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Preface to the Proceedings
A large number of the presenters at the conference later submitted completed written papers which
form the basis of this Conference Proceedings.
All papers published in these proceedings have been subject to a peer review process whereby a
scholarly judgement by suitable individuals endorsed by the Program Committee determined if
the paper was suitable to be published. All papers not rejected were revised until deemed suitable.
Responsibility for the content of each paper lies with its author(s). The publisher also retains copyright
over the text. Papers appear in the Conference Proceedings with the permission of the authors.
The Editors would like to give special thanks to the Program Committee and those scholars who
participated in the peer review process:
Amit Acharyya, John Auld, Daniel Bayliss, James Bennett, James Biggs, Mark Blair, Rod Boswell, Melrose
Brown, Brad Carter, Jon Clarke, Daniel Cotton, Andrew Dempster, Con Doolan, Lisa Fogarty, Alan Forghani,
Brian Fraser, John Fryer, Yue Gao, Eamon Glennon, Marion Grange, Jose Guivant, Duane Hamacher, Alex
Held, Jonathan Horner, Michael Ireland, Trevor Ireland, Michael Jokic, Fred Jourdan, John Kennewell, Elliot
Koch, Phil Lubin, Jonathan Marshall, Steve Martin, David Mee, Fred Menk, Frank Mills, Harvey Mitchell,
Neil Mudford, Andrew Neely, Marc Norman, Sean O’Byrne, Hideaki Ogawa, John Olsen, Craig O’Neill,
Simon O’Toole, John Page, Birenda Pandey, Tim Payne, Rob Pidgeon, Gordon Pike, Stuart Ryder, Richard
Samuel, Jizhang Sang, Daniel Shaddock, Nagaraj C. Shivaramaiah, Duncan Steel, Leon Stepan, Ross Taylor,
Matthew Tetlow, Tanya Vladimirova, Carl Wang, Colin Waters, Vincent Wheatley, Rob Wittenmeyer and
Xaoifeng Wu.

Finally we would like to thank our sponsors (the Space Policy Unit of DIISR and Engineers Australia)
for their support in funding student participation and the Organising Committee and Program
comittee for giving generously of their time and efforts. We trust that you will find the 2011
Conference Proceedings enjoyable and informative.
Wayne Short and Iver Cairns
Editors, 11ASSC Conference Proceedings, May 2012
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Conference Background
The Australian Space Science Conference (ASSC) is the focus of scientific cooperation and discussion
in Australia on research relating to space. It is a peer reviewed forum for space scientists, engineers,
educators, and workers in Industry and Government.
The conference is of relevance to a very broad cross section of the space community, and therefore
generates an enlightening and timely exchange of ideas and perspectives. The scope of the conference
covers fundamental and applied research that that can be done from space and space-based platforms,
and includes the following:
•
•
•
•
•

Space science, including space and atmospheric physics, remote sensing from space, planetary
sciences, astrobiology and life sciences, and space-based astronomy and astrophysics
Space engineering, including communications, navigation, space operations, propulsion and
spacecraft design, testing, and implmentation
Space industry
Government,  International relations and law
Education and outreach

