. H., Sullivan III, W.
T., Moran, J. M., Burke, B. F., Lo, K. Y., Papa, D.
C., Papadopoulos, G. D., Schwartz, P. R., Knight,
C. A., Shapiro, . I., & Welch, W. J., An Interfer-
ometer Map of the Water Sources in W49, 1971,
ApJ (Letters), 166, L21.

Johnston, K. J., Wolfe, A. M., Broderick, J. M.,
& Condon, J. J., 3C286; A Cosmological QSO?,
1976, ApJ (Letters), 208, L47.

Johnston, K. J. & Wade, C. M., Precise Posi-
tions of Radio Sources V. positions of 36 Sources
Measured with a Baseline of 35 KM, 1977, AJ, 82,
791.

Johnston, K. J., Elvis, M., Kjer, D., Shen, B. S,
Radio Jets in NGC 4151, 1982, ApJ, 262, 61.

Johnston, K. J., Palmer, P., Wilson, T. L., & J.
H. Beiging, The Distribution of 6 Centimeter
H2CO in the Orion Molecular Cloud, 1983, ApJ
(Letters), 271, L89.

Johnston, K. J., Florkowski, D. R., Wade, C.
M., & deVegt, C., Stellar Radio Astrometry III,
Preliminary Comparison of the Radio Reference
Frame and the Optical FK4 Reference Frame by
Use of Stellar Radio Emission, 1985, AJ, 90, 2390.

Johnston, K. J., Spencer, R. E., Swinney, R. W.,
& Hjellming, R. M., The 1983 Radio Outburst of
Cyg X-3: Relativistic Expansion at 0.35¢, 15 Oct
1986, ApJ, 309, 694.

Johnston, K. J., Gaume, R., Stolovy, S., Wilson,
T. L., Wamsley, C. M., & Menten, K. M., The Dis-
tribution of 62-61 and 52-51 Type Methanol Ma-
sers in OMC-1, 1992, AplJ, 385, 232.

Johnston, K. J., Fey, A., Zacharaias, N., Rus-
sell, J. L., Ma, C., deVegt, C., Reynolds, J.,
Jauncey, D., Archinal, B., Carter, M. S., Corbin, T.
E., Eubanks, T. M., Florkowski, D. R., Hall, D.
M., McCarthy, D., McCulloch, P. M., King, E. A.,
Nicolson, G., & Shaffer, D. B., A Radio Reference
Frame, 1995, AJ, 110, 880.

Johnston, K. J., and deVegt, C., Reference
Frames in Astronomy, 1999, Ann. Rev. Astron.
Astrophys., 37, 29.
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A.16 David W. Latham.

Education:

Ph.D. (Astronomy), Harvard University, 1970.

SB, (Mathematics), Massachusetts Institute of
Technology, 1961.

Professional Employment:

Senior Astronomer, Smithsonian Astrophysical
Observatory, 1998-present.

Senior Lecturer, Harvard University, 1990-
present.

Associate Director, Center for Astrophysics,
1981-1989.

Astronomer, Smithsonian Astrophysical Obser-
vatory, 1965-1989.

Teaching Fellow, Lecturer, Harvard University,
1961-1989.

Recent Relevant Publications:

Latham, D. W., Mazeh, T., Stefanik, R. P., May-
or, M., & Burki, G., The Unseen Companion of
HD114762: A Probable Brown Dwarf, 1989, Na-
ture, 339, 38

Latham, D. W., Mazeh, T., Stefanik, R. P.,
Davis, R. J., Carney, B. W., Krymolowski, Y.,
Laird, J., Torres, G., & Morse, J. A., A Survey of
Proper-Motion Stars. XI. Orbits for the Second 40
Spectroscopic Binaries, 1992, AJ, 104, 774

Mazeh, T., Latham, D. W., & Stefanik, R. P.,
Spectroscopic Orbits for Three Binaries with Low-
Mass Companions and the Distribution of Second-
ary Masses Near the Substellar Limit, 1996, ApJ,
466, 415

Mazeh, T., Mayor, M., & Latham, D. W., Ec-
centricity versus Mass for Low-Mass Secondaries
and Planets, 1997, ApJ, 478, 367

Latham, D. W., Radial-Velocity Searches for
Low-Mass Companions Orbiting Solar-Type
Stars, 1997, ASPC, 119, 19

Latham, D. W., Stefanik, R. P., Mazeh, T.,
Torres, G., & Carney, B. W., Low-Mass Compan-
ions Found in a Large Radial-Velocity Survey,
1998, ASPC, 134, 178

Sartoretti, P., Brown, R. A., & Latham, D. W.,
A Search for Substellar Companions around Nine
Weak-lined T-Tauri Stars with the Planetary Cam-
era 2 of the Hubble Space Telescope, 1998, A&A,
334,592

Mazeh, T., Goldberg, D., & Latham, D. W.,
Distribution of Extrasolar Planet-Candidates and

Spectroscopic-Binary Low-Mass Companions,
1998, ApJL, in press.
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A.17 David G. Monet.

Education:

Doctor of Philosophy, Astronomy and Astro-
physics, University of Chicago, 1979

Bachelor of Science, Physics and Astronomy
(dual degrees), Case Western Reserve University,
1973

Honors and Awards:

J.J. Nassau Prize, Case Western Reserve Uni-
versity (1973)

Special Achievement Award, U.S. Naval Ob-
servatory (1985)

Superintendent's Award, US Naval Observatory
(1986)

Special Achievement Award, U.S. Naval Ob-
servatory (1986)

Special Achievement Award, U.S. Naval Ob-
servatory (1988)

Special Achievement Award, U.S. Naval Ob-
servatory (1990)

Newcomb Award, U.S. Naval Observatory
(1992)

Special Achievement Award, U.S. Naval Ob-
servatory (1994)

Special Achievement Award, U.S. Naval Ob-
servatory (1995)

Asteroid 5952 (1987 EV) Davemonet (1996)

Special Achievement Award, U.S. Naval Ob-
servatory (1996)

Special Achievement Award, U.S. Naval Ob-
servatory (1997)

Special Achievement Award, U.S. Naval Ob-
servatory (1998)

Employment History:

Post-Doctoral Research Associate, Kitt Peak
National Observatory (1979-1981)

Las Campanas Observatory Fellow, Mount
Wilson and Las Campanas Observatory (1981-
1984)

Astronomer, U.S. Naval Observatory Flagstaff
Station: April 1, 1984, appointed at GS-12 level;
April 13, 1986, promoted to GS-13 level; May 7,
1987, promoted to GS-14 level (1984-present).

Recent Publications of Note:

1. Monet, D.G, et al. (1998), USNO-A2.0, (US-
NO, Washington DC).

2. U.S. Naval Observatory CCD Parallaxes Of
Faint Stars. I. Program Description And First Re-
sults. Monet, D.G., Dahn, C.C., Vrba, F.J., Harris,
H.C., Pier, J.R., Luginbuhl, C.B., and Ables, H.D.
(1992) A.J. 103, 638.
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A.18 Marc A. Murison.

Education:

Ph.D., Astronomy, August 1988, University of
Wisconsin-Madison.

A.B. magna cum laude, Astronomy, May 1983,
San Diego State University

Professional Society Memberships:

Secretary (1997-present), AAS Division on Dy-
namical Astronomy

Member, American Astronomical Society

Member, Astronomical Society of the Pacific

Member, American Institute of Physics

Member, American Physical Society

Professional Employment:

Astronomer, U.S. Naval Observatory, 1995 to
present.

Physicist, Harvard-Smithsonian Center for As-
trophysics, 1991-1995.

Physicist, Harvard-Smithsonian Center for As-
trophysics, 1989-1991.

Associate Scientist, Hubble Space Telescope
(HST) Wide Field/Planetary Camera (WF/PC),
University of Wisconsin Space Astronomy Labo-
ratory (SAL), 1988-1989.

Research Assistant, University of Wisconsin
Space Astronomy Laboratory and the Pine Bluff
Observatory, 1985-1988.

Teaching Assistant, University of Wisconsin
Astronomy Department, 1984-1985.

Research Assistant, with Stephen P. Reynolds,
National Radio Astronomy Observatory (NRAO),
Charlottesville, summer 1984

Research Assistant, with Joseph P. Cassinelli,
University of Wisconsin Astronomy Department,
1983-1984.

Research Assistant, with Arthur D. Richmond,
High Altitude Observatory (HAO), National Cen-
ter for Atmospheric Research (NCAR), Summers
1982,1983.

Recent Publications:

Chambers, J.E., and Murison, M.A. (1999).
“Pseudo-High-Order Symplectic Integrators”,
submitted to the Astronomical Journal.

Murison, M.A. (1997). “Analytical Study of
Optical Wavefront Aberrations Using Maple”, to
appear in MapleTech, Special Issue on the Use of
Maple in the Physical Sciences

R.D. Reasenberg, R.W. Babcock, M.A. Muri-
son, M.C. Noecker, J.D. Phillips, B.L. Schumaker,
J.S. Ulvestad, W. McKinley, R.J. Zielinski, and
C.F. Lillie (1996). “POINTS: high astrometric ca-
pacity at modest cost via focused design”, in the
Proceedings of the SPIE Conference #2807 on
Space Telescopes and Instrumentation I'V, (Den-
ver, CO, 6-7 August 1996).

Phillips, J.D., Babcock, R.W., Murison, M.A.,
Reasenberg, R.D., Bronowicki, A.J., Gran, M.H.,
Lillie, C.F., McKinley, W., and Zielinski, R.J.
(1995). “Newcombe, a Small Astrometric Interfer-
ometer”, to appear in The Proceedings of the SPIE
Conference #2477 on Spaceborne Interferometry
I1.

Reasenberg, R.D., Babcock, R.W., Murison,
M.A., Noecker, M.C., Phillips, J.D., and Schu-
maker, B.L. (1995). “POINTS: The Instrument
and its Mission”, to appear in The Proceedings of
the SPIE Conference #2477 on Spaceborne Inter-
ferometry II.

Murison, M.A., Lecar, M., and Franklin, F.A.
(1994). “Chaotic Motion in the Outer Asteroid
Belt and its Relation to the Age of the Solar Sys-
tem”, (719 kB) Astronomical Journal 108, 2323.

Reasenberg, R.D., Babcock, R.W., Murison,
M.A., Noecker, M.C., Phillips, J.D., Schumaker,
B.L., and Ulvestad, J.S. (1994). “POINTS: An As-
trometric Spacecraft with Multifarious Applica-
tions”, in The Proceedings of the SPIE Conference
#2200 on Space Interferometry, vol. 2200, p. 2.

Murison, M.A. (1989). “The Fractal Dynamics
of Satellite Capture in the Circular Restricted
Three-Body Problem”, Astronomical Journal 98,
2346.

AO 98-0SS-03

A-18

Concept Study Report



Full-Sky Astrometric Mapping Explorer

FAME

A.19 James D. Phillips.

Education:

Ph.D. (Physics), Stanford University, 1983.

B.Sc. (Physics), University of Michigan, 1975.

Professional Employment:

Physicist, Harvard-Smithsonian Center for As-
trophysics (CfA), Cambridge, MA, 1988-present.

Research Assistant, Research Associate, and
Lecturer, Stanford University, 1977-1988.

Research Assistant, University of Michigan,
1976.

Research Intern, Argonne National Laboratory,
1974.

Honors and Awards:

National Science Foundation Graduate Fellow-
ship.

Group and Committee Memberships:

Member, Sigma Xi

Member, American Physical Society

Optical Society of America, New England
Chapter, Program Chair

Science by Mail program of the Boston Muse-
um of Science

Judge, Lexington High School Science Fair,
1990-present

Recent Relevant Publications:

U.S. Patent issued for picometer laser distance
gauge, three Physical Review Letters articles, 24
proceedings papers, 8 abstracts.
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A.20 Robert D. Reasenberg.

Education:

Ph.D. (Physics), Brown University, 1970

B.S. (Physics), Polytechnic University, 1963

Professional Employment:

Research Associate, M.I.T., 1969-1971.

Research Staff Member, M.1.T., 1971-1979.

Principal Research Scientist, M.I.T., 1980-
1982.

Research Affiliate, M.I.T., 1983-1984.

Physicist, Smithsonian Astrophysical Observa-
tory, 1982-present.

Lecturer, International School of Cosmology
and Gravitation: 5th Course, 1977; 6th Course,
1979; 8th Course, 1982; 9th Course, 1985; 10th
Course, 1987.

Group and Committee Memberships:

Member, Sigma Xi

Member, American Association for the Ad-
vancement of Science

Member, American Astronomical Society

Member, American Physical Society

Member, International Astronomical Union

Member, International Society on General Rel-
ativity and Gravitation

Member, Mariner 9 Celestial Mechanics Team

Member, Mariner Venus/Mercury Radio Sci-
ence Team

Member, Viking Radio Science Team.

Member, Pioneer/Venus Orbiter Science Steer-
ing Group

Chairman, Committee on Gravitation and Rela-
tivity, Starprobe Mission, 1980-1981

Consultant to NASA Ames Research Center,
Evaluation of advanced high-precision space-
borne astrometric instruments, 1981-1983

Member, Planetary Systems Science Working
Group, renamed TOPSSWG, 1988-1992

Member, Ad Hoc Committee on Gravitation
Physics and Astronomy, 1989-1991

Member, Interferometry Panel, Astronomy and
Astrophysics Survey, 1989-1990

Chair, Road Map Team (one of three) for the
Exploration of Neighboring Planetary Systems,
1995-1996

Member at Large, Space Interferometry Mis-
sion Science Working Group, 1996-present

Member, Science Advisory Committee for
Gravity Probe-B, 1998-present
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A.21 Siegfried Roser.

