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SUMMARY
The NASA Dawn mission's 11-year journey in space (Fig. 1) provided a close look at the two largest bodies in the main
asteroid belt, asteroid 4 Vesta and dwarf planet 1 Ceres. Chemical data acquired by Dawn's Gamma Ray and Neutron
Detector (GRaND) at Vesta and Ceres provide insights into the formation and evolution of these intact, "complementary"
protoplanets (Fig. 2), which represent planetary building blocks. Along the way, GRaND observed cosmic rays, solar flare
X-rays, solar energetic particles, and gamma-ray bursts from massive explosions in distant galaxies. In addition, GRaND
detected bursts of energetic electrons produced by solar wind interactions with Ceres’ bow shock, evidence for a short-
lived atmosphere perhaps the result of impact exposure and sublimation of surface ice (Russell et al., 2016). As such, the
GRaND data offers many possibilities for future studies across several disciplines within space science. To enable users to
make the most of this rich data set, we have migrated the data from an obsolete format (PDS3) to the latest standard
supported by the NASA Planetary Data System (PDS4 (https://sbn.psi.edu/pds/resource/dawn/dawngrandPDS4.html)). In
addition, we have developed tools to assist users with accessing the data and performing analyses. The new archive and
tools are described along with science use cases relevant to planetary science, space physics, and astrophysics.

Figure 1. Mission Timelilne - Data were acquired by GRaND in deep space, during an encounter with Mars, and while in
orbit around Vesta and Ceres. Dawn spent 11 years in flight, with end-of-mission (EOM) on 1-Nov-2018.

 

https://sbn.psi.edu/pds/resource/dawn/dawngrandPDS4.html


12/22/2020 AGU - iPosterSessions.com

https://agu2020fallmeeting-agu.ipostersessions.com/Default.aspx?s=09-0F-62-25-DF-C6-41-8A-CE-F7-40-5B-65-50-65-5A&pdfprint=true&guestview… 3/21

Figure 2. Comparison between the distributions of hydrogen on Vesta and Ceres. Hydrogen on Vesta is thought to be
exogenic, contained in hydrated minerals delivered to Vesta's basaltic surface by the infall of carbonaceous impactors;
whereas, hydrogen on Ceres is in the form of water ice, minerals of hydration, and organic matter that underwent low
temperature aqueous alteration within Ceres' water-rich interior (Prettyman et al., 2012, 2017).
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INSTRUMENT AND DATA
Introductory materials on planetary nuclear spectroscopy theory, instrumentation, methods, and missions can be found in
the literature (e.g. Prettyman et al., 2019b,c) (Fig. 3). A detailed description of GRaND is provided by Prettyman et al.
(2011) (Fig. 4). 

 

Figure 3. Splat! The interaction of a galactic cosmic ray ion with nuclei in the surface of a planetary body produces a
spray of secondary particles, including neutrons (n) and protons (p). The secondaries and their progeny undergo successive
collisions some of which produce gamma rays ( ). Gamma rays are also made by the decay of natural radioelements
present in silicate minerals. Radiation that escapes the surface can be measured by an orbiting nuclear spectrometer and
provides a chemical fingerprint of the subsurface to depths of <1 m.

 

γ
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Figure 4. A cutaway view reveals GRaND's 21 sensors, electronics, and housing (see Prettyman et al. 2011). The sensors
include a large-volume bismuth germanate (BGO) scintillator, the primary gamma-ray sensing element, which is
surrounded by B-loaded plastic (BLP) and Li-loaded glass scintillators that serve as an anticoincidence shield and neutron
spectrometer. A neutron interaction is illustrated. The scintillators are read out by photomultiplier tubes.

 

All data acquired by GRaND were archived initially in PDS3 format and then migrated later to PDS4. The processing
levels include:

raw: The raw data consist of time-ordered gamma-ray and neutron counting data, specta, and housekeeping
data acquired during each phase of the mission. The raw data were derived from spacecraft telemetry using
reversible operations, providing a complete data set from which higher level products can be derived. The time-
series data are subdivided into coarse time intervals, roughly aligned with mission phase boundaries.

calibrated: The calibrated data include a time series of gain-corrected BGO pulse height spectra as well as
information about spacecraft location, pointing, and measurement geometry needed for quantitative analyses of
elemental composition.

derived: The derived data include maps of counting data and elemental abundances at Vesta and Ceres.
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ancillary: Ancillary data include shape models used to derive geometry corrections, as well as key instrument
settings and parameters.

