MESSENGER: A DISCOVERY MISSION TO MERCURY
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ABSTRACT

NASA’s MeErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) spacecraft
was launched on 3 August 2004. The mission is
designed to answer six fundamental questions about
Mercury that are pertinent as well to our general
understanding of terrestrial planets. During the 6.6-year
cruise phase, MESSENGER will fly by Earth, Venus,
and Mercury. Calibration measurements of the Earth
and Moon were made during an Earth flyby, one year
after launch. The three Mercury flybys in 2008 and
2009 slow the spacecraft sufficiently for Mercury orbit
injection in March 2011 and permit mapping of 90% of
the planet. All of the seven instruments have now been
successfully operated in space. The cruise phase has
been used to commission the spacecraft and instruments
and to begin the transition to automated operations with
on-board, time-tagged commands. A one-year-long
observational campaign in a near-polar orbit is planned
for the Mercury orbital phase. A 12-hour period and 80°
inclination are maintained while the periapsis altitude is
readjusted to 200 km every Mercury year. This orbit
enables mapping of the entire planet and acquiring
detailed elemental and topographical data over the
northern hemisphere.

1. INTRODUCTION AND OVERVIEW

1.1 The Discovery Program

The U.S. National Aeronautics and Space
administration (NASA) began the Discovery Program
as a series of focused, low-cost missions under the
direction of a single Principal Investigator. Ten
Discovery missions have been selected for flight to date
(Fig. 1). MErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) is
Discovery mission number seven [1].

1.2 Mercury Exploration Issues

While there had been studies of follow-on missions to
Mercury after the Mariner 10 mission of the mid-1970’s,
the advocated missions were complex and expensive [2,
3]. Mercury is difficult to study, either by telescope,
due to its proximity to the Sun, or by spacecraft.
Heretofore, the planet has been visited only by the
Mariner 10 spacecraft, and that only in the course of
three brief flybys of the planet in 1974 and 1975. More

detailed study, in particular study required to resolve
questions only hinted at by Mariner 10, require an
orbiter.
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Fig. 1. Discovery missions selected for flight to date.
The first three missions have been completed through

data analysis.

With Mercury’s depth in the Sun’s gravitational well,
the key to any orbital mission is the use of reverse
gravity assists to slow the spacecraft with flybys of
Venus and Mercury and decrease the speed change
required for orbit insertion to a level commensurate with
existing propulsion technology [4-8].

1.3 MESSENGER Science

Mercury is a planet of extremes, including the highest
uncompressed density of any planet in our solar system,
the highest diurnal variation in temperature, the only
solar system object in 3:2 spin-orbit resonance, the
planet whose geological history ended earliest among
the terrestrial planets, and the smallest planet with a
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global magnetic field, along with the most Earth-like
magnetosphere [9]. Questions associated with the most
scientifically pressing issues were formulated for the
MESSENGER mission and wused to plan its
implementation [10].

The guiding science questions, and corresponding
measurement objectives, for MESSENGER are

(1) What planetary formational processes led to
the high metal-to-silicate ratio in Mercury? —
Map the elemental and mineralogical
composition of Mercury’s surface.

(2) What is the geological history of Mercury? —
Image globally the surface at a resolution of
hundreds of meters or better.

(3) What are the nature and origin of Mercury’s
magnetic field? — Determine the structure of
the planet’s magnetic field.

(4) What are the structure and state of Mercury’s
core? — Measure the libration amplitude and
gravitational field structure.

(5) What are the radar-reflective materials at
Mercury’s poles? — Determine the composition
of the radar-reflective materials at Mercury’s
poles.

(6) What are the important volatile species and
their sources and sinks on and near Mercury? —
Characterize exosphere  neutrals and
accelerated magnetosphere ions.

The MESSENGER mission team, sponsored by
NASA’s Science Mission Directorate, has been focused
since the time of selection on providing a spacecraft [11,
12] and instrument set [13, 14] to answer these
questions (Fig. 2).

1.4 International Interactions

Although there is no direct, formal international
collaboration on MESSENGER, there are ongoing
informal international discussions on the exploration of
Mercury. In addition to various sessions at scientific
meetings on the subject, the core science teams of
MESSENGER and BepiColombo (a joint European
Space Agency (ESA)/Japanese Aerospace Exploration
Agency (JAXA) mission to Mercury) have had, and
continue to have, unofficial coordination meetings [15].

1.5 Payload

MESSENGER’s comprehensive payload consists of
seven scientific instruments plus the
telecommunications system for radio science (Fig. 3).

.
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Fig. 2. The MESSENGER team at a glance.