Education:

Doctor rer. nat., (Astronomy), Universitdt
Heidelberg, 1976.

Diplom-Mathematiker, Mathematics (Master’s
degree), Universitit Heidelberg, 1972.

Professional Employment:

Astronomer, Astronomisches Rechen-Institut,
Heidelberg, 1979-present.

Astronomer, Max-Planck-Institut fiir Kern-
physik, Heidelberg, 1976-1979.

Group and Committee Memberships:

IAU: Commission 24. Member, The Organiz-
ing Committee, 1997-2000

ESA: Member, Science Advisory Group GAIA,
1997-1998

DLR: Member, Space Interferometry Working
Group (ISWG), 1995-1998

Member (Task Leader) of the FAST Committee
for the reduction of data of the ESA-mission HIP-
PARCOS, 1981-1996

Recent Relevant Publications:

Roser, S., Morrison, J., Bucciarelli, B., Lasker,
B., & McLean, B. V., Contents, Test Results, and

Data Availability for GSC 1.2., 1997, IAU Sympo-
sium No. 179, Eds. B. J. McLean, D. A.
Golombek, J. E. Hayes, H. E. Payne. Kluwer, Dor-
drecht 1997, p.420. GSC 1.2.

Bastian, U., Roser, S., Hog, E., Mandel, H., Se-
ifert, W., Wagner, S., Quirrenbach, A., Schalinski,
C., Schilbach, E., & Wicenec, A., DIVA—An In-
terferometric Minisatellite for Astometry and Pho-
tometry, 1996, Astronomische Nachrichten, 317,
281.

Lindegren, L., Roser, S., Schrijver, H., Lattanzi,
M. G., van Leeuwen, F., Perryman, M. A. C., Ber-
nacca, P. L., Falin, J. L., Froeschlé, M., Kova-
levsky, J., Lenhardt, H., & Mignard, F., A Compar-
ison of Ground-Based Stellar Positions and Proper
Motions with Provisional Hipparcos Results,
1995, Astronomy & Astrophysics, 304, 44.

Roser, S. & Bastian, U., PPM Star Catalogue.
Positions and Proper Motions for 181731 Stars
North of -2.5 Degrees Declination for Equinox
and Epoch J2000.0. Spektrum Akademischer Ver-
lag, Heidelberg, Berlin, New York, 1991.
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A.22 Philip Michael Sadler.

Education:

Ed.D., Harvard Graduate School of Education,
1992.

Ed.M., Harvard Graduate School of Education,
1974.

B.S., Physics, Massachusetts Institute of Tech-
nology, 1973.

Professional Employment:

Harvard University Graduate School of Educa-
tion, Cambridge, MA, Assistant Professor, 1992-
present; Instructor, 1991.

Frances W. Wright Lecturer on Navigation,
Harvard University, 1990-present.

Director, Science Education Department, Har-
vard-Smithsonian Center for Astrophysics, 1992-
present.

Co-investigator or project manager for these
NSF Education Projects:

O DESIGNS, middle school engineering curricu-
lum, 1995-present.

O Misconception Video Project, documentary
films on student conceptions in science, 1993-
present.

O MicroObservatory, development of low-cost
electronic telescope for school use, 1989-present.
O ARIES, elementary school curriculum devel-
opment in astronomy, 1992-1995.

O InSIGHT, development of advanced simula-
tions for introductory physics, 1989-1995.

O SPICA, summer institutes to train astronomy
workshop leaders, 1989-1991.

O Project STAR, development of high school
level astronomy course, 1985-1991.

Vice President and Co-Founder, Peripheral and
Software Marketing, Inc., Newton, MA, 1982-85.

Vice President and Co-Founder, Computer
Products Marketing, Inc., Newton, MA, 1981-85.

Learning Technologies Inc., Cambridge, MA,
President, 1977-85 (on leave 9/85-1/92); Chair-
man, 1977-present.

Teacher (grades 7 and 8) and Science Coordi-
nator, Carroll School, Lincoln, MA, 1974-77.

Honors and Awards:

Journal for Research in Science Teaching

Award, National Assoc. for Research in Science
Teaching, 1999.

Computers in Physics, Winner for MicroObser-
vatory, American Institute of Physics (shared),
1998.

Winner for Mouselab, Computers in Physics,
American Institute of Physics (shared), 1994.

Silver Plaque Award for “Sun, Moon, Stars,”
Industrial Film & Video Festival (shared), 1992.

Honorable Mention for MBL Spectrometer,
Computers in Physics, American Inst. of Physics
(shared), 1992.

Winner for Wavemaker, Computers in Physics,
American Inst. of Physics (shared), 1991.

Margaret Noble Address, Middle Atlantic Plan-
etarium Society, May 1991.

Recent Relevant Publications:

Sadler, P. M. & Luzader, W., Science Teaching
through its Astronomical Roots, The Teaching of
Astronomy, Cambridge: Cambridge University
Press, 1990, pp. 257-76.

Sadler, P. M., SPICA, A National Program of
Astronomy Workshops, Proceedings of the Inter-
national Planetarium Society, Borlange Confer-
ence, 1990.

Sadler, P. M., Projecting Spectra for Classroom
Investigations. The Physics Teacher, College Park,
MD: American Association of Physics Teachers,
MD, 29:7, 1991, pp. 423-427.

Lightman, A. & Sadler, P. M., Teacher Predic-
tions versus Actual Student Gains. The Physics
Teacher. College Park, MD: American Association
of Physics Teachers, 31:3, 1993, pp. 162-167.

Sadler, P. M., Astronomy's Conceptual Hierar-
chy, Proceedings of the Astronomy Education
Meeting, San Francisco: Astronomical Society of
the Pacific, 6/23-25/95, in press.

Leiker, P. Steven, Sadler, P. M, and Brecher,
Kenneth. The MicroObservatory: An Automated
Telescope for Education. Robotic Telescopes, As-
tronomical Society of the Pacific Conference Se-
ries, Vol. 79, 1995, pp. 93-98.

Sadler, P. M and Robert Tai. The Role of High
School Physics in Preparing Students for College
Physics. The Physics Teacher 35(5) May 1997, pp.
282-285.

Sadler, P. M. Psychometric Models of Student
Conceptions in Science: Reconciling Qualitative
Studies and Distractor-Driven Assessment Instru-
ments, Journal of Research in Science Teaching,
35(3), 1998. pp. 265-296.
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A.23 Allan Sandage.
Education:
Ph.D., Astronomy, California Institute of Tech-
nology, 1953.
A.B., Physics, University of Illinois, 1948.
Professional Employment:
Research Staff Astronomer Emeritus, The Ob-

servatories of the Carnegie Institution of Washing-
ton.

Homewood Professor of Physics, The Johns
Hopkins University, 1987-1989.

Visiting Astronomer, University of Basel, Swit-
zerland, 1985-1992; Visiting Processor, 1994.

Fulbright Scholar at the Australian National
University in Astronomy-Mount Stromolo Nation-
al Observatory, 1969-1971.

Group Memberships:

American Philosophical Society

Lincei National academy (Rome)

Publications:

Five books, 350 research papers, mostly in ApJ,
AJ, and PASP. Associate editor of ARA&A, 1990-
present.
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A.24 P. Kenneth Seidelmann.

Education:

Ph.D., Dynamical Astronomy, University of
Cincinnati, 1968.

M.S., Science, University of Cincinnati, 1962.

B.A., Electrical Engineering, University of
Cincinnati, 1960.

Professional Employment:

Research and Development Coordinator, U.S.
Army Missile Command, 1963-1965.

Astronomer, Nautical Almanac Office of U.S.
Naval Observatory, 1965-1976.

Director of the Nautical Almanac Office, U.S.
Naval Observatory, 1976-1990.

Director of the Orbital Mechanics Department,
1990-1994.

Associate Director for Astrometry and Director
of the Astrometry Directorate, U.S. Naval Obser-
vatory, 1994 — Present.

Lecturer, Catholic University of America,
1966.

Visiting Adjunct Professor, University of Mary-
land, 1973-present.

Honors, Awards, and Accomplishments:

Recipient, Norman P. Hays Award of the Insti-
tute of Navigation.

Distinguished Alumnae Award, College of En-
gineering, University of Cincinnati.

Devised and calculated the accurate analemma
for the Longwood Gardens Sundial.

Prepared star chart for the Einstein monument
on the grounds of the National Academy of Sci-
ences.

Group and Committee Memberships:

Chairman of the Washington Section, Eastern
Regional Vice President, Executive Vice Presi-
dent, and President, Institute of Navigation

Vice President, International Associates of In-
stitutes of Navigation

Member, International Astronomical Union
(IAU)

Member, Organizing Committee, Commission
4 on Ephemerides and Commission 7 on Celestial
Mechanics

Past President, Commission 4

President, IAU Division I, Fundamental As-
trometry

Chairman, IAU working groups on planetary
ephemerides and nutation

Member, working groups for precession and
cartographic coordinates and rotational elements
of planets and satellites

Secretary, Vice Chairman, Chairman, Division
on Dynamical Astronomy of the American Astro-
nomical Society

Member, Editorial Committee for the journal
Celestial Mechanics

President, Celestial Mechanics Institute

Member, Investigation Definition Team for the
Wide Field/Planetary Camera for Space Telescope

Chairman, Scientific Steering Committee of
ADF/ADC

Co-Discoverer of a satellite of Saturn
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A.25 Michael Shao.

Education:

Ph.D. Massachusetts Institute of Technology,
1978.

B.S. Massachusetts Institute of Technology,
1971.

Professional Employment:

Director, Interferometry Center of Excellence,
JPL Oversight of the Interferometry Programs and
Development of Supporting Infrastructure, 1996-
Present.

Supervisor, Spatial Interferometry Group, JPL
Research in Stellar Interferometry, 1984-1996.

Astrophysicist, Smithsonian Astrophysical Ob-
servatory, Research in Stellar Interferometry,
1981-1984.

Postdoctoral Associate, Massachusetts Institute
of Technology, Research in Interferometer As-
trometry, 1978-1981.

Group and Committee Memberships:

Member, American Astronomical Society

Fellow, Optical Society of America

Member, NASA code SZ Space Interferometry
Science Working Group

Member, AIAA Technical Committee on Space
Science and Astronomy

Member, NASA SL TOPSSWG/PSSWG To-
wards Other Planetary Systems Science Working
Group (89-92)

Member, NASA SL Planetary Astronomy
Committee (93)

Member, NSF ACAS subcommittee on Ground
O/IR Astronomy (90)

Member, AASC (Bahcall) Panel on Interferom-
etry (90)

Member, AASC (Bahcall) Panel on UV optical
from Space

Recent Publications:

Colavita, M., Shao, M., Hines, B. E., et al.,

ASEPS-O Testbed Interferometer, 1994, Proc.
SPIE, 2200, 89-97

Colavita, M., Shao, M., & Rayman, M. D., Or-
biting Stellar Interferometer for Astrometry and
Imaging, 1993, Applied Optics, 32, 1789-1797

Colavita, M. & Shao, M., Potential of Long-
Baseline Infrared Interferometry for Narrow-An-
gle Astrometry, 1992, A&A, 262, 353-358

Colavita, M. & Shao, M., Long-Baseline Opti-
cal and Infrared Stellar Interferometry, 1992,
ARA&A, 30, 457-498
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A.26 Irwin 1. Shapiro.
Education:

A.B. Cornell University, 1950 (Mathematics,
with highest honors)

A.M. Harvard University, 1951 (Physics)
Ph.D. Harvard University, 1955 (Physics)
Employment:

Staff member, M.I.T. Lincoln Laboratory,
1954-1970

Professor of Geophysics and Physics, M.L.T.,
1967-1980

Schlumberger Professor, M.I.T., 1980-1985

Schlumberger Professor Emeritus, M.I.T.,
1985-

Senior Scientist, Smithsonian Astrophysical
Observatory, 1982-

Paine Professor of Practical Astronomy and
Professor of Physics, Harvard University, 1982-
1997

Director, Harvard-Smithsonian Center for As-
trophysics, 1983-

Timken University Professor, Harvard Univer-
sity, 1997-

Honor Societies and Awards:

Phi Beta Kappa, Phi Kappa Phi, Sigma Xi

American Academy of Arts and Sciences, 1969

National Academy of Sciences, 1974

Albert A. Michelson Medal of the Franklin In-
stitute, 1975

Benjamin Apthorp Gould Prize of the National
Academy of Sciences, 1979

John Simon Guggenheim Fellowship, 1982

New York Academy of Sciences Award in
Physical and Mathematical Sciences, 1982

Dannie Heineman Award of the American As-
tronomical Society, 1983

Dirk Brouwer Award of the American Astro-
nomical Society, 1987

Charles A. Whitten Medal of the American
Geophysical Union, 1991

NASA Group Achievement Award, 1993

William Bowie Medal of the American Geo-
physical Union, 1993

NASA Group Achievement Award, 1994

Einstein Medal, Einstein Society of Berne,
1994

Gerard P. Kuiper Prize of the American Astro-
nomical Society, 1997

American Philosophical Society, 1998
Lectureships:
Redman Lecturer, McMaster University, 1969

Sherman Fairchild Distinguished Scholar, Cali-
fornia Institute of Technology, 1974

Morris Loeb Lecturer on Physics, Harvard Uni-
versity, 1975

Phillips Visitor, Haverford College, 1978

John C. Lindsay Lecturer, NASA Goddard
Space Flight Center, 1986

University Center Visiting Scholar, Georgia
State University, 1986

William Bowie Lecturer, American Geophysi-
cal Union, 1990

Goodspeed-Richards Memorial Lecturer, Uni-
versity of Pennsylvania, 1991

Karl G. Jansky Lecturer, National Radio As-
tronomy Observatory, 1992

Thomas Gold Lecturer in Astronomy, Cornell
University, 1993

Welsh Lecturer, University of Toronto, 1995

Capital Science Lecturer, Carnegie Institution
of Washington, 1996

Professional Societies:

American Association for the Advancement of
Science (Fellow)

American Astronomical Society
American Geophysical Union (Fellow)
American Physical Society (Fellow)
International Astronomical Union
Current Research:

Radio and radar techniques: applications to as-
trometry, astrophysics, geophysics, planetary
physics, and tests of theories of gravitation.