Browse files provide a graphical overview of the data, which help the user identify data for use in their studies. Examples
of calibrated and derived browse products are displayed in the slide show (right). A graphical overview of the data is
provided in Fig. 5, including the live time fraction, gross interaction rate for the outboard scintillator (+Z phoswich), and
the rate of three or more interactions ("triples"). The live time fraction gives the fraction of each science accumulation
interval for which the instrument was available to process events. Accumulation of radiation damage effects and other
changes in instrument performance likely contribute to the overall, gradual increase in the live time fraction during the
mission. The live time fraction decreases with increasing interaction rate, which is highest when GRaND was in close
proximity to Vesta (VSL) and Ceres (VSL and C2E) and during Mars encounter. The +Z phoswich scintillator is sensitive
to solar energetic particles (SEP), which produce peaks in the time series. As demonstrated in Fig. 5, the triples monitor is
sensitive to very high enegy charged particles and serves as a proxy for the flux of galactic cosmic rays. GRaND's
observations of solar and astrophysical phenomena while in the main belt supplement similar observations made at 1 A.U. 
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Figure 5. Overview of the dataset shows time series of GRaND science data products: A. The ratio of the live time of the
counting system to the accumulation time. Live time varies inversely with the total interaction rate, which increases in
proximity to planetary targets. B. The gross interaction rate for the +Z phoswich scintillator, which is sensitive to the
passage of solar energetic particles (SEP). SEP events appear as peaks. C. The rate at which three or more sensors are
struck. The triples rate is sensitive to minimally ionizing particles, primarily galactic cosmic rays. D. The count rate for the
Bartol neutron monitors at McMurdo Station in Antarctica is also sensitive to galactic cosmic rays and shows a similar
solar modulation trend to panel C. For visualization, SEP events were excluded from panels A and C. Mission phases
indicated include Earth-Mars Cruise (EMC), Mars-Vesta Cruise (MVC), and Vesta Ceres Cruise (VCC). In Dawn's
primary mission, the spacecraft's closest approach to Vesta and Ceres was about 0.8 body radii while in low altitude
mapping orbit (VSL and CSL). The spacecraft approached within 50 km of the surface of Ceres while in a highly-
eccentric orbits during the final mission phase (C2E). 
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PDS4 FEATURES
In migrating the GRaND archive to the new PDS4 standard, no changes were made to the data files; however, the data
labels and documentation were revised and some changes to the organization of data within the archive were made. As
such, users are encouraged to review the archive description document (Prettyman et al., 2020) prior to accessing the data.

A key feature of PDS4 is the use of the open-standard, eXtensible Markup Language (XML). XML provides more flexible
and descriptive labeling of data files, allowing advances in software and database capabilities to be leveraged. The archive
uses the nuclear spectroscopy (NucSpec (https://pds.nasa.gov/datastandards/dictionaries/#nucspec)) discipline dictionary
developed by the Small Bodies Node (SBN) with input from the planetary community. NucSpec associates data with
instrument settings and parameters, enabling efficient identification of records for analysis. Metadata is provided to
identify solar energetic particles and other phenomena of interest to the space and astrophysics communities.

In addition, the Dawn mission dictionary (Dawn (https://pds.nasa.gov/datastandards/dictionaries/#dawn)) allows
specification of keywords specific to GRaND, including the science accumulation interval (TELREADOUT) and the
housekeeping sample rate (TELSOH). 

 

Instrument Settings

Instrument settings include the configuration of subsystems, photomultiplier tube high voltages, and counting window
parameters. At each target, these were held constant for as long as possible to ensure stable data acquisition; however,
settings were occasionally adjusted to optimize instrument performance and to ensure that key signatures were on scale.
Twenty-five operational states, for which the instrument was fully configured for science data acquisition, have been
identified and recorded in the PDS4 labels; however, only a handful account for the bulk of the data volume (Fig. 6 and
Table 1). The nil state (state index = 0) is recorded during instrument startup and shutdown. For completeness, all
instrument settings are recorded in the raw telemetry (-STA files). The operational states are recorded in the raw and
derived labels. A representative snippet from a label follows: 

Note that state index 2 is indicated for a selected time range, given by the spacecraft clock ticks (SCLK, units of seconds).
Each science data record has a unique SCLK value, which is used for cross referencing between files in the archive. The
label refers to the state table, which is found in the ancillary bundle and lists the settings for each state.

 

https://pds.nasa.gov/datastandards/dictionaries/#nucspec
https://pds.nasa.gov/datastandards/dictionaries/#dawn
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Table 1. GRaND operational parameters are indicated by a state index, which refers to specific combinations of
instrument settings, including photomultiplier tube high voltages and thresholds. The table gives a description of the
states, their duration, and number of science data records.

Figure 6. Graphical depiction of instrument settings. Primary states at Mars (2 - orange), Vesta (11 - green; 15 - blue), and
Ceres (25 - magenta) are shown. Many of the other states are minor permutations on the primary settings used for testing
and optimization of instrument parameters (see Table 1).