The 11th ASSC was held at Australian National University in Canberra from September 26 to 29,
2011. The Conference was opened by the Minister for Innovation, Industry, Science, and Research,
Senator the Honourable Kim Carr (Labor, Victoria). During his speech the Minister announced for
the first time the principles for the new National Space Industry Policy. The Minister’s speech was
followed by invited talks from Dr Craig Smith (EOS Systems, holder of an Australian Space Research
program grant) and by Professor Michael Tobar (University of Western Australia).
The conference included a comprehensive program of plenary talks and special sessions on the national
context for space (including papers on the new Roadmap for the National Research Infrastructure,
the new Australian Space Industry Association, and the status and implementation of the 2010
Decadal Plan for Australian Space Science), the foci and programs of Australian Government units
with interests in space, and detailed descriptions and progress reports of research funded by the
Australian Space Research Program. In addition, the program contained a special student session, with
a strong preponderance of projects involving the Australian Space Research Institute. The program
also ontained multiple sessions of invited and contributed presentations, both oral and poster, on
Hypersonics, Planetary Science, Remote Sensing and Geodesy, Space Capabilities / Education /
Hazards, Space Physics, and Space Technology.
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Appendix A has a copy of all abstracts accepted for presentation at the conference.
The 11th ASSC was organised by the National Space Society of Australia (NSSA) and the Academy
of Sciences National Committee for Space Science (NCSS). The Australian Space Research Institute
(ASRI) also helped significantly with organising abstract submissions. The 2011 conference was held
in conjunction with an Italy-Australia Space Science Symposium which which was held held on day 3
and allowed researchers from both Italy and Australia to discuss future collaborative efforts.
A call for papers was issued in March 2011 and researchers were invited to submit abstracts for
presentation at the conference. Following the conference itself, a call for written papers was issued
in October 2011: this invited presenters to submit a formal written paper for this Proceedings that
covered their abstracts.
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Welcome to the 11th Australian Space Science Conference
and to the Australian National University in Canberra! This will be the fifth ASSC jointly sponsored
and organised by the National Committee for Space Science (NCSS) and the National Space
Society of Australia (NSSA). The ASSC is intended to be the primary annual meeting for Australian
research relating to space science. It welcomes space scientists, engineers, educators, and workers
in Industry and Government.
The conference was opened by Senator Kim Carr, the Minster for Industry, Innovation, Science and
Research. The Vice-Chancellor of the ANU, Professor Ian Young, was in attendance to welcome
and introduce the minister. The Italy - Australia Space Science Symposium was held on Day 3 of
the conference.
This year we are working again with the Australian Space Research Institute (ASRI). We will also
hear more about the successful projects from the last two rounds of the “Australian Space Research
Program” (ASRP) – an initiative managed by the Space Policy Unit.
We look forward to an excellent meeting!

Iver Cairns						Wayne Short
Co Chair ASSC 2011					
Co Chair ASSC 2011
Chair, NCSS						President, NSSA
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The National Space Society of Australia is the coming together of like-minded space enthusiasts who
share a vision for the future in which there is an ambitious and vigorous space program leading to
eventual space settlement.
To this end the National Space Society (worldwide) promotes interest in space exploration, research,
development and habitation through events such as science and business conferences, speaking to the
press, public outreach events, speaking engagements with community groups and schools, and other proactive events. We do this to stimulate advancement and development of space and related applications
and technologies and by bringing together people from government, industry and all walks of life for
the free exchange of information.
As a non-profit organisation, the National Space Society of Australia draws its strength from an
enthusiastic membership who contributes their time and effort to assist the Society in pursuit of its goals.
For more information, and to become a member:
http://www.nssa.com.au

Ad Astra!
Wayne Short
NSSA President
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The National Committee for Space Science (NCSS) is chartered by the Australian Academy of Science
to foster space science, to link Australian space scientists together and to their international colleagues,
and to advise the Academy’s Council on policy for science in general and space science in particular.
The associated web page can be reached at http://www.science.org.au/natcoms/index.htm . Accessible
resources include the 2004-2006 Report on Australian Space Research.
NCSS believes that ASSC meetings provide a natural venue to link Australian space scientists and
foster the associated science, two of its core goals. As well as ASSC, it is also sponsoring the VSSEC –
NASA Australian Space Prize.
This is the first ASSC meeting following the launch of the first Decadal Plan for Australian Space
Science in 2010. NCSS encourages people to work together to accomplish the Plan’s vision: “Build
Australia a long term, productive presence in Space via world-leading innovative space science and
technology, strong education and outreach, and international Collaborations.” The Plan can be
downloaded from the Academy website or obtained from Iver Cairns. Wishing you an excellent
meeting,
Russell Boyce (UQ, Chair, 9/2011 on), Iver Cairns (U. Sydney, Chair 1-8/2011, Deputy Chair),
Graziella Caprarelli (UTS), Alex Held (CSIRO, COSSA), Fred Menk (U. Newcastle), David Neudegg
(IPS Radio & Space Services, Bureau of Meteorology), Bob Vincent (U. Adelaide) and Malcolm
Walter (UNSW, Deputy Chair 1-8/2011).
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Italy - Australia
Space Science Symposium
Wednesday September 28
On the occasion of the 11th Australian Space Science Conference, a bilateral Italy - Australia Space
Symposium was held on 28th September. The symposium provided a forum for discussing ways to
strengthen and consolidate collaborations between Italian and Australian researchers in important
sectors of space science, particularly in planetary science. It involved a panel discussion, plenary and
invited papers by Italian researchers, and a reception at the Italian Embassy. Participants who took
part in the symposium were from the Italian Space Agency and the Italian National Institute of
Astrophysics as well as from Australian universities and research centres.
Panelists
Professor Russell Boyce (University of Queensland)
Professor Harvey Butcher (Australian National University)
Professor Iver Cairns (University of Sydney)
Ms Michele Clement (Director, Space Policy Unit, DIISR)
Professor Trevor Ireland (Australian National University)
Dr Roberto Orosei (Instituto Nazionale di Astrofisica, Rome)
Professor Oscar Moze (Scientific Attache, Embassy of Italy)
Dr Monica Pondrelli (In’t Resesearch School of Planetary Sciences)
Professor Kefei Zhang (RMIT University)
Moderator
Dr Graziella Caprarelli (University of Technology, Sydney)
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2011 ASSC Program Committee