Precollege and college science education: cur-
riculum development and teacher training.

Bibliography includes over 350 publications
authored or co-authored on scientific research and
education.
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A.27 Sean E. Urban.

Education:

B.S. (Astronomy), University of Maryland,
1985.

Professional Employment:

Astronomer, Astrometry Department, U.S. Na-
val Observatory, 1985-present.

Honors and Professional Societies:

Member, American Astronomical Society
(AAS)

Member, Division of Dynamical Astronomy of
the AAS

Member, International Astronomical Union
(commission 8)

Chairman, IAU Working Group on Densifica-
tion of the Optical Reference Frame

Recent Relevant Publications:

Urban, S. E., United States Naval Observatory
Programs to Extend the Optical Reference Frame,
1998, in Proceedings of the International Spring
Meeting of the Astronomiche Gesellschaft, 147

Urban, S. E., Corbin, T. E., & Wycoff, G. L.,
The ACT Reference Catalog, 1998, ApJ, 115, 2161

Urban, S. E., Corbin, T. E., Wycoff, G. W.,
Martin, J. C., Jackson, E. S, Zacharias, M. 1., &
Hall, D. M., The AC 2000: The Astrographic Cata-
logue on the System of the Hipparcos Catalogue,
1998, AJ, 115, 1212

Zacharias, N., Hoeg, E., Urban, S. E. and Corb-
in, T. E., Comparing the Tycho Catalogue with
CCD Astrograph Observations, 1997, ESA SP,
121

Germain, M., Urban, S., Murison, M., Seidel-
mann, P. K., Johnston, K. J., Shao, M., Fanson, J.,
Yu, J., Davinic, N., & Rickard, L. J., Fizeau Astro-
metric Mapping Explorer, 1997, ASP Conf. Ser.,
119, 273

Corbin, T. & Urban, S., The Astrographic Cata-
log Reference Stars, 1991, NASA, NSSDC 91-10

Current Research:

Principal Investigator on ACT Reference Cata-
log

Principal Investigator on computing Tycho-2
proper motion

Co-Investigator on USNO SIM grid star selec-
tion and observing list

AO 98-0SS-03

A-27

Concept Study Report



Full-Sky Astrometric Mapping Explorer

FAME

A.28 Richard H. Vassar.

Education:

Ph.D. (Aeronautics and Astronautics), Stanford
University.

M.S. (Aeronautics and Astronautics), Stanford
University.

B.S. (Aerospace and Ocean Engineering), Vir-
ginia Polytechnic Institute and State University.

Professional Employment:

Lockheed Martin Missiles & Space, Advanced
Technology Center, 1984-Present

Deputy Program Manager, Gravity Probe-B
Space Vehicle Program, Cryogenic Payloads Lab-
oratory

Program Manager, Gravity Probe-B Payload
Program, Cryogenic Payloads Laboratory.

Assistant Program Manager-Technical, Gravi-
ty Probe-B Payload Program, Cryogenics Pay-
loads Laboratory.

Chief Systems Engineer, Gravity Probe-B Pay-
load Program, Cryogenics Payloads Laboratory.

Senior Staff Scientist, Dynamics and Control
Laboratory. Lead control systems engineer on the
Zenith Star program.

TRW, Redondo Beach, CA, 1981-1984

Member of the Technical Staff, Control Sys-
tems Engineering Department.

Group and Committee Memberships:

Associate Fellow, American Institute of Aero-
nautics and Astronautics.

Recent Relevant Publications:

G. M. Reynolds, R. H. Vassar, et. al., “Payload
and Spacecraft Technology for GP-B”, COSPAR
Symposium HO.1 (Fundamental Physics in
Space), 32nd COSPAR Scientific Assembly, 12-19
July 1998, Nagoya, Japan

Turneaure, J. P., Vassar, R. H., et al., Develop-
ment of the Gravity Probe B Flight Hardware,
JulyA1996, Conference in Birmingham, England,
Advances in Space Research, 1997.

Keiser, G. M.,Vassar, R. H., et al., Establishing
Confidence in the Outcome of the Gravity Probe B
Relativity Mission: In-Flight Calibration and
Techniques for Eliminating Possible Systematic
Experimental Error, Proceedings of the Fourteenth

International Conference of General Relativity and
Gravitation, June 1995.

Keiser, G. M.,Vassar, R. H., et al., An Update
on the Estimated Accuracy of the Gravity Probe B
Experiment and Plans to Test for Systematic Ex-
perimental Error, Proceedings of the Thirteenth In-
ternational Conference of General Relativity and
Gravitation, 28 June-4 July 1992, Cordoba, Argen-
tina.

Bardas, D., Vassar, R. H., et al., The Gravity
Probe-B Relativity Gyroscope Experiment:
Progress on Development of the Flight Instrument,
Proceedings of the Sixth Marcel Grossman Meet-
ing on General Relativity, Kyoto, Japan, June
1991, World Scientific, Singapore).

Axelrad, P., Vassar, R. H., & B. W. Parkinson,
Gravity Probe-B Orbit Modeling and Injection Re-
quirements, AAS91-164, Proceedings of the AAS/
AIAA Spaceflight Mechanics Meeting, 11-13 Feb-
ruary 1991.

Everitt, C. W. F., Vassar, R. H., et al., The Mer-
its of Space and Cryogenic Operation in the Gravi-
ty Probe B Relativity Gyroscope Experiment, Pro-
ceedings of the First William Fairbank Meeting on
Relativistic Gravitational Experiments in Space,
10-14 September 1990, Rome, Italy.

Turneaure, J. P., Everitt, C. W. F., Parkinson, B.
W., Vassar, R. H., et al., The Gravity Probe-B Rel-
ativity Gyroscope Experiment: Approach to a
Flight Mission, Proceedings of the Fourth Marcel
Grossman Meeting on General Relativity, ed. R.
Ruffini, North-Holland Amsterdam, 1986, pp.
411-464.

Vassar, R. H. & Sherwood, R. B., Formation
keeping for a Pair of Satellites in a Circular Orbit,
Journal of Guidance and Control, Vol.8, No.2,
March-April 1985, pp. 235-242.

Vassar, R. H., Error Analysis for the Stanford
Relativity Gyroscope Experiment, SUDDAR 531,
Ph.D. Dissertation, Stanford University, April
1982.

Vassar, R. H., Breakwell, J. V., Everitt, C. W. F.,
& Van Patten, R. A., Orbit Selection for the Stan-
ford Relativity Gyroscope Experiment, Journal of
Spacecraft and Rockets, Vol.19, No.1, Jan-Feb
1982, pp. 66-71.
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A.29 Christian de Vegt.

Education:

Ph.D., University of Hamburg, 1966.

Experience:

Dr. de Vegt is a professor of astronomy at the
University of Hamburg since 1979. From 1966 to
1979, Dr. Christian de Vegt held various academic
positions at the University of Hamburg/Hamburg
Observatory. His main scientific research areas are
astrometry, in particular, photographic astrometry,
astrometric catalogs, and the extragalactic refer-
ence frame. He is a member of the Astronomische
Gesellschaft and IAU. He was involved in the
ESA HIPPARCOS Astrometry Satellite Mission
as a member of the Input Catalog Consortium,
Program Selection Committee and extragalactic
reference link working group. From 1991-1994, he
was president of [AU Commission 24 Photograph-
ic Astrometry and chairman of the IAU WG on ex-
tragalactic reference frame. His present research
activities are optical observing programs of ex-
tragalactic reference frame sources and various
catalog projects based on Hipparcos and Tycho da-
ta.

Publications:

de Vegt, Chr. Reports on Astronomy 1991-
1993: Commission 24 Photographic Astrometry.
Reports on Astronomy, J. Bergeron ed. 1994,
22A;225-228.

Fey, A.L., Russell, J.L., de Vegt, Chr., Zachar-
ias, N., Johnston, K.J., Ma, C., Hall, D.M., Rolen-
ried, E.R., “A Radio-Optical Reference Frame VI”
Additional Source Positions in the Northern Hemi-
sphere. Astron J., 1994, 107, 385.

Russell, J.L., Reynolds, J., Jauncey, D.L., de
Vegt, Chr., Zacharias, N., Ma, C., Fey, A.L.,
Johnston, K.J., Hindsley, R., Hughes, J.A., Malin,
D.F., White, G., Kavaguchi, N., Takahashi, Y., “A
Radio-Optical Reference Frame V” Additional

Source Positions in the Mid-Latitude Southern
Hemisphere. Astron J., 1994, 107, 379.

Johnston, K.J., Fey, A.L., Zacharias, N., Rus-
sell, J.L., Ma, C., de Vegt, C., Jauncey, D.L., Rey-
nolds, J.E., Archinal, B.A., Carter, M.S., Eubank,
Nicholson, G., Sovers, O.J., Schaffer, D., “A Ra-
dio Reference Frame™ Astron J., 110, No.2, p. 880-
915, 1995.

Zacharias, N., de Vegt, C., Winter, L., “A Ra-
dio-Optical Reference Frame VIII, CCD-Observa-
tions from KPNO and CTIO” Internal Calibrations
and First Results, Astron J., 110, No. 6, p. 3093-
3106, 1995.

Russell, J., Fey, A., Jauncey, D., Johnston, K.,
Kawaguchi, N., Kemball, A., King, E., Ma, C.,
Macleod, G., Malin, D., McCulloch, P., Nicolson,
G., Reynolds, J., Shaffer, D., Takahashi, Y., de
Vegt, C., White, G., Zacharias, N., Proc. Conf.
Subarcsecond Radio Astronomy, Manchester,
1992, Davis, R.J., Booth, R.S., eds. Cambridge
UP, p. 397-402, 1993.

de Vegt, C., in: The Hipparcos and Tycho Cata-
logues, Vol. 1-17, ESA SP-1200, in particular,
VOI. I and III, 1997.

Walter, H.G., Hering, R., de Vegt, C., “Radio
Stars for Linking Celestial Reference Frames™ As-
tron. Astrophys. Suppl. 122, No. 3, p. 529-532,
1997.

Kovalevsky, J., de Vegt, C., et al. “The Hippar-
cos Catalogues as a Realization of the Extragalac-
tic Reference System, Astron. Astrophys., 322, p.
620-633, 1997.

de Vegt, C., Morrison, L.V., WGM3 Interna-
tional Catalog Projects, IAU Highlights Astrono-
my Vol. 10, p. 683-687, WG Comm. 24, 1995.

Zacharias, N., de Vegt, Chr., Murray, C.A.,
CPC2 Plate Reduction with Hipparcos Stars. First
Results In: Battrick B., Perryman, M., Bernacca,
P.L., eds, HIPPARCOS 97 Venice. ESA-SP 402, p.
85, 1997.
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A.30 Donald G. York.

Education:

Ph.D. (University of Chicago), 1971.

B.S. (Massachusetts Institute of Technology),
1966.

Professional Employment (Selected):

Horace B. Horton Professor of Astronomy and
Astrophysics, University of Chicago, 1992-
present.

Sr. Research Astronomer, Princeton University,
1979-1982.

Director, Sloan Digital Sky Survey, 1988-1997.

Director, Apache Point Observatory, 1983-
1998.

Honors and Awards:
NASA Public Service Award, 1976.
Group and Committee Memberships:

Member, American Astronomical Society Inter-
national Astronomical Union.

Lectures:

Numerous lectureships and colloquia, world
wide, since 1973.

Publications:

150 Refereed publications related to interstellar
and intergalactic matter and observational cosmol-

ogy.
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B. Letters of Endorsement
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C. NASA PI Proposing Teams

This appendix is not applicable. The FAME Principal Investigator is not an employee of NASA.
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D. Mission Definition and Requirements
Agreement (MDRA)

This FAME Level 1 Mission Definition and Re-
quirements Agreement contains a compilation of
Level 1 requirements extracted from the FAME
Concept Study Report (CSR).

D.1 FAME Mission Overview. FAME is a space
astrometry mission that offers the unique opportu-
nity to measure the positions, proper motions, par-
allaxes, and photometry of 40,000,000 stars
brighter than my=15th magnitude to unprecedent-

ed accuracy. The astrometric accuracy will range
between 50 and 500 pas, dependent on the magni-
tude. The instrument will rotate in a scanning sur-
vey pattern similar to the Hipparcos project. The
resulting data will provide a definitive calibration
of absolute luminosities of “standard candles” for
defining distance scales, calibrate the absolute lu-
minosities of solar neighborhood stars, provide a
definitive determination of the frequency of solar-
type stars orbited by brown dwarfs and giant plan-
ets, provide proper motions and distances for indi-
vidual stars in star-forming regions, assess the
abundance of dark matter in the galactic disk, and
become an astrometric and photometric catalog.
This mission is a complement to, and source of in-
put data for, NASA’s Space Interferometry Mis-
sion (SIM).