The instruments include: Mercury Dual Imaging System
(MDIS), provided by the Applied Physics Laboratory
(APL) of The Johns Hopkins University, the Gamma-
Ray and Neutron Spectrometer (GRNS), provided by
APL, the X-Ray Spectrometer (XRS), provided by APL,
the Magnetometer (MAG), a joint APL/Goddard Space
Flight Center (GSFC) instrument, the Mercury Laser
Altimeter (MLA), provided by GSFC, the Mercury
Atmospheric and Surface Composition Spectrometer
(MASCS), provided by the Laboratory for Atmospheric
and Space Physics (LASP) at the University of
Colorado in Boulder, and the Energetic Particle and
Plasma Spectrometer (EPPS) consisting of the Energetic
Particle Spectrometer (EPS), provided by APL, and the
Fast Imaging Plasma Spectrometer (FIPS), provided by
the Space Physics Research Laboratory (SPRL) of the
University of Michigan.

1.6  Technology Challenges

The spacecraft design faced many technology
challenges. The spacecraft will face a severe thermal
environment of >14 kW/m® thermal input at Mercury
with the front of the spacecraft reaching temperatures of
greater than 360°C. The most stressing case will occur
then the spacecraft is sandwiched between Sun and
planet while maintaining a thermal environment that
allows use of standard space electronics [16].
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Fig. 3. The MESSENGER instruments.

Greater than 2300 m/s of in-space propulsion is required
to insert the spacecraft into Mercury orbit while keeping
the overall mass commensurate with the capabilities of a
Delta II Heavy launch vehicle (the largest allowed in the
Discovery Program).

Power generation at high temperatures as well as at just
outside of 1 AU is required for the mission. Once in
orbit at Mercury, face-on exposure of the solar panels to
the Sun could cause the panel temperatures to reach
270°C. MESSENGER was designed to keep the
temperatures below a still high, but acceptable, level by
combining optical solar reflectors with the cells and
tilting the arrays back at an increasing amount as the
spacecraft moves closer to the Sun [17, 18].

Communications reliability at the extreme temperatures
to be encountered was also an engineering issue. To
keep the antenna and mechanisms from thermal
extremes while returning > 75 Gbits from Mercury was
approached by implementing two electronically steered
phased arrays on the spacecraft [19, 20], eliminating the
need for moving parts.

Finally, one of the most challenging engineering tasks is
that associated with the gamma-ray spectrometer sensor
on the GRNS instrument. It must operate at 80 K while
the spacecraft experiences the severe thermal input at
Mercury.

Significant mass reductions were required for all
payload instruments as well as most spacecraft
subsystems [21-25].

1.7  Operations

To provide a spacecraft that can meet these challenges,
the operations must be simple yet versatile. This goal
was accomplished with a 3-axis, zero-momentum-bias
attitude control system [26], robust fault protection, and
autonomous operations capabilities [27]. Autonomous
software controls the solar array pointing, phased-array
antenna steering, and spacecraft momentum build up.
Pointing options for the spacecraft are planet-referenced
or celestial. The planet-referenced pointing can aim the
payload apertures at any given altitude, which includes
surface-feature tracking [28]. Pointing accuracy by the
attitude control system is better than 1.7 mrad (0.1°)
with 350 prad (0.02°) after-the-fact pointing knowledge,
and < 25 urad/100 ms (0.001°) pointing jitter.

For communication and data handling MESSENGER
uses a prioritized file system similar to a PC disk [29,
30]. To maximize the returned data, the Consultative
Committee for Space Data Systems (CCSDS) File
Delivery Protocol (CFDP) is used along with variable
downlink data rates (10 bps to 104 kbps) [31, 32].

The spacecraft includes limited one-time deployable
items: the magnetometer boom, an acoustic cover on
EPS, and a cover on the MASCS instrument; all of these
have been operated successfully. With the exception of
an external pivot and filter wheel on MDIS and an
internal drive in the MASCS instrument, all components
and instruments are fixed, with highly miniaturized and
mass efficient designs.

1.8  Trajectory and Mission Plans

NASA’s MESSENGER spacecraft, launched on 3
August 2004 (Fig. 4), has begun its voyage to the
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Fig. 4. MESSENGER launch on 3 August 2004.
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Fig. 5. MESSENGER’s cruise trajectory.

innermost planet. Prior to orbit insertion there is a 6.6-
year cruise phase, during which MESSENGER will fly
by Earth, Venus, and Mercury.

One year after launch an Earth flyby began removing
kinetic energy from the spacecraft while enabling
calibration measurements of the Earth and Moon.
Venus flybys in October 2006 and June 2007 increase
the inclination of MESSENGER’s transfer orbit to
match that of Mercury. The three Mercury flybys in
2008 and 2009, interspersed with deep space maneuvers,
will slow the spacecraft sufficiently for Mercury orbit
injection in March 2011 (Fig. 5) and permit mapping of
90% of the planet.

The cruise phase to date has been used to commission
the spacecraft and instruments and begin the transition
to automated use of the instruments with on-board,
time-tagged commands. In the Mercury orbital phase,
the spacecraft’s nominal periapsis latitude of 60° N will
gradually drift northward as the periapsis altitude of 200
km gradually drifts upward due to solar gravitational
perturbations. The 12-hour period and 80° inclination
are maintained while the altitude is readjusted
downward to 200 km every Mercury revolution about
the Sun. This orbit enables mapping of the entire planet
and acquiring detailed elemental and topographical data
over the northern hemisphere.