 

Observing Conditions

Analysis of planetary surface composition using passive interrogation with galactic cosmic rays requires long integration
times under steady, quiet Sun conditions. This requires identification and removal of transient events. The following event
categories are included in the raw and calibrated time series labels via the NucSpec dictionary:

Solar Energetic Particles (SEP): These are energetic particles produced by coronal mass ejections. The label files record
SEP events large enough to invalidate quiet Sun conditions. Electron bursts have been observed only once, during and
immediately after an SEP event at Ceres. Their presence is indicated in the comment for the associated SEP.

Solar flare (SF) - GRaND sensors respond to solar flare X-rays. The labels record solar flare X-rays identified by
correlation with data from the NOAA Geostationary Operational Environmental Satellite (GOES). When available, the
magnitude of the solar flare is included in the metadata.
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Gamma-ray bursts (GRB) - GRaND is sensitive to large gamma-ray bursts. These are identified by correlation with
bursts detected by the Gamma-ray Burst Monitor (GBM) on board the Fermi Gamma-ray telescope (Yu et al., 2016). The
GRB name and Fermi trigger time are included in the label entries.

Data glitch (DG) - These include instrument glitches and anomalies well as unidentified blips, such as uncategorized
solar flare X-rays or GRBs. Solar flare X-ray events and GRBs are fast transients that occur on timescales less than an
accumulation interval and therefor make up a very small fraction of the total data volume. The glitch list includes a ~3
week period in which instrument performance was anomalous.

The observing conditions included in the archive build on the blip catalog of Yamashita et al. (2018). The number of
records for each event category is compared with the total data volume in Table 2. A representative label snippet for a
solar flare X-ray event follows:

 

Table 2. Observing conditions summary
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SOFTWARE TOOLS
Software is provided for easy access and processing of GRaND data for scientific analyses: dawn-grand-tools
(https://github.com/nasa/dawn-grand-toolbox) at the NASA GitHub site. The repository includes sample labels for
evaluation. The software was written in the Interactive Data Language (IDL) and uses the xml_parse() function
introduced in IDL 8.6.1. The GRaND archive contains character and binary tables. Two routines are provided to ingest the
data:

grd4_read_character_table  -  IDL function that reads character (ASCII) tables, including most raw files and all
calibrated and derived data files.

grd4_read_binary_table  -  IDL function that reads binary data found in the raw data files containing time-series event
mode gamma and neutron data. 

The routines parse the label, extracting metadata useful for analysis, and read the data. For time series data files (raw and
calibrated), the metadata includes mission phase and target information, instrument settings (STATE, TELREADOUT, and
TELSOH) and observing conditions.

For example, the grd_state_table in the dawn-grand-ancillary bundle contains a list of all 25 operational instrument
settings. These can be read using grd4_read_character_table as demonstrated below:

In addition to IDL tools specific to the archive, the PDS offers the generic PDS4 viewer
(http://sbndev.astro.umd.edu/wiki/PDS4_Viewer), which can be used to read and plot the data and examine the labels in a
human-readable format. For Python users, the IDL to Python bridge
(https://www.l3harrisgeospatial.com/docs/idltopython.html) enables interaction with the Python interpreter from IDL. The
PDS4_viewer was written in Python using Python tools
(https://sbnwiki.astro.umd.edu/wiki/Python_PDS4_Tools) developed by the PDS.

 

https://github.com/nasa/dawn-grand-toolbox
http://sbndev.astro.umd.edu/wiki/PDS4_Viewer
https://www.l3harrisgeospatial.com/docs/idltopython.html
https://sbnwiki.astro.umd.edu/wiki/Python_PDS4_Tools
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EXAMPLE USE
Example 1 of 2: Observing conditions

To illustrate how the the observing conditions metadata are used, we examine raw time series data that record a gamma-
ray burst, solar flare X-ray events, and solar energetic particles. The data are found in the dawn-grand-ceres bundle, raw
collection in the 16_Ceres_X2_HOLDING directory: 

GRD-L1A-170906-170913_190118

The +Z phoswich scintillator (PHOS_PZ) is sensitive to energetic particles, solar flare X-rays and gamma-ray bursts. The
file can be selected (via a dialog boxi) and read using grd4_read_character_table:

The output contains a structure called records, which contains a time series of 256-channel pulse height spectra
(g.records.phos_pz). The output also includes a structure called OBSCON, which contains the observing conditions,
including a gamma-ray burst, five solar flare X-ray events, and a solar energetic particle event:

The information in the OBSCON and RECORDS structures can be used to mark the observed events on a plot of the gross
phos_pz count rate (Fig. 7).  For example, the obscon.flag_sflare or obscon.sclk_start_sflare & sclk_stop_sflare can be
used to mark records corresponding to solar flares. An auxiliary data file containing live times and time information
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needed to make the plot is included in the archive. The data give the timing of the arrival of solar energetic particles
relative coronal mass ejections, which follow solar flares. Applications of the data include better understanding the
propagation of solar energic particles beyond Earth's orbit needed for space weather predictions in the main belt.