O FAME is placed in a geosynchronous orbit
(GEO) with a rotational axis 45° from the Sun, ro-
tating with a 40 minute period. The rotational axis
will precess around the Sun every 20 days with
precession primarily applied by solar radiation
pressure. The mission life is 2.5 years, with a po-
tential extended mission life of an additional 2.5
years. The spacecraft (S/C) is a spin stabilized ve-
hicle fitted with a solar radiation shield to generate
the correct precession rate with a prescribed mo-
tion, allowing observation in a continuing spiral
pattern. The S/C’s thrusters reset attitude, spin
rate, and perform station keeping maneuvers. The
GEO altitude enables the S/C and the ground sta-
tion to communicate continuously.

O FAME’s instrument has a compound mirror
looking in two directions separated by an angle of
81.5°. The two fields of view are combined on a
focal plane with 20 astrometric charge coupled de-
vices (CCD) and four photometric CCDs. The
CCD readout rate is maintained at the S/C spin

rate providing integration time for the observa-
tions. The pixels with stellar images are read out,
time tagged, and transmitted to the ground station.

( The Ground Data System (GDS) includes a
control center, a dedicated 11.3 m antenna, and a
Science Data Processing Center. These facilities
are linked via dedicated lines, and to NASA’s
Deep Space Network (DSN) communications sys-
tem for initial on-orbit operations.

(3 Launch services are provided by NASA under
the MedLite program using a Delta 7425 expend-
able Launch Vehicle (LV).

O The Principal Investigator, Dr. Kenneth
Johnston of the United States Naval Observatory
(USNO), has established partnerships with the Na-
val Research Laboratory (NRL) to provide the
project management, mission engineering, S/C bus
development, S/C-to-instrument integration and
test, systems performance tests, and initial com-
missioning operations; and with Lockheed Martin
Missiles and Space (LMMS) Advanced Technolo-
gy Center who will build, integrate, and calibrate
the instrument. In addition, NRL will provide a
ground station located at Blossom Point, MD. The
Smithsonian Astrophysical Observatory (SAO)
will provide synthesis and verification of the sci-
entific measurement system.

D.2 FAME Level 1 Requirements. The FAME
Mission is considered as a “Level II” mission un-
der the guidelines of NASA GFSC’s 311-INST-
001 (Rev. A).

D.2.1 Science Requirements. The FAME mission
baseline Level 1 science requirements were clearly
defined and prioritized in the original proposal and
were validated during the concept study. Table D-1
lists these requirements. The primary requirement
constitutes the science performance floor and rep-
resents the minimum science necessary to ensure
the mission is a success. Decisions to descope the
science requirements require mutual agreement
between the FAME Project partners and NASA’s
MIDEX Program Office.

D.2.2 Other Level 1 Requirements. Table D-2
lists other Level 1 Requirements related to the S/C,
the performance assurance program, and other re-
quirements. Decisions to descope these other Lev-
el 1 requirements require mutual agreement be-
tween the FAME Project partners and NASA’s MI-
DEX Program Office.

AO 98-0SS-03 D-1

Concept Study Report



Full-Sky Astrometric Mapping Explorer FAME

Table D-1. Level 1 Science Requirements

Primary
Requirement

FAME will create a catalog of star positions with a measured position, parallax, and proper motion of stars

between 5t to 9t visual magnitude to 50 microarcseconds, 50 microarcseconds, and 50 microarcseconds per
year respectively, and fainter stars with 500 microarcseconds accuracies. Photometric magnitudes for all stars
in the wide band astrometric bandpass as well as the Sloan g’, r’, ¢/, and z filters. The accuracy of these mag-
nitude will be at the millimagnitude level in the astrometric bandpass and slightly degraded in the Sloan filters.

Science
Objectives

Definitive calibration of the absolute luminosities of the “standard candles” (the galactic Cepheid variables and
the RR Lyrae stars) that are fundamental in defining the distance scale to nearby galaxies and clusters of gal-
axies;

Calibration of the absolute luminosities of solar-neighborhood stars, including Population | and Il stars, thus
enabling diverse studies of stellar evolution and other interesting science. In the case of Population Il subd-
warfs, this will allow the determination of the distances and ages of galactic and extragalactic globular clusters
with unprecedented accuracy;

Definitive determination of the frequency of solar-type stars orbited by brown dwarf companions in the mass
range 10 to 80 M;,, and with orbital periods as long as about twice the duration of the mission. This will include
an exploration of the transition region between giant planets and brown dwarfs, which appears to be in the
range 10 to 30 My,;

Proper motions and distances for individual stars in star forming regions for determinations of ages and kine-
matics; and

A study of the kinematic properties of the survey of 4 x 107 stars within 2.5 kpc of the Sun, and in particular,
assess the abundance and distribution of dark matter in the galactic disk with much greater sensitivity and
completeness than previously possible.

Table D-2. Other FAME Level 1 Requirements

Spacecraft

Minimum design lifetime of 2.5 years.

Designed to be launched by a MedLite LV into a GEO Transfer (GTO) orbit.

S/C will include the necessary accommodations for the FAME instrument.

S/C will support continuous direct-to-ground downlink of both stored and realtime science and engineering
data.

= Designed to communicate to ground network using a CCSDS protocol equipped Ground Network.

= Conduct a system -level test program to demonstrate that the integrated S/C and instrument can withstand
and perform properly when subjected to the expected launch and orbit environments. The system-level test
program will include an end-to-end system test, which will simulate orbital performance and verify compatibil-
ity of flight and ground segments.

SR&QA

= Establish a comprehensive System Safety Program using MIL-STD-882C; and EWRR 127-1.

= Establish a Quality Assurance Program, tailored to the project and mission requirements that follows
guidelines outlined in NASA’s GSFC-41-MIDEX-003, MIDEX Safety, Reliability, and Quality Assurance.

= Establish a tailored reliability assurance program, including parts stress analysis, worst-case analysis, and
radiation hardness assurance analysis.

= Conduct a Failure Mode Effects Analysis (FMEA) for the FAME instrument from the component level
(blackbox) interface to the interface with the S/C bus.

= Establish a EEE Parts Program requirements for flight parts, tailored to the project and mission require-
ments.

= Establish a Contamination Control Plans to meet the needs of the instrument. Flight Project.

Test
and
Verification

= Establish a test and analysis program to provide assurance that the hardware and software are capable of
surviving and performing their mission within specifications.

= Demonstrate compliance with the system safety requirements.

= Conduct End-to-end tests on the entire FAME system, and include all portions of the operational system,
such as all flight hardware, with appropriate stimulation of instruments, operational software and ground sys-
tems, including the NASCOM, DSN, FAME internal and external networks, and ground processing facilities.
= Conduct mission simulation exercises to validate nominal and contingency mission-operating procedures
and to provide for operator familiarization training.

General

= Formulate definitive implementation plans, that include performance verification, systems safety, and con-
tamination control Phase C/D/E activities.

= Minimize the generation of orbital debris according to the NASA Policy (NMI 1700.8)

= The S/C may be designed, constructed, documented, and reviewed in inch-pound units as an exception to
the use of the Metric System of Measurement in NASA Programs (NMI 8010.2A).
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D.2.3 Level 1 Program Cost Commitments. The
FAME Mission will be accomplished within the
budgetary requirements contained in Figure D-1.
Each program phase is constrained to the values
shown in Figure D-1. Adjustments within the over-
all funding level may be made between develop-
ment, operations and launch vehicle funding ac-
counts or between years, only if approved by
NASA. The LV funding is based on the AO’s fund-
ing levels, but is phased according to current LV
funds. This funding may be adjusted as the
MedLite LV costs are refined. Reductions in fund-
ing for Educational and Public Outreach will be
approved by NASA. Other adjustments may be
made within the Project, as required.

D.2.4 Level 1 Schedule Milestones. Table D-4
contains the FAME Mission’s Level 1 schedule
milestones.

D.3 FAME Mission and Project Requirements.

D.3.1 Proprietary Science Rights. There are no
proprietary science rights for the FAME mission.
Science data products will be made available to
NASA'’s Astronomical Data Center, to the science
community, and to the public, as soon as the data
are processed, archived, and validated. These data
will be available within one year after the instru-
ments data acquisition is completed to allow suffi-
cient time for the data analysis and verification
processes to be completed.

D.3.2 Management Approach. The FAME mis-
sion will establish an effective and efficient man-
agement approach that will assure that the science
requirements can be accomplished within the cost
and schedule limitations.

a. Our approach follows the guidelines of
NPG 7120.5a, Program and Project Management
Processes and Requirements, for resource man-
agement, information technology, risk and perfor-
mance management, process metrics, and acquisi-
tion management.

b. A Level 1 Baseline schedule will be devel-
oped during Phase B. Any changes to the baseline
schedule will be approved by NASA. A fully Inte-
grated Management Schedule (IMS) system will
be established and implemented during Phase B to
manage all project elements. This IMS will in-
clude the development of top-level network sched-
ules with critical paths, and detailed supporting
subsystem schedules.

c. A Technical Performance Metrics will be
established and implemented during Phase B.

d. An integrated Performance Measurement
System (PMS) and financial Earned Value Man-
agement System (EVMS) will be established and
implemented during Phase B.

e. Any changes to the key personnel, includ-
ing the PI, the Project Manager, the S/C Manager,
the Instrument Manager, and the MO&DA Manag-
er, will be approved by NASA.

f. A Senior Executive Board (SEB), com-
prised of designated senior executives from US-
NO, NRL, SAO, and LMMS ATC, will be estab-
lished. The SEB assures that mission institutional
activities are aligned and resolves top-level issues
that conventional project management mecha-
nisms cannot successfully resolve.

D.3.3 Progress Reporting. A progress reporting
activity will be established and periodic reports
will be provided to NASA. It will ensure the col-
lection, tracking, reporting, and management of
the project according to performance metrics of
NASA’s EVMS policy. It includes project control
and management of all implementation activities
to meet performance requirements within cost,
schedule, and quality commitments in compliance
with baseline project documentation.

D.3.4 Contracting Approach. USNO has delegat-
ed responsibility for major contracting actions to
the NRL, a Federal Executive Agency.

a. NRL has the requisite experience and ca-
pability to solicit, negotiate and administer funds
and contracts. All procurement practices and poli-
cies are in strict compliance with Federal Acquisi-
tion Regulation (FAR) requirements and the
NASA FAR Supplement (NFARS).

b. NRL and its subcontractors will comply
with any NASA requirements for approval of all
contracts, regardless of the procurement organiza-
tion, prior to issuance to the Contractor.

c. NRL is classified as a Navy Working Capi-
tal Fund (NWCA) Agency, which means that all
direct project costs, including salaries, are derived
from project funds. Overhead burdens (i.e., direct
overhead and G&A) are applied only to civil ser-
vant salaries, and no burdens are imposed on non-
salary expenses (e.g., materials, travel, subcon-
tracts). A cost pool for discretionary incentive
awards for civil servants is contained within this
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Table D-3. Constrained Phase Budgets

Program Phase or Activity FY98 $Mil

= Concept Study (Phase A)
= Technical Definition (Phase B)

= Design and Development (Phase C/D) -
Budget for the S/C, instruments, and ground
systems, exclusive of launch services.

= MedLite LV Launch Services
= MOG&DA (Phase E)
Total

Table D-4. Schedule Milestones

Event or Activity Date Duration
= Phase B (ends in PDR) Oct 99 - June 00 9 mo
= Phase C (ends in CDR) | July 00 - March 01 9 mo
= Phase D (development) | April 01 -June 03 | 27 mo
-Re\ljiga“s/mp Readiness April 03
-SiteDehver S/C to Launch May 03 N/A
» Flight Readiness Review July 03
= Launch 21 July03
= Phase E July 03 - Jan 07 42 mo
= Extended Mission Jan 06 - July 09 42 mo

burden. Direct costs associated with the issuance
of major contracts are included as a procurement
surcharges to those subcontracts.

D.3.5 Contract Performance Incentives. Our ap-
proach to performance incentives is based on
meeting cost commitments and technical perfor-
mance. Awards are provided to those organizations
providing end item hardware/software deliverables
during Phases C/D/E. No performance incentives
are baselined for Phase B contracts, and any con-
tracting actions for Phase B will be on a Firm
Fixed Price (FFP) or Cost Plus Fixed Fee (CPFF)
basis. Performance incentives will be applied to
those hardware/software deliverables with a con-
tract value of greater than $2.5 Mil. Component
deliverables of less than this value will be on a
FFP basis to minimize administrative contracting
overhead. We will use a mix of existing Time and
Material (T&M) and CPFF contracts for industry
support labor and specialty engineering tasks with-
in the USNO and NRL. No incentives are applied
to these support contracts.

D.3.6 LMMS Contract Incentives.

D.3.7 Policy Compliance. Contracts, technology
exchanges, and agreements will comply with all
laws and regulations regarding the transfer of sen-
sitive and proprietary information. The project will
abide by all necessary Federal (including NASA),
state, and local laws and regulations, including the
National Environmental Policy Act (NEPA).