After conclusion of the nominal mission in March 2012,
an additional year of data analysis and archiving is
planned before the conclusion of the MESSENGER
project.

2. CURRENT STATUS

2.1  Earth Flyby

The MESSENGER flyby of the Earth was successfully
conducted on 2 August 2005 (Fig. 6). The imager

(MDIS) and spectrometer (MASCS) used Ilunar
observations to confirm their calibrations. The
magnetometer (MAG) and particle instrument (EPPS)
made magnetospheric measurements. The altimeter
(MLA) ranged to Earth in May 2005, while GRNS and
XRS were not operated.
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Fig. 6. Geometry of the Earth flyby.

As part of the operational tests and calibrations, images
of the Earth and Moon were acquired with MDIS. Fig. 7
shows a false-color image taken prior to closest
approach.

Fig. 7. A false-color image acquired with three
exposures using three different filters on the wide-angle
camera component of MDIS.

The MASCS instrument used its Visible Infrared
Spectrograph (VIRS) to acquire spectra of the Moon for
comparison with those to be obtained of Mercury.
Following the Earth flyby the Ultraviolet and Visible
Spectrometer (UVVS) portion of MASCS was used to
probe the Earth’s hydrogen geocorona.



The MAG data allowed a detailed comparison with the
Earth’s magnetic field and verified the alignments and
noise level of that instrument.

The radiation belts of the Earth were probed with the
EPS sensor to obtain a good calibration of the electron
channels, something not possible with Earth-based
facilities.

2.2 Other Instrument Calibration Activities

Initial operational/calibration activities have been
conducted for all of the other instruments as well. The
gamma-ray spectrometer on GRNS has been turned on
and cooled to the cryogenic operational temperature for
its high-purity germanium detector. Performance was
excellent. The nominal energy range is 0.1 — 10 MeV
with a measured resolution of 3.5 keV full-width half
maximum at1332 keV. The cruise operation shows a
range of elements within the spacecraft; the following
elements/lines have been identified: H, O, Ne, Na, Mg,
Al, K, Ti, Mn, Fe, Co, Zn, Ga, Ge, Cs, Th, U, e-¢"
annihilation.

The neutron spectrometer (NS) section of GRNS is
sensitive to fast, epithermal, and thermal neutrons. It is
also sensitive to gamma-ray bursts (GRBs). In particular,
the MESSENGER NS detected the GRB of 1 May 2005
(Day of Year 121 8"20™5.690°).

The MLA was exercised with both passive and active
ranging prior to the Earth flyby to test separately the
transmitter and receiver. A spacecraft passive raster
scan of Earth from a range of 29 x 10° km checked
MLA internal alignment and the co-alignment with the
MDIS imagers. Two-way, active ranging with Earth
was conducted at a distance of 26 x 10° km. The MLA
downlink laser was detected at both GSFC and the Jet
Propulsion Laboratory (JPL), and the uplink laser from
GSFC was detected on the spacecraft. This exercise was
the longest-range laser communication experiment that
has been carried out to date.

The MESSSENGER XRS has been checked out by
observing the supernova remnant Cassiopeia A.

Finally, FIPS has been used to measure the solar wind
near Earth and has returned solar wind parameters
consistent with those observed by the Advanced
Composition Explorer (ACE), in a halo orbit about the
upstream Earth-Sun L1 point.

2.3 Earth-to-Venus Cruise

The MESSENGER spacecraft is now operating
normally on its cruise to Mercury. Initial commissioning
and checkout have been completed, with over 100,000
commands and six trajectory maneuvers to date.
Numerous instrument calibration activities for the

payload have been carried out successfully, and the
power, thermal, telecommunications, propulsion, and
guidance and control systems are all working well. The
spacecraft is now oriented with the sunshade toward
Sun. Outside of 0.95 astronomical units from the Sun,
the sunshade has been turned away from the Sun to keep
the spacecraft within its design thermal range while
limiting required heater power. The phased array
antennas and CFDP are providing excellent data return.

The next major maneuver, and the first to use the
bipropellant propulsion system in space, will occur on
12 December 2005 to target MESSENGER for its first
flyby of Venus. That flyby on 24 October 2006 is at a
relatively high altitude (3324 km) and near solar
conjunction, so there will be no observations with the
payload. The second MESSENGER flyby of Venus on
5 June 2007 will be at an altitude of 300 km. Plans are
now underway for further instrument calibrations as
well as scientific investigations of Earth’s “sister
planet” at that time. The second Venus flyby will also
be used as a dress rehearsal for our first observations of
the planet Mercury by MESSENGER during the first
Mercury flyby seven months later on 14 January 2008.
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