 

Figure 7. Gross count rate as a function of time for the +Z phoswich scintillator during a period of intense solar activity.
Events listed in the XML label file accompanying the data are marked. These include a gamma-ray burst (GRB), solar
flare X-rays  (SF), and solar energetic particles (SEP). The X-ray flux from the NOAA Geostationary Operational
Environmental Satellite (GOES 15) is plotted for comparison (orange trace, right axis). 

 

Example 2 of 2: Map data

The derived bundles for Vesta and Ceres contain maps, presented as a tables of map values and pixel boundaries
(minimum and maximum latitudes and longitudes). The example that follows reads a table containing the distribution of
hydrogen on Ceres and converts the table into a 0.5 degree equirectangular image (720 x 360 pixels) that can be displayed
as a map using IDL's image function. The example makes use of the reverse indices feature of IDL's histogram function to
carry out the task quickly no matter how long the list of input map values. Figure 8 shows the map as displayed in the IDL
plot window. 
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Figure 8. Map of the disribution of hydrogen on Ceres. The prime meridian is on the left side of the map to enable with
the browse product (GRD_HYDROGEN_MAP) that appears in the slide show on the lower right hand side of the poster.
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ABSTRACT
The NASA Dawn mission spent 11 years in flight, acquiring data during cruise through interplanetary space, observing Mars
during a brief flyby, and measuring the elemental composition of (4) Vesta and (1) Ceres, the most massive bodies in the
main asteroid belt [e.g. 1,2]. Chemical information was acquired by Dawn’s Gamma Ray and Neutron Detector (GRaND),
which measured radiation produced by galactic cosmic ray (GCR) interactions with the outermost layers of the planetary
targets. GRaND also detected GCRs, solar energetic particles (SEPs), solar-flare X-rays and gamma-ray bursts (GRBs).
Bursts of energetic electrons detected by GRaND while Dawn was in orbit around Ceres may have resulted from fast-Fermi
acceleration of electrons at a bow shock formed by a transient atmosphere [3]. Data acquired by GRaND can be used for
future studies on how solar energetic particles propagate through the heliosphere, important for both for science and
understanding how space weather could impact upcoming planetary missions. Thus, the data acquired by GRaND crosses the
boundaries of several disciplines within space science.

 

The GRaND data were originally archived at the NASA Planetary Data System (PDS) Small Bodies Node (SBN) in the now
obsolete PDS3 standard. To bring the archive up to date, we have migrated the data to PDS4. A key feature of PDS4 is the
use of the open-standard, eXtensible Markup Language (XML). XML provides more flexible and descriptive labeling of data
files, allowing advances in software and database capabilities to be leveraged. The archive uses the nuclear spectroscopy
(NucSpec) discipline dictionary developed by the SBN with input from the planetary community. NucSpec associates data
with instrument settings and parameters, enabling efficient identification of records for analysis. In addition, metadata is
provided to identify SEPs and other phenomena of interest to the space and astrophysics communities. Software tools were
developed for easy access and processing of raw data for scientific analyses (dawn-grand-tools to be archived at NASA's
GitHub repository). The new PDS4 archive and tools are described, and science use cases are presented.

[1] Prettyman et al. (2012) DOI:10.1126/science.1225354. [2] Prettyman et al. (2017) DOI:10.1126/science.aah6765. [3]
Russell et al. (2016) DOI:10.1126/science.aaf4219.
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Resources:

GRaND PDS4 archive - https://sbn.psi.edu/pds/resource/dawn/dawngrandPDS4.html (coming soon - pending completion of
internal review)

Dawn/GRaND tools and sample data - https://github.com/nasa/dawn-grand-toolbox

PDS4 viewer - http://sbndev.astro.umd.edu/wiki/PDS4_Viewer

PDS4 NucSpec dictionary - https://pds.nasa.gov/datastandards/dictionaries/#nucspec

PDS4 Dawn dictionary - https://pds.nasa.gov/datastandards/dictionaries/#dawn

Image credits:

Figure 1. Earth texture from the NASA Visible Earth/Blue Marble collection; Mars texture by Selden Ball of Cornell (derived
from USGS Viking color mosaic); S/C image by NASA/JPL/Caltech.

Figure 5C. The Bartol Research Institute neutron monitor program is supported by the United States National Science
Foundation under grants PLR-1245939 and PLR-1341562, and by the University of Delaware Department of Physics and
Astronomy and Bartol Research Institute.

 

 

 