D.3.8 Safety, Reliability, and Quality Assur-
ance. NRL will address the process for achieving
safety and mission success, including system safe-
ty, reliability engineering, electronic and mechani-
cal parts reliability, quality assurance for both
hardware and software, surveillance of the devel-
opment processes, “closed loop” problem failure
reporting and resolution and environmental design
and test requirements.
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O The process will accomplish the following:

a. Provide for assessment and documentation
of hazards, with risks identified, analyzed,
planned, tracked, and controlled.

b. Provide for a safety assessment and certifi-
cation regarding readiness for flight or operations,
explicitly noting any exceptions arising from safe-
ty issues and concerns.

c. Use a quality management system follow-
ing ISO 9000 guidelines with the appropriate sur-
veillance and quality audits.

O Mission success criteria will be defined to aid
in early assessment of the impact of risk manage-
ment trade-off decisions.

D.3.9 Project-Specific Facilities. There are no
major project-specific facilities required for this
mission. To meet science goals for continuous
downlink, an upgrade to NRL’s existing Blossom
Point, MD facility is required. This upgrade adds a
dedicated 11.3 m antenna, a redundant transmitter,
and related cabling.

D.4 Mission Responsibilities. FAME’s manage-
ment team contains the scientific, technological,
and managerial expertise to execute this mission
on cost and schedule.

D.4.1 US Naval Observatory. The PI, Dr.

Johnston, the United States Naval Observatory’s
Scientific Director, is responsible to NASA/GSFC
for the leadership and successful performance of
the FAME mission, including on-time and on-bud-
get delivery of the instrument, S/C, ground data
analysis system, and archival data products.

He is responsible for assuring that the Level 1
science baseline defined in Table D-1 is met and
will establish programmatic constraints and crite-
ria for evaluating trade-offs. He guides the mis-
sion’s scientific aspects; organizes the scientific in-
vestigation, including prompt reduction and dis-
semination of data to the scientific community. He
is responsible to achieve and to recommend termi-
nation if these objectives cannot be met within
cost and schedule reserves.

He will establish a Science Team (ST), and will
refine the Science Requirements and the Science
Implementation Plan. The PI, with the ST, is re-
sponsible for developing the archival and analysis
methods, and for interpretation and distribution of
the data resulting from the mission. The ST is

chaired by Dr. Seidelmann, with Dr. Reasenberg as
deputy, both of whom report directly to the PI.

He will work with the PM to evaluate trades
and maintain consistency with the cost-capped na-
ture of the project in achieving the baseline sci-
ence mission and to achieve as much margin above
the “Performance Floor Mission” as possible, if
descoping is required.

The USNO will develop, test, and integrate the
algorithms necessary for uas precision astrometry
and sub-millimagnitude photometry. This will in-
clude testing by simulations to determine the most
robust methods with which to analyze the data. In
addition to USNO’s responsibilities of data reduc-
tion, analysis, archiving, and dissemination, US-
NO will run the SOC and provide science investi-
gation coordination of the Science Team.

The PI is responsible for assuring that progress
is reported to the appropriate NASA offices.

D.4.2 Naval Research Laboratory. NRL is the
parent organization of the Project Manager. Under
direction of the PI, the PM will develop, integrate,
and test the S/C, perform the S/C to P/L integra-
tion, support launch processing, and provide a
ground station. NRL PM, Mr. Mark Johnson, is re-
sponsible to the PI for developing mission ele-
ments to a consistent set of requirements, support-
ing the Level 1 science baseline defined in Table
D-1, and assuring the budget and schedule are met.
The PM is responsible for the S/C bus and instru-
ment delivery, integration and test, support to the
launch vehicle, and initial on-orbit evaluations and
instrument commissioning. A System Engineer-
ing and Integration Team (SEIT) provides the PM
with specific systems engineering capabilities
needed to carry out the science mission.

D.4.3 Lockheed Martin Missiles and Space Ad-
vanced Technology Center. LM M S ATC,
FAME’s industrial partner, will specify, develop,
manufacture, integrate, and calibrate the FAME in-
strument. Their technical capabilities and facilities
support the development of a world-class instru-
mentation to ensure mission success.

D.4.4 Smithsonian Astrophysical Observatory.

SAO is the parent organization of the Project
Scientist, Dr. Robert Reasenberg. SAO will pro-
vide synthesis and verification of the scientific
measurement system.
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D.5 NASA Responsibilities. The MedLite launch
vehicle will be provided by the NASA Launch Ve-
hicle Office.

O NASA'’s launch services contract provides for
vehicle production, standard launch site assembly,
checkout, launch countdown, and range support,
as well as S/C/vehicle integration, analysis, and
postflight mission data evaluation.

O The GSFC Orbit Launch Services (OLS)
Project provides technical oversight of the launch
vehicle and coordinates mission integration
through an OLS-Mission Integration Manager.

O The MIDEX Program Manager will provide
coordination support for the development of a
Project Service Level Agreement (PSLA) and De-

tailed Mission Requirements (DMR) with the Of-
fice of Space Communications for use of Deep
Space Network (DSN) communication services.

D.6 Reporting and Independent Reviews. R e -
porting requirements and independent reviews will
be kept to a minimum, consistent with ensuring
that NASA maintains an effective understanding
of the progress of the development and execution
of the mission. To this end, reports and supporting
materials will be based on internal Project prod-
ucts and processes to the maximum extent practi-
cal. The details will be developed during Phase B
between the PI, the Project Manager, and the MI-
DEX Program Manager.
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E. Standard Form 1411
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G. Statement of Work (SOW)

This appendix contains the sample Statement of
Work (SOW) between the National Aeronautics
and Space Administration (NASA) and the U.S.
Naval Observatory (USNO) for conduct of the
Full-sky Astrometric Mapping Explorer (FAME)
as a MIDEX project as described in AO 98-OSS-
03. Lockheed Martin Missiles and Space (LMMS)
Advanced Technologies Corporation, Smithsonian
Astrophysical Observatory (SAO), and Naval Re-
search Laboratory (NRL) are partners on this
project, and their efforts, which will be contracted
from USNO, are included in the SOW.

G.1 Phase B—Preliminary Design. During
Phase B, the USNO will lead the FAME prelimi-
nary design effort.

a. Internal and external interfaces will be es-
tablished and documented. The design will be de-
veloped with LMMS Advanced Technology Cen-
ter and NRL to ensure the instrument and space-
craft fulfill mission requirements and are compati-
ble with the launch vehicle.

b. Ground Support Equipment (GSE) and
software preliminary designs will be developed to
assess design adequacy.

c. The design, including software require-
ments and architecture, will be fully documented.

d. Evaluate alternatives and obtain permis-
sion for specific orbit slots.

e. Develop data reduction analysis and ar-
chiving system. Initiate algorithm development.

f. The deliverables include documentation
necessary for the Mission Design Review and Sys-
tem Description. This includes block diagrams,
engineering drawings, flight operation plans, re-
quirements, and architectural design documents.
Long-lead items required for the FAME mission
will be identified and procurement will begin as
necessary.

G.2 Phase C—Design Phase. During Phase C,
USNO will develop the FAME instrument and
spacecraft detailed designs to the level permitting
fabrication of all subsystems.

a. Long-lead items will be ordered and fabri-
cation will begin immediately upon approval of
the detailed designs. Coordination with participat-
ing institutions continues—particular attention
will be given to early definition of mechanical,

electrical, and software interfaces among sub-
systems provided by different institutions.

b. The spacecraft and instrument integration
plan will be developed.

c. The system engineering analysis will be
updated.

d. The flight and GSE software design will be
completed, software will be developed, and a final
command list and telemetry definition will be re-
leased.

e. Data archiving reduction and analysis sys-
tem development continues.

f. Deliverables include documentation for the
critical design review and system integration plan,
including hardware and software detailed design
documents.

G.3 Phase D—Development Phase. During
Phase D, the USNO will lead the FAME develop-
ment, complete fabrication, integration, and test
efforts.

a. Subsystems will be assembled and tested
before integration. Subsystems will be integrated
into a complete system and tested.

b. Integration and test activities will occur in
a cleanroom environment.

c. Flight and ground software coding will be
completed and software will be tested with the in-
strument and GSE.

d. Acceptance testing will be performed in
accordance with the verification plan.

e. The spacecraft and instrument will be test-
ed and accepted before integration begins. Integra-
tion will be completed and acceptance tests per-
formed.

f. The spacecraft will be delivered for inte-
gration on the launch vehicle.

g. NRL will develop the ground station,
workstations, and software needed to control the
FAME mission launch. These systems will be test-
ed by conducting simulated operations and com-
patibility tests with the spacecraft before launch.

h. USNO will support the launch and initial
30 day on-orbit commissioning of FAME.

i. The hardware will be acquired for data re-
duction, analysis, and archiving.

j. Deliverables include detailed drawings,
test procedures, flight instrument and spacecraft,
flight and ground software, GSE, and readiness re-
view data packages.
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G.4 Phase E—Mission Operations and Data
Analysis (MO&DA). During Phase E, FAME
project personnel will provide mission operations
activities and USNO will lead the FAME data
analysis, archiving, and dissemination.

a. The spacecraft and instrument will be
checked out for nominal operation. Rotation and
precession rates of the spacecraft will be adjusted.

b. The observation program will begin along
with verification of data reduction procedures.

c. Spacecraft status and operation documen-
tation will be provided.

d. Software tools necessary for data analysis
and reduction will be refined and associated docu-
mentation updated.

e. Data will be archived in the various phases
of reduction.

f. The catalog of all positions, proper mo-
tions, and parallaxes will be made available one
year after the baseline mission is complete. As-
suming there will be an extended mission, im-
provements to the catalog will be released as ap-
propriate, and a final catalog of positions, proper
motions, and parallaxes will be released one year
after the completion of the mission.

g. As available and required for the SIM mis-
sion, data supporting the selection of grid and tar-
get stars will be made available to the SIM project
office.

h. The FAME science team will be supported
for their scientific investigations.

1. The results of scientific investigations of
the FAME data will be published in the referreed
astronomical literature.
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I. Relevant Experience and Past Performance

I.1 United States Naval Observatory. The Unit-
ed States Naval Observatory is a world recognized
leader in precision astrometry who consistently
compiles large, accurate position and proper mo-
tion surveys and parallax catalogs. Recent projects
using CCDs and the large data sets they generate
have direct relevance to the FAME project. The
following demonstrate the experience of USNO
personnel.

O Sloan Digital Sky Survey (SDSS): USNO is a
partner in the SDSS. USNO personnel did the
CCD array engineering and are responsible for the
astrometric pipeline, which uses the images from
the 54 CCDs and converts them to astrometric po-
sitions. Consistently, the phases of the astrometric
pipeline have been completed at cost and on-
schedule.

= Point of Contact: Jeffrey Pier, US Naval Ob-
servatory, PO Box 1149, Flagstaff, AZ 86002-
1149, (520) 779-5132.

O Tycho-2 and ACT Reference Catalog: The Ty-
cho-2 project is a multi-institutional project to cat-
alog the positions and motions of 2.5 million stars
observed with the Tycho experiment aboard the
Hipparcos satellite. USNO personnel were solely
responsible for the derivation of the proper mo-
tions of the Tycho stars. This was completed at
cost and on-schedule. The ACT Reference Cata-
log, which combined ground-based observations
with the Tycho-1 data, quickly became the interna-
tional standard reference catalog for those needing
higher densities than contained in Hipparcos. This
project was completed at cost and on schedule.

= Point of Contact: Sean Urban, 3450 Massa-
chusetts Ave. NW, Washington, D.C. 20392-5420,
(202) 762-1445.

O Precision Measuring Machine: USNO has uti-
lized CCDs in its Precision Measuring Machine
(PMM) for the last 4.5 years. Over 12 Terapixels
of data have been processed. One product of this
machine, the USNO-A catalog of 500M stars, has
gone through 2 versions and is still 25 times larger
than any other astronomical catalog available to
the public. The SA version of 50M stars was spe-
cially prepared to provide reference stars for
ground-based CCD observations. The PMM
projects have consistently been completed at cost
and on-schedule.

o Point of Contact: David Monet, US Naval Ob-

servatory, PO Box 1149, Flagstaff, AZ 86002-
1149, (520) 779-5132.
O USNO CCD Astrograph Catalog: A ground-
based astrometric survey is underway using a 4k x
4k CCD on an optical telescope. This project,
known as the USNO CCD Astrograph Catalog
(UCAC), is in its second year of operation and has
already generated over 1 Tbyte of data. Positional
accuracies of 20 mas will be achieved, making this
one of the most precise ground-based optical
projects. This project is at cost and on-schedule.

o Point of Contact:. Theodore Rafferty, 3450
Massachusetts Ave. NW, Washington, D.C. 20392-
5420, (202) 762-1471.

O USNO Parallax Project: For the last three de-
cades, USNO personnel have observed and ana-
lyzed parallax measurements for nearby stars.
Over 1000 of the highest precision parallaxes have
resulted from this work. Currently, 2k x 2k CCDs
are being used to observe nearby degenerate stars.

a Point of Contact: Conard Dahn, US Naval Ob-

servatory, PO Box 1149, Flagstaff, AZ 86002-
1149, (520) 779-5132.
O 2 Micron All Sky Survey (2MASS): USNO per-
sonnel are on the 2MASS science team. USNO
has been providing astrometric expertise to I[PAC
for the development of the astrometric software
pipeline for 2MASS data.

o Point of Contact: David Monet, US Naval Ob-

servatory, PO Box 1149, Flagstaff, AZ 86002-
1149, (520) 779-5132.
O Hubble Space Telescope WF/PC IDT: USNO
was the first institution to make astrometric obser-
vations using CCDs, and now has over 20 years of
experience in the field. As early as 1977, USNO
personnel were involved in the Investigation Defi-
nition Team for the WF/PC on the Hubble Space
Telescope. Throughout the years, many observing
runs have been made with that instrument by US-
NO staff.

o Point of Contact: P. Kenneth Seidelmann,
3450 Massachusetts Ave. NW, Washington, D.C.
20392-5420, (202) 762-1441.