Mark Blair (Australian Space Research Institute)
Iver Cairns (Chair, University of Sydney)
Graziella Caprarelli (University of Technology Sydney)
Eamon Glennon (University of New South Wales)
Trevor Harris (Defence Science Technology Organisation)
Alex Held (Commonwealth Scientific and Industrial Research Organisation)
Trevor Ireland (Australian National University)
Charlie Lineweaver (Australian National University)
Fred Menk (University of Newcastle)
Carol Oliver (University of New South Wales)
Daniel Shaddock (Australian National University)
Nagaraj Channarayapatna Shivaramaiah (University of New South Wales)
Michael Smart (University of Queensland)
Colin Waters (University of Newcastle)
Kefei Zhang (RMIT University)
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Space Reconnaissance:
Scanning the Sky with an Optical Arecibo
Duncan Steel1 and Harrison Steel2
1

Australian Centre for Astrobiology, University of NSW
email: TMA1@grapevine.com.au
2

Wesley College, University of Sydney

Summary: A novel optical design for a sky-scanning instrument is described, intended for the
discovery of small, fast-moving near-Earth asteroids although it may have applications for
identifying other classes of moving object (main-belt asteroids; distant comets and minor
planets; satellites and debris in geocentric orbits). Its design based on a fixed, very large,
segmented spherical primary mirror that scans the sky due to the Earth’s diurnal rotation: it
might therefore be thought of as being an optical counterpart of the Arecibo radio/radar
telescope. Numerous convex hyperboloidal secondary mirrors are used to collect light from
different look directions/optical axes and form multiple wide-field images on CCD detectors
arranged just below the primary’s surface. Whilst much of the spherical aberration resulting
from the primary’s non-paraboloidal form can be corrected by the secondaries, the main
aberration reduction derives from tailored holographic corrector plates arrayed in front of the
detectors. This necessitates a narrow spectral bandpass filter (of order 25−50 nm), but this is
already a common search technique for asteroids. The CCD columns would be read out at the
diurnal spin rate, producing strip scans across the sky of constant declination. The device
contains no moving parts, thus representing a highly-economical design concept.
Keywords: Asteroid and comet searching, near-Earth objects, space reconnaissance, groundbased detection, novel telescope systems, space situational awareness, fast-moving objects,
space debris.

Preamble
“The fact is that every task must seek its own proper instrument”
Louis Bell, p.269 in The Telescope, McGraw-Hill, New York & London (1922).