I.2 Lockheed Martin Missiles and Space
(LMMS). Lockheed Martin’s Advanced Technol-
ogy Center (ATC) is one of the premier scientific
research laboratories and instrument developers in
the country, leading and supporting principal in-
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vestigators or co-investigators on astronomical
and Earth science space missions. Our perfor-
mance on science missions such as SXT, GOES
SXI, MDI, TRACE, GP-B, and SIM demonstrates
our capability to design, develop, integrate, and
validate scientific instruments which meet mission
objectives. The following program summaries re-
veal the direct relevance of this experience in re-
ducing cost and schedule risk for development of
the FAME instrument.

O Soft X-Ray Telescope (SXT), Contract NAS8-
37334, November 1986 through August 1991,
MO&DA through 2001. LMMS ATC is the scien-
tific principal investigator and prime development
contractor of the SXT instrument. SXT is a 25-cm-
aperture, 1.54-m-focal-length grazing incidence
mirror X-ray telescope used to observe the solar
corona in near-realtime and 3-arcsec spatial reso-
lution. SXT was launched aboard the Japanese Yo-
hkoh spacecraft in August 1991. The instrument
has a 2-year design lifetime, but is expected to
function until the decay of the satellite in the year
2001, eight years beyond mission requirements.
Already, SXT has produced more than 3 million
images of the Sun and continues to perform as
specified.

o Relevance to FAME: SXT demonstrates
LMMS ATC capability to design, analyze, and
fabricate innovative optical systems on time and to
overcome difficult technical problems. It also
demonstrated our ability to effectively work on
collaborative scientific instrument programs, and
work with vendors to design and manufacture
state-of-the-art components.

o Cost and Schedule Performance: A program
cost variance of approximately 2% was achieved
on total contract value of $32.3M. All major con-
tract milestones, including delivery of the SXT
payload, were achieved on time in a 4.5-year
schedule. The SXT team was highly effective in
not allowing technical problems to interfere with
schedule by adjusting fabrication and test phases.

o Points of Contact: Contract Administrator:
Marlyce Alexander, Phone: (205) 544-8344, Fax:
(205) 544-9354; Technical Contact: John Owens,
Phone: (205) 544-1969, Fax: (205) 544-9258,
NASA/MSFC Marshall Space Flight Center, AL
35812.

O GOES Solar X-Ray Imager (SXI) Program,
Contract NAS5-97181, June 1997 through 2015
(anticipated). The LMMS ATC is developing two
SXIT instruments for flights on the National Ocean-
ic and Atmospheric Administration's (NOAA)
Geo-stationary Operational Environmental Satel-
lites (GOES) N and O. The SXI development is
being managed by the NASA Goddard Space
Flight Center. The SXI will image the full Sun at
wavelengths between approximately 6 and 60 A
with a detector having 5-arcsec pixels. The launch
of the first SXI will be on GOES N in the second
quarter of 2001 and the second SXI is to be
launched about two years later on GOES O. There
are options for two more SXIs to fly on GOES P
and Q.

o Relevance to FAME: GOES SXI achieved a
successful preliminary design review as well as
good working relationships with major subcon-
tractors. It is an excellent example of instrument
development program management capabilities,
praised by ISO 9001 auditors and nominated for
the LM NOVA Award.

a Cost and Schedule Performance: The SXI pro-
gram is currently running under budget and ap-
proximately one month behind schedule. This
schedule gap is closing and the engineering and
flight instrument deliveries are expected to take
place on time. The program has maintained a
green review status since its inception, based on a
reception of good executive reviews, the average

award fee is 90%.

a Points of Contact: Technical POC: Jaya Baj-
payee, Phone: (301) 286-0569, NASA Goddard
Space Flight Center.

O Michelson Doppler Imager (MDI), Contract
PR-6209, November 1988 through December
1995, MO&DA through 2000. The NASA-funded
Michelson Doppler Imager (MDI) was built by
LMMS ATC under subcontract from Stanford Uni-
versity. This scientific PI instrument is a wide-
field, tunable optical interferometer that measures
oscillations on the Sun’s surface. LMMS ATC,
working with Stanford, was responsible for instru-
ment concept, design, fabrication, test, integration,
and prelaunch support. MDI was launched on-
board the ESA Solar and Heliospheric Observato-
ry (SoHO) satellite 2 Dec 1995, and reached final
positioning at the L1 Lagrangian point on 14 Feb-
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ruary. Several million solar magnetograms collect-
ed to date show the instrument is performing as
expected. In fact, the instrument has performed for
twice the specified design life, has taken 30 mil-
lion images of the Sun, and has a life expectancy
of at least seven additional years. During a space-
craft emergency, MDI survived excessively low
temperatures beyond design specifications for
three months and continues to perform normally.

o Relevance to FAME: MDI demonstrated suc-
cessful design and development of an optical tele-
scope instrument for scientific mission. Extensive
early modeling and prototyping were used to vali-
date mission and instrument concepts. MDI also
demonstrated our successful support for a Princi-
pal Investigator Team on a GSFC project.

o Cost and Schedule Performance: Final con-
tract value of $40M included an 8% variance due
to difficulties in CCD electronics and additional
integration, test, and prelaunch activities. All in-
strument deliveries were on schedule and support-
ed a December 1995 launch.

o Points of Contact: Contract Administrator:
Paul Chock, Phone: (415) 723-2812, Fax: (415)
723-7444; Technical Contact: Rock Bush, Phone:
(415) 723-8162, Fax: (415) 723-2333, Stanford
University, 855 Serra Street, Stanford, CA 94305-
6114.

O Transition Region and Coronal Explorer
(TRACE), Contract NAS5-38099, December 1993
through April 2000. TRACE is a single-instrument
solar mission that uses UV and normal incidence
EUV channels to collect digital images. TRACE
enables solar physicists to study the connections
between fine-scale surface magnetic fields and the
associated plasma structures on the Sun with a
spatial resolution of 1 arcsec. The data that are be-
ing collected are stunning, offering insights into
space physics not previously available, thus en-
abling a new understanding of challenging solar
and stellar problems. TRACE is a SMEX mission
where LMMS ATC is the principal investigator in-
stitution. LMMS ATC worked as part of the GSFC
SMEX team in a mutually beneficial arrangement.
TRACE surpassed its design life of eight months
with no degradation, and the contract is extended
for at least one additional year of observation.

o Relevance to FAME: TRACE demonstrates
LMMS ATC’s successful accomplishment of an

Explorer mission with GSFC. The instrument
demonstrated successful image stabilization sys-
tem.

o Cost and Schedule Performance: Final pro-
gram value of $31M included a $9M underrun on
overall program returned to NASA. Payload was
delivered one month ahead of original schedule.

o Points of Contact: Contract Negotiator, C.

Cavey, Phone: (301) 286-3721, Technical Contact:
H. Maldonado, Phone: (301) 286-6762, NASA/
GSFC Goddard Space flight Center, Greenbelt,
MD 20771.
O Gravity Probe-B (GP-B) Relativity Mission,
Contract PR8709, March 1985 to Present. The GP-
B mission seeks to verify Einstein’s Theory of
Relativity by utilizing cryogenically cooled gyro-
scopes to provide a nearly perfect space-time ref-
erence system. Instrument stability and freedom
from outside forces are key requirements, hence
the cryogenic probe and dewar are two of the criti-
cal components for ensuring mission success.
LMMS ATC was Stanford University’s industrial
partner for the GP-B payload. As a member of the
GP-B integrated product team (IPT), LMMS ATC
is task manager for the SFHe cryogenic dewar, the
vacuum instrument, probe, and payload electron-
ics. LMMS ATC is fully responsible for schedule,
budget, and technical performance. In addition,
LMMS ATC supports Stanford for the design, fab-
rication, test, and integration of the cold pointing
telescope, payload system engineering, and inte-
grated payload testing. The probe and dewar have
been delivered and are currently being integrated
with the payload.

o Relevance to FAME: Demonstrated experience
in instrument development, integration, and test.
Required detailed thermal analysis and control.
FAME Instrument Program Manager, Richard
Vassar, was Program Manager for GP-B payload,
successfully leading development, fabrication, and
delivery.

a Cost and Schedule Performance: $151M pro-
gram with 5% variance due to requirements
change and assembly difficulties. Dewar delivered
according to original schedule; probe delivered 17
months late due to requirements change.

o Points of Contact: Contract Negotiator: Tom
Langenstein, Phone: (650) 725-4108, Technical
Contact: Francis Everett, Phone: (650) 725-4100,
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Stanford University, W. W. Hansen Experimental
Physics Laboratories, Stanford, CA 94305-4085

O Space Interferometry Mission (SIM), Contract
1000016, September 1998 through June 2001
(Formulation Phase). During the Formulation
Phase, LM is SIM Instrument Industry Partner, co-
leading instrument system engineering team activ-
ities, participating in project level-system engi-
neering team activities, supporting instrument
team preliminary design, verification, operations,
and calibration planning, and participating in na-
nometer and picometer technology programs. LM
is also leading major testbeds for thermal opto-
mechanical (TOM), and full aperture metrology
(FAM) and eventual transition of STB-3, and
brassboards.

o Relevance to FAME: SIM TOM testbed will be
used to validate FAME thermal analysis capability
that includes thermal-opto-mechanical control,
full aperture metrology feasibility, and pathlength
and pointing control. TOM is demonstrating capa-
bility to control a precision optical structure to
within 10 mK, six times more precise than FAME
requirement.

= Cost and Schedule Performance: Within bud-
get and on schedule.

e Points of Contact: Contract Administrator:
Ben Parvin, Phone: (818) 354-1780, Fax: (818)
393-5239; Technical Contact: Jim Marr, Phone:
(818) 393-1528, Fax: (818) 393-5239, Jet Propul-
sion Laboratory, 4800 Oak Drive, Mail Stop: 301-
486, Pasadena, CA 91109-8099.

O High Resolution Dynamics Limb Sounder
(HIRDLS), Contract S9440025, November 1994
through March 2003. LMMS ATC is the instru-
ment integrator of the NCAR HIRDLS infrared
upper atmosphere limb-scanning radiometer.
LMMS ATC is also developer of the HIRDLS
Telescope Subsystem (TSS). The Phase B defini-
tion studies for both contracts were successfully
completed, and the program moved into a 5-year
Phase C/D in February 1997. HIRDLS is a prima-
ry instrument on the NASA EOS Chemistry Satel-
lite scheduled for launch in 2002. LMMS ATC is
meeting all requirements to specify, analyze, de-
velop, fabricate, assemble, and test a telescope
subsystem, a detector subsystem, an instrument
processor subsystem, and power subsystem; to in-
tegrate these and other subsystems into the instru-

ment; and to test and deliver the integrated
HIRDLS instrument. The most challenging re-
quirements in instrument design are providing less
than 1% absolute radiometric knowledge accuracy
and LOS pointing knowledge of better than 0.34-
arcsec.

o Relevance to FAME: Demonstrating complex
structural, thermal, and optical analysis similar to
FAME requirements; developing thermally com-
pensating optical system and very precise optical
alignment.

o Cost and Schedule Performance: On $14.2M
Phase B, telescope subsystem and instrument inte-
gration efforts were completed within budget and
on schedule. Phase C/D is currently over budget
by 3% due to subcontractor issues.

o Points of Contact: Contract Administrator:
David Wilson, Phone: (303) 497-8075, Fax: (303)
497-8080, Technical Contact: Joanne Loh, Phone:
(303) 497-8067, Fax: (303) 497-8080, University
Corporation for Atmospheric Research, National
Center for Atmospheric Research (NCAR)
HIRDLS Program Office, 3300 Mitchell Lane,
Suite 250, Boulder, CO 80307.

O UARS Cryogenic Limb Array Etalon Spec-
trometer (CLAES), Contract NAS5-27752, Octo-
ber 1983 through December 1998. LMMS ATC
was the scientific principal investigator and prime
development contractor for the 20-channel IR
(3.5-13 mm) all-cryogenically cooled Earth limb
scanning solid Fabry-Perot interferometer. It was
the primary IR emission instrument on NASA’s
Upper Atmospheric Research Satellite (UARS)
launched in September 1991. CLAES derived geo-
physical quantities from the measurement of Earth
limb spectral radiance emissions, allowing it to
operate throughout the diurnal cycle, including po-
lar night. It operated for its stored-cryogen design
lifetime of 19 months. CLAES obtained the first
global maps of a series of critical stratospheric
ozone-layer gases, including CFCs, various chlo-
rine and nitrogen compounds, and polar strato-
spheric clouds.

As instrument prime contractor, LMMS ATC
defined the instrument requirements and concept,
designed, fabricated, and integrated the telescope,
spectrometer, and cryostat subsystems; tested and
flight quantified the complete assembly; interfaced
the complex instrument to the UARS spacecraft;
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developed retrieval algorithms and production
processing software; validated scientific data
products and delivered them to data archive; and
conducted scientific data analysis.

o Relevance to FAME: Demonstrated design de-
velopment integration, and test of instrument in
support of LMMS ATC Principal Investigator and
GSFC mission objectives.

o Cost and Schedule Performance: Final pro-
gram value of $59M included a 14% overrun due
to unanticipated complexity of ensuring integrity
of electrical/mechanical drive components during
thermal cycling and calibration/testing. Instrument
and data delivered on schedule which included de-
lay in UARS launch due to the 1986 Challenger
accident.

= Points of Contact: Contract Negotiator: Robert

Krenning, Phone: (301) 286-1774, Fax: (301) 286-
1774, Technical Contact: Anne Douglass, Phone:
(301) 286-2337, fax: (301) 286-1754, NASA/GS-
FC Greenbelt, MD 20771.
O Polar lonospheric X-ray Imaging Experiment
(PIXIE), Contract NAS5-30372, March 1989
through December 1998. PIXIE is a multi-pinhole
camera which images the Earth’s aurora in x-rays.
The x-rays measured by PIXIE are generated
when energetic electrons strike the upper atmo-
sphere. By imaging these x-rays and measuring
their energies across a broad energy range, PIXIE
determines the fluxes and characteristic energies
of the parent electrons. PIXIE is currently produc-
ing the first global images of the x-ray aurora from
the NASA POLAR spacecraft. POLAR is part of
the NASA ISTP/GGS mission. LMMS ATC is the
principal investigator institution.

o Relevance to FAME: Demonstrated design de-
velopment, integration, and test of instrument in
support of LMMS ATC Principal Investigator and
GSFC mission objectives.

o Cost and Schedule Performance: Final pro-
gram value of $12.8M included extended develop-
ment phase and increased MO&DA award. Instru-
ment delivered according to schedule revised for
launch delays.

o Points of Contact: Contract Officer: Loren
Kruger, Code 216, Phone: (301) 286-2028, Tech-
nical Contact: Dr. Robert A. Hoffman, Code 696,
Phone: (301) 286-7386, NASA Goddard Space
Flight Center, Greenbelt, MD 20771.

O PEM AXIS/HEPS for UARS, Contract SWRI
17167/83781, October 1983 through December
1998. The PEM accurately profiles atmospheric
energy deposition rates from electrons and ions. It
measures particle fluxes as a function of pitch an-
gle as well as energy. HEPS was designed to pro-
vide simultaneous pitch angle measurements with
high flux sensitivity (large geometric factor) and
fine energy resolution. These measurements are
achieved over broad energy and pitch angle rang-
es. AXIS was designed to remotely sense the pre-
cipitating electron population with high time, en-
ergy, and spatial resolution. AXIS allows global
rate of energy deposition to be calculated. These
instruments began operation on board the NASA
UARS in October 1991, and continue to operate
without significant degradation.

o Relevance to FAME: Demonstrated develop-
ment of integrated instrument with detectors and
electronics. Implemented simple data interface be-
tween instrument and spacecratft.

a Cost and Schedule Performance: $24.9M pro-
gram was completed with 16% variance due to
technical problem with parts quality and perfor-
mance of passive cooling for AXIS. Launch de-
layed due to Challenger accident; instruments de-
livered in accordance with revised schedule.

o Points of Contact: Contract Negotiator:
Michelle Chippie, Phone: (210) 522-5527, Techni-
cal Contact: Dr. D. Winningham, Phone: (210)
522-3075, Southwest Research Institute, P.O. Box
2851, 6620 Culebra Rd., San Antonio, TX 78228.

1.3 Naval Research Laboratory (NRL). NRL’s
Naval Center for Space Technology (NCST) is one
of the world’s foremost designers, builders, and
operators of high-performance, high-reliability
spacecraft. NCST’s Spacecraft Engineering De-
partment has built and launched over 87 satellites
since 1960. Relevant programs from the last 10
years include:

O Low-Power Atmospheric Compensation Ex-
periment (LACE): The Strategic Defense Initiative
Organization (SDIO, later renamed the Ballistic
Missile Defense Organization, or BMDO) asked
NRL’s NCST to build a simple, spaceborne target
with a single sensor to characterize a laser beam
emitted from a ground-based laser site. As the pro-
gram evolved LACE became a full satellite instead
of a set of sensors on a host satellite, and SDIO
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added an instrument to take video images of the
UV emission from rocket plumes.

The SED designed and built the LACE satel-
lite's electrical power subsystem, telemetry and
tracking subsystem, radio frequency subsystem,
attitude control subsystem, and mechanism sub-
system; integrated and tested the spacecraft; and
calibrated the Sensor Array Subsystem. SED also
designed and built two transportable ground sta-
tions to allow the LACE experimenters to review
the data and assess the progress of the experiments
in real time. LACE was built, integrated, and test-
ed at NCST's Payload Processing Facility in
Building A-59.

LACE included three separate sensor arrays
with a total of 210 sensors capable of characteriz-
ing ground-based laser beams with continuous
wave or pulsed emission in the visible, ultraviolet,
and infrared bands and the Ultraviolet Plume In-
strument (UVPI).

= Point of Contact: Mr. Paul Regeon, Naval Re-
search Laboratory, 4555 Overlook Avenue, S.W.,
Washington, D.C. 20375-5230, (202) 767-6637.
O Clementine Advanced Technology Demonstra-
tion: BMDO selected the NRL’s NCST to design,
engineer, manufacture, test, and integrate the
Clementine spacecraft. NCST was also responsi-
ble for mission design, ground support, and flight
operations.

The SED designed and built the advanced com-
posite structures, interstage adapter system, atti-
tude control system, and reaction control system,;
integrated and tested the sensors, experiments, and
spacecraft; integrated the spacecraft with the
launch vehicle; and conducted mission operations.
Clementine was built, integrated, and tested at
NRL’s Payload Processing Facility in Building A-
59.

Clementine incorporated advanced, light
weight, non-spaceflight, and non-heritage technol-
ogies as major and critical components of the pay-
load, the spacecraft hardware, and the spacecraft
software subsystems.

NCST designed, built, tested, and integrated
Clementine in less than 24 months. Clementine
launched on board a Titan IIG in January 1994
from Vandenberg Air Force Base in California.

Clementine qualified 23 advanced lightweight
technologies for spaceflight use and mapped the

lunar surface in 11 spectral bands with greater than
99% coverage.

a Point of Contact: Mr. Paul Regeon, Naval Re-
search Laboratory, 4555 Overlook Avenue, S.W.,
Washington, D.C. 20375-5230, (202) 767-6637.

O Interim Control Module (ICM): The ICM will
provide reboost and attitude control for the ISS
from assembly phase 2A to assembly phase 7A,
and possibly 8A. The ICM is deployed from the
Space Shuttle and mated with the International
Space Station (ISS) at the Russian Node (called
the FGB). The SED is designing, building, and
testing the ICM for NASA, and will deliver the
ICM to Cape Canaveral in October 1999 for
launch on board the Space Shuttle in March 2000.
The ICM is being built and tested at NRL’s Pay-
load Processing Facility in Washington, D.C. The
ICM is based on a satellite dispenser designed and
built by NRL. Although significant modifications
are required, the dispenser is easily adaptable to its
new mission.

o Point of Contact: Mr. Al Jacoby, Naval Re-
search Laboratory, 4555 Overlook Avenue, S.W.,
Washington, D.C. 20375-5230, (202) 767-9145.

O Naval EarthMap Observer (NEMO) Hyper-
spectral Remote Sensing Technology (HRST)
Demonstration: NEMO is a joint government and
industry effort between the Space Technology De-
velopment Corporation and NRL. NEMO is spon-
sored by the Office of Naval Research (ONR) and
the Defense Advanced Research Project Agency’s
Joint Dual Use Application Program. ONR is lead-
ing an effort to initiate hyperspectral space science
and technology activities that leverage commercial
assets to meet the needs of Naval Forces, the intel-
ligence community, and the DoD.

In addition to program management and sys-
tems engineering, SED is designing the NEMO
sensor imaging payload, modifying the commer-
cial satellite bus, integrating the NEMO sensor im-
aging payload with the commercial satellite bus,
and designing the on-board processor and algo-
rithms to process the collected data.

NEMO is a space-based remote sensing system
for collecting broad-area, synoptic, and unclassi-
fied hyperspectral imagery for Naval Forces and
the Civil Sector. NEMO meets unique require-
ments for imaging the littoral regions on a global
basis, and also meets civil needs for imagery sup-
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porting land use management, agriculture, envi-
ronmental studies, and mineral exploration.
NEMO is scheduled for launch in mid 2000. Each
NEMO satellite will have a 3-year on-orbit opera-
tional life.

o Point of Contact: Mr. Tom Wilson, Naval Re-
search Laboratory, 4555 Overlook Avenue, S.W.,
Washington, D.C. 20375-5230, (202) 767-0518.

o WindSat, Ocean Surface Wind Vector Mea-
surements from Space: SED is working in con-
junction with NRL’s Remote Sensing Division to
develop WindSat. The WindSat program is spon-
sored by the Office of Naval Research (ONR), Op-
erational Navy (OPNAV), the Air Force Space and
Missile Command Space Test Program (STP), and
the National Polar-orbiting Operational Environ-
mental Satellite System (NPOESS). SED is de-
signing, building, and testing the spacecraft, inte-
grating it with the commercial satellite bus and
scientific payload, and conducting combined sys-
tems testing.

WindSat is a demonstration program to evalu-
ate the capability to exploit passive microwave po-
larimetry to measure the full ocean surface wind
field (wind speed and wind direction) from space.
WindSat is also capable of measuring atmospheric
water vapor, cloud liquid water, rain rate, and sea
ice (age, concentration, and boundary). Over land,

WindSat channels are capable of mapping snow
cover and estimating the water content of snow.

The sensor in the NRL’s WindSat payload is a
multi-frequency polarimetric microwave radiome-
ter that passively measures microwave radiation
emitted naturally from the ocean's surface and
quantifies these measurements in terms of the
brightness temperature. In microwave measure-
ment systems, the amount of radiation detected de-
pends on the properties of the scene and the obser-
vation frequency.

Wind roughening the surface of the ocean caus-
es an increase in the brightness temperature of the
microwave radiation emitted from the water's sur-
face. Recent airborne experiments conducted
jointly by NRL and the Jet Propulsion Laboratory
indicate that by understanding the relationship be-
tween wind speed and surface roughness, an ob-
server can determine not only the speed of winds
at the ocean's surface but also their direction.

Integration and test will take place at NRL’s
Payload Processing Facility in Washington, D.C.
WindSat will launch on a medium class expend-
able launch vehicle into a Sun-synchronous orbit
in December 2001.

o Point of Contact: Mr. Dave Spencer, Naval
Research Laboratory, 4555 Overlook Avenue,
S.W., Washington, D.C. 20375-5230, (202) 767-
6425.
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J. International Agreements

At this time there are no international agree-
ments involving FAME. There have been discus-
sions with Dr. Michael Perryman, the leader of the
European Space Agency GAIA project investiga-
tion, concerning possible collaborations. Since
they are in a study phase with a deadline in June in
preparation for a competitive selection, they do

not want to interfere with the studies, while we are
also in a competition situation. If FAME is select-
ed, GAIA would most likely not be selected for a
2008 launch and thus delayed until 2014 or 2019.
After a favorable decision is made on FAME, it
would be very likely that collaborations and agree-
ments could be developed with either ESA or oth-
er European institutions.
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L. Acronyms List

Acronym Definition Acronym Definition
pas micro arcsecond BW Bandwidth
2MASS 2 Micron All Sky Survey BWG Beam Waveguide
A Apogee C&T Command and Telemetry
AAS American Astronomical Society CAM Camera Control Electronics
AB Artium Baccalaureus CASE Carnegie Academy for Science Education
ABCL As Built Configuration List CCA Circuit Card Assembly
ACA After Contract Award CCAS Cape Canaveral Air Station
ACE Attitude Control Electronics CCB Change Control Board
ACPS Alexandria City Public Schools CCCB Configuration Control Change Board
ACS Attitude Control System CCD Charge Coupled Device
ACU Antenna Control Unit CCN Configuration Change Notice
ADAC Attitude Determination and Control CCP Contamination Control Plan
ADC Analog to Digital Convertor CCSDS Consultative Committee for Space Data
ADCS Attitude Determination and Control Systems
Subsystem CCSSE Challenger Center for Space Science
AGC Automatic Gain Amplifier Education
Ah Ampere-hour CDMS Carrier Doppler Measurement System
Al Astronomical Journal CDR Critical Design Review
AKM Apogee Kick Motor CEU Command Encoder Unit
ANC Active Nutation Control CfA Center for Astrophysics
ANSI American National Standards Institute CFHT Canada France Hawaii Telescope
AO Announcement of Opportunity CG Center of Gravity
ApJ Astrophysical Journal CLAES Cryogenic Limb Array Etalon Spectrometer
AR Anti-reflective CLC Challenger Learning Center
ARA&A Annual Review of Astronomy & CM Configuration Management
Astrophysics CMP Configuration Management Plan
ARC ACS/RCS Module COF Classroom of the Future
as arcsecond COI Composite Optics Inc.
ASC Advanced Spacecraft Controller COMET Common Environment for Testing
ASP Astronomical Society of the Pacific COMM Communications
ASQC American Society for Quality Control CONOPS Concept of Operations
ASTC Association of Science Technology Centers (60) Command Operation Procedure
ATC Advanced Technology Center COR Contracting Officer Representative
ATEx Advanced Tether Experiment COTS Commercial Off-the-Shelf
ATM Apogee Trim Maneuver Cp Control Procedures
ATM Asynchronous Transfer Mode CPET Comprehensive Performance and
AXAF Advanced X-Ray Facility Environmental Test
B.Sc. Bachelor’s of Science CPFF Cost Plus Fixed Fee
BT Magnitude CPIF/AF Cost Plus Incentive Fee/Award Fee
BA Bachelor of Arts CPU Central Processing Unit
BAAS Bulletin of the American Astronomical CPV Common Pressure Vessel
Society Cs Coefficient of Specular Reflection
BC Bus Controller CSCI Computer Software Configuration Item
BCE Battery Charge Electronics CSHELL Cryogenic Echelle
BER Bit Error Rate CSR Concept Study Report
BMDO Ballistic Missile Defense Organization CSR Configuration Status Report
BOL Beginning of Life CSuU Channel Service Unit
BP Blossom Point CT&DH Command, Telemetry, and Data Handling
BPSK Binary Phase Shift Key CTE Coefficient of Thermal Expansion
BS Bachelor of Science CTIO Cerro Tololo Interamerican Observatory
BSEE Bachelor of Science Electrical Engineering CVCM Collected Volatile Condensable Material
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Acronym Definition Acronym Definition