Introduction
In military affairs it is common to talk of ISR – Intelligence, Surveillance and Reconnaissance
– with a clear differentiation being drawn between the surveillance being a watch kept over a
suspect area or item that has previously been identified through an initial reconnaissance
mission. Together these can deliver useful intelligence, but the techniques used for
reconnaissance and surveillance may be quite different.
In scanning the skies for moving objects that have not previously been identified (for example
space debris in geocentric orbit, or asteroids and comets in heliocentric orbit) this distinction
between reconnaissance and surveillance in terms of instrumental techniques often has not
been made, with the same telescope or camera system generally being used both for initial
detection of the previously-unknown object, and then astrometric follow-up that enables its
orbital parameters to be determined based on accurate positions determined over some
suitable time span. Ideally one might wish for two or more separate (although not necessarily
geographically-separated) optical systems: a wide-field camera with large light-gathering
power for reconnaissance (i.e. search), and a narrow-field telescope for subsequent
surveillance (i.e. follow-up) involving positional determinations at known instants and
therefore eventual orbit determination. The latter might also be employed to gather physical
observations (such as time-resolved photometry, broad-band spectrophotometry, and highresolution spectroscopy).
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The search instrument could have large pixel scales, because the need is simply to determine
that a target exists within some identified area of the sky, to which the follow-up instrument
may be directed; using the latter’s finer pixel scale the target may then be tracked. This
‘identified area’, a small subset of the search instrument’s large field of view (FOV), might be
of the same order as the FOV of the follow-up telescope, assuming that the latter is
immediately responsive to discoveries made using the former. With large pixel scales the
search/reconnaissance system might have an acceptable image quality that is considerably
poorer than that sought in designs for conventional astronomical telescopes, and might also be
located in a place where the atmosphere-imposed scintillations (‘seeing’) is worse than would
usually be selected for a major astronomical observatory, the main criterion for site selection
being the number of clear nights per year.

An Optical Arecibo
In this paper we are interested only in the search for unknown moving objects in space (i.e. the
reconnaissance phase), and therefore use the above considerations (or, lack of limitations) as a
guide towards a new conceptual design for a sky-scanning system. It is intended primarily to
be used to discover small, fast-moving asteroids comparatively close to Earth (within 0.5 AU)
although it might also have applications in the identification of other classes of object both in
deep space (main-belt asteroids, distant comets and minor planets) and near space (satellites
and anthropogenic debris in geocentric orbits).
Due to the fact that its purpose is restricted to identifying the presence of previously-unknown
fast-moving objects (FMOs), and then flagging those targets to one or more follow-up
instruments in a timely manner, the criteria for optical quality may be relaxed compared to a
conventional astronomical telescope, as argued above. That is:
a) Because the FMOs have large angular velocities (>1 degree per day) the detector pixel
sizes may be large in their angular extent (say five arcseconds: the distance the FMO
moves during ~100 seconds);
b) The instrument will likely be situated in a location other than a top-ranked
astronomical site, where the typical seeing quality may also be only five arcseconds,
the main consideration being the availability of clear nights (from this perspective, for
example, the Northern Flinders Ranges would be the best site within Australia);
Because of these considerations:
c) The primary mirror segments may have reduced optical quality – and therefore be
more economically produced – the requirement being limited to the production of
stellar images that are comparable to the above (coarse) pixel sizes.
Our proposed device is based on a large, segmented, spherical primary mirror that is fixed in
place and scans the sky due to the Earth’s diurnal rotation. It might therefore be thought of as
being an optical counterpart of the Arecibo radio/radar telescope in Puerto Rico. Because its
purpose is restricted to identifying the presence of previously-unknown FMOs in space, and
flagging these targets to one or more follow-up instruments in a timely manner, its optical
quality criteria could be much-reduced compared to a conventional telescope as used for a
range of astrophysical observations. Thus the primary mirror could comprise about a thousand
one-metre-wide hexagonal segments of relatively poor quality in terms of their adherence to a
spherical form, for example being produced by slumping ~centimetre-thick optical blanks into
moulds in an oven before their concave reflecting surfaces are aluminised and they are
mounted onto a solid framework.
We visualise this system being built into a ~30-metre wide concavity near ground level which
is shaped as the cap of a sphere with half-angle ~45 degrees and rotational symmetry about a
vertical axis. As will become apparent below, if this instrument were located at a latitude of
30 degrees then all declinations 0º    60º could be scanned during the night, although this
would necessitate a trade-off against other coverage parameters.
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The 30-metre wide concave depression would be largely covered with identical hexagonal
spherical mirror segments, for ease of manufacture, handling and servicing (see Figure 1 for a
general perspective of the concept).

Fig. 1: Visualisation of the basic design of the sky-scanning telescope; the primary mirror
here would be about 30 metres in diameter, and comprise about a thousand identical
hexagonal segments.
In front of the prime focus a cluster of high-quality convex hyperboloidal secondary mirrors
(Figure 2: there are 37 secondaries in this particular visualisation) would be used to perform
first-order correction of the spherical aberration produced by the primary. Occluding baffles
(coupled with the diameters of the secondaries) would be used to restrict the light paths
reaching these secondary mirrors to those reflected from the primary mirror segments within
~3 metres of the Cassegrain image positions (i.e. each image position – located below the
primary mirror surface [Figures 3 and 4] – would be served by only a limited area of the 30metre wide assembly of hexagonal components, with an aim of producing images using light
gathered from a collector area equivalent to about a five-metre diameter aperture).

Fig. 2: The framework of 37 secondary mirrors viewed from directly below, from within the
image position looking towards the zenith.
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Fig. 3: The primary and secondary mirrors viewed from below.
Coma, astigmatism and field curvature might be reduced or corrected by auxiliary refractive
optics close in front of the image plane. For continuous sky-scanning mode (see below) the
field distortion should be reduced to a value less than a pixel width in the image; for framing
mode (brief exposures) the field distortion could be allowed to be high, and then be digitally
mapped-out in the data analysis. (See also the section below concerning possible holographic
aberration correction.)

Fig. 4: Each black hexagon apparent within the primary’s surface is a gap (missing mirror),
through which images are formed on the CCD detector arrays at each Cassegrain focus.
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Large Spherical Primary Mirror Telescopes
Two large astronomical telescopes have been constructed using hexagonally-segmented
spherical primaries: the Hobby-Ebberly Telescope in Texas and the Southern African Large
Telescope (or SALT), each of which has an effective aperture a little over nine metres. These
instruments use corrective optics to produce high-quality images for conventional
astronomical purposes, mainly spectroscopy of astrophysical targets.
Most designs for future telescopes larger than the ten-metre class have made use of
hexagonally-segmented spherical primary mirrors for various reasons, although Willstrop [1]
has shown how very large (up to 25 metre diameter) aspheric multi-segmented mirrors may be
arranged using components that are not identical hexagons. The European Extremely Large
Telescope (E-ELT), if it proceeds, is designed to use 798 hexagonal segments each 1.45
metres across, resulting in an aperture slightly more than 39 metres in diameter.
Of particular note here is the paper by Lynden-Bell and Willstrop [2], in which the authors
foreshadowed some of the ideas promulgated in the present paper. In particular those authors
described how a large fixed spherical primary could be used to look in many directions
simultaneously, with up to a thousand image positions each making use of perhaps 15 percent
of the overall primary surface. An important point to note here in terms of gross economics
(both physical and financial) is that each primary mirror segment contributes light to several
different image positions/look directions, as Lynden-Bell and Willstrop described.

Holographic Image Correction
We now return to our own concept of a large Arecibo-like optical instrument designed
specifically for sky-scanning for FMOs, rather than any other conventional astronomical
purposes that would require higher-quality optics and fine pixel scales.
Due to the relatively poor quality (in terms of adherence to a spherical shape) expected of the
surfaces of the cheaply-produced individual primary mirror segments, further image
improvement could be applied through the installation of holographic corrector plates in front
of each detector. Such an image correction technique has been described and demonstrated by
a research group in the physics department at the University of Adelaide* [3].
For sky scanning using a pass band less than 50 nm wide (e.g. one might construct the
hologram at the He-Ne laser wavelength of 632.8 nm and then use a suitable R-filter centred
near 600 nm in subsequent observations, thus allowing for some emulsion shrinkage), such a
holographic corrector would allow for primary mirror surface deviations of 50 or 100
wavelengths with the narrowband filter reducing the chromatic aberration that would
otherwise result. Using an R (or V) filter is common in asteroid searching, so as to match
against a typical asteroid reflectivity whilst avoiding the most intense nightglow emissions
(and also reducing the sky background due to Rayleigh scattering at shorter wavelengths).
*

Due to the fact that he was working at that institution in the mid-1990s, the first