DA Digital/Analog FIFO First In First Out

DA Distributed Amplifier FMEA Failure Modes and Effect Analyses

dB Decibel FOV Field of View

DBMS Database Management System FPA Focal Plane Assembly

DC Direct Current FPGA Field Programmable Gate Array

DC District of Columbia FRACAS Failure Reporting and Corrective Action

DC Dow Corning System

DCPS District of Columbia Public Schools FRB Failure Review Board

DDA Division of Dynamical Astronomy FRR Flight Readiness Review

deg Degree FSW Flight Software

DIVA Deutsches Interferometer fiir FTP File Transfer Protocol
Vielkanalphometrie und Astrometrie FY Fiscal Year

DLL Design Limit Loads GB Gigabyte

DLR Deutsche Zentrum fiir Luft- und Raumfahrt GDIS Geographic Data Information System

DMA Direct Memory Access GDS Ground Data System

DMR Detailed Mission Requirement GEO Geosynchronous Earth Orbit

DoD Department of Defense GHz Giga Hertz

DOD Depth of Discharge GOES Geostationary Operational Environmental

DPA Destructive Physical Analyses Satellite

DR Discrepancy Report GOMOS Global Ozone Monitoring by Occulation of

DRIM Data Recorder and I/F Module Stars

DRM Design Reference Mission GPB Gravity Probe B

DSN Deep Space Network GPS Global Positioning System

DSU Digital Service Unit GSE Ground Support Equipment

DTC Design to Cost GSFC Goddard Space Flight Center

E/PO Education & Public Outreach GSW Ground Software

ECC Error Correction Code GTO Geosynchronous Transfer Orbit

ECL Engineering Configuration List H/W Hardware

Ed.D Doctor of Education HAO High Altitude Observatory

EdM Master of Education HIRDLS High Resolution Dynamics Limb Sounder

EE&C Engineering Evaluation and Checkout HKP Housekeeping Processor

EEE Electrical, Electronic, and Electromechanical ~ HPA High Power Amplifier

EEPROM Electrically Erasable Programmable Read HQ Headquarters
Only Memory HR Hazard Reports

ELV Expendable Launch Vehicle HRST Hyperspectral Remote Sensing Technology

EM Engineering Model HSS High Speed Serial

ENG Engineering HST Hubble Space Telescope

EOL End of Life HTSSE High Temperature Superconducting Space

EOS Earth Observing System Experiment

EPS Electrical Power Subsystem Hz Hertz

EROS A-8 I Current

ESD Electrostatic Discharge I Inertia

EVMS Earned Value Measurement System I&T Integration and Test

E-W East-West I/F Interface

EWR Eastern/Western Range e Input/Output

F Focal Length IAU International Astronomical Union

FAM Full Aperture Metrology IBW Intermediate Bandwidth

FAR Federal Acquisition Regulation ICD Interface Control Document

FEP Front End Processor ICM Interim Control Module

FET Field Effect Transistor ID Identification

FFP Firm Fixed Price IDT Integrated Design Team

FGB Functional Cargo Block IEEE Institute of Electrical and Electronic

Engineers
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Acronym Definition Acronym Definition

IMS Integrated Management Schedule MFG Manufacturing

MU Inertial Measurement Unit MIDEX Medium-class Explorer

IPDT Integrated Product Development Team Mil Military

IPT Integrated Product Team MIPS Millions of Instructions Per Second

IR Infrared MIRFI Mid-Infrared Fabry-Perot Imager

IRAS Infrared Astronomical Satellite MIRORS Mid-Infrared Optimized Resolution

IRTF Infrared Telescope Facility Spacecraft

ISC Integrated S/C Controller MIT Massachusetts Institute of Technology

ISDN Integrated Services Digital Network mm millimeter

ISO International Standard Organization MNRAS Monthly Notices of the Royal Astronomical

ISS International Space Station Observatory

ISWG Space Interferometry Working Group MO&DA Mission Operations and Data Analysis

JPL Jet Propulsion Lab MOB Management Oversight Board

kb kilobit MOC Mission Operations Center

kb/s kilobits per second MOI Moment of Inertia

kHz Kilohertz MOS Mission Operations System

km Kilometer MOS Museum of Science

KPNO Kitt Peak National Observatory MP Manufacturing Procedure

KSC Kennedy Space Center MPP Multi-phased Pin

L Launch MPTB Microelectronics and Phototonics Test Bed

LACE Low-power Atmospheric Compensation mg R Band Apparent Magnitude
Experiment MRB Material Board Review

LAN Longitude of Ascending Node MRR Mission Requirements Review

LHC Left Hand Circular MS Masters of Science

LIPS 11T Living Plume Shield MSPSP Missile System Prelaunch Safety Package

LMF Lockheed Martin Fairchild MTI Multispectral Thermal Imager

LMFS Lockheed Martin Federal Systems MTSat Multipurpose Transportation Satellite

LMMS ATC Lockheed Martin Missile and Space my V Band Apparent Magnitude
Advanced Technology Center N Number

LNA Low Noise Amplifier NAR Non-Advocate Review

LOR Launching and Orbital Raising NAS/NRC  National Academy of Science/National

LOS Line-of-Sight Research Council

LSB Lower Side Band NASA National Aeronautics and Space

LSTP Launch Site Test Plan Administration

L/V Launch Vehicle NaSB Sodium Sulfur Battery

M&P Materials and Parts NCAR National Center for Atmospheric Research

M.Sc Master of Science NCST Naval Center for Space Technology

MA Massachusetts ND Neutral Density

MA Master of Arts NDE Non-Destructive Examination

mas milliarcsecond NEMO Navy EarthMap Observer

MACHO Massive Compact Halo Object NEPA National Environmental Policy Act

MAP Microwave Anisotropy Probe NFARS NASA FAR Supplement

MAP Mitigation Action Plan NES Network File System

MAR MIDEX Assurance Requirements NGST Next Generation Space Telescope

Mbps Millions of bits per sec NiH2 Nickel Hydrogen

MCM Multi-chip Module NISN NASA Integrated Services Network

MD Maryland nm Nanometers

MDI Michelson Doppler Imager Nm Newton meter

MDR Mission Design Review NMI Nautical Miles

MDRA Mission Definition and Requirement NMR Nonconforming Material Report
Agreement NOAA National Oceanographic Atmospheric

MECO Main Engine Cut Off Administration
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Acronym Definition Acronym Definition
NORAD North American Air Defense PPL Preferred Parts List
NPOESS National Polar-orbit Operational pps pulses per second
Environmental Satellite System PRNU Photo Responsivity Non-Uniformity
NPOI Navy Prototype Optical Interferometer PRT Platinum Resistance Thermometer
NRAO National Radio Astronomy Observatory PSF Point Spread Function
NRL Naval Research Laboratory PSK Phase Shift Keyed
NRZ Non Return to Zero PSLA Project Service Level Agreement
N-S North-South PSM Project Safety Manager
NSES National Science Education Standards PWB Printed Wiring Board
NSF National Science Foundation PWR Power
NWCF Navy Working Capital Fund QA Quality Assurance
OCB Ordnance Control Box QAE Quality Assurance Engineer
OCS Ordnance Control System QAP Quality Assurance Plan
OD Orbit Determination QC Quality Control
OLB Open Loop Burn QHSS Quad High Speed Serial
OLS Orbital Launch Services RCS Reaction Control System
ONR Office of Naval Research RF Radio Frequency
OPNAV Operational Navy RHA Radiation Hardness Assurance
oS Operating System RHC Right Hand Circular
OS/COMET  Open Systems COMET RISC Reduced Instruction Set Computing
0OSC Oscillators ROSAT Rontgen Satellite
OSDL Optical Systems Design Laboratory RSC Raytheon Systems Company
OTS Off-the-Shelf RSS Root Sum Square
0XCO Oven Controller Crystal Oscillator RT Remote Terminal
P Pressure RTE Real Time Executable
P/L Payload RTOS Real Time Operating System
P/N Part Number RTV Room Temperature Vulcanizing
PAP Product Assurance Program RX Receive
PASP Publications of the Astronomical Society of S/A Solar Array
the Pacific S/C Spacecraft
PC Personal Computer S/W Software
PCB Printed Circuit Board SAO Smithsonian Astrophysical Observatory
PCDE Power Control and Distribution Electronics SAL Space Astronomy Laboratory
PCDU Power Control and Distribution Unit SAR Safety Assessment Report
PCM Pulse Code Modulation SCIO Spacecraft Input/Output Module
PCT Power Converter and Timing SCL Spacecraft Command Language
PDD Preliminary Design Document SCM Spacecraft Control Module
PDI Planet Discover Interferometer SDIO Strategic Defense Initiative Organization
PDR Preliminary Design Review SDP Software Development Plan
PFIRCAM Prime Focus Infrared Cameras SDSS Sloan Digital Sky Survey
PGS Programmable Gain Stage SED Science Education Department
Ph.D Doctor of Philosophy SEDNet Science Education Department Network
PI Principal Investigator SEIT System Engineering and Integration Team
PIXIE Polar Ionospheric X-Ray Imaging SEU Single Event Upset
Experiment SIM Space Interferometry Mission
PM Phase Modulation SINDA Systems Improved Numerical Differencing
PM Program Manager Analyzer
PMM Precise Measuring Machine SIO Serial Input/Output
PMS Performance Measurement Systems SIRTF Space Infrared Telescope Facility
PO Purchase Order SLS Shuttle Launch System
POINTS Precision Optical Interferometer for Space SNR Single to Noise Ratio
ppb parts per billion SOC Science Operations Center
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Acronym Definition Acronym Definition
SOH State of Health TDVT Thermal Design Verification Test
SOHO Solar and Heliospheric Observatory TIG Tungsten Inert Gas
SOW Statement of Work TiPS Tether Physics Survivability Experiment
SPDT Single Pole Double Throw ™G Thermal Model Generator
SPICA Support Program for Instructional TML Total Mass Loss
Competency in Astronomy TOM Thermal Opto-Mechanical
SPIE Society of Photo-Optical Instrumentation TOPSSWG  Toward Other Planetary Systems Science
Engineers Working Group
SPP Safety Program Plan TRACE Transition Region and Corona Mission
SPS Software Product Specification Explorer
SQA Software Quality Assurance TRASYS Thermal Radiation Analyzer System
SR&QA Safety, Reliability, and Quality Assurance TSIM Total Solar Irradiance Mission
SRM Solid Rocket Motor TSS Telescope Subsystem
SRR System Requirements Review TVAC Thermal Vacuum
SS Sun Sensor X Transmit
SSDR Solid State Data Recorder UARS Upper Atmospheric Research Satellite
SSM System Safety Manager UCAC USNO CCD Astrograph Catalog
SSN Space Surveillance Network UDM Uplink/Downlink Module
SSPA Solid State Power Amplifier ULE Ultra Low Expansion
SSPP System Safety Program Plan UNEX University Class Explorer
SSR Solid State Recorder USAF United States Air Force
SSRDS Solar Array/Sun Shield Release and USB Upper Side Band
Deployment Subsystem USNO U.S. Naval Observatory
SST Start-Stop Technology USSR Union of Soviet Socialist Republic
ST Science Team UTC Universal Time Coordinates
ST Star Tracker uv Ultraviolet
STAR Science Through its Astronomical Roots UVPI Ultra Violet Plume Instrument
STDN Spaceflight Tracking and Data Network A% Voltage
STEX Space Technology Experiment VAFB Vandenberg Air Force Base
STK Satellite Tool Kit Vdc Volts direct current
STP Software Test Plan VLBI Very Long Baseline Interferometry
STP Space Test Program VME Versa Module European
SXI Solar X-Ray Imager VOL Volume
SXT Soft X-Ray Telescope VT Voltage Temperature
T&M Time & Material VT Voltage Temperature
T Temperature w Watts
TASSII Total and Spectral Solar Irradiance WCA Worst Case Analysis
Investigation WE/PC Wide Field/Planetary Camera
TBR to be reviewed WG Waveguide
TCP/IP Transmission Control Protocol/Internet XMM X-Ray Multi-Mirror Mission
Protocol XMM-EPIC XMM European Photon Imaging Camera
TDI Time Delay Integration XMM-OM  XMM Optical/UV Monitor
TDRSS Tracking and Data Relay Satellite System XMM-RGS  XMM Reflection Grating Spectrograph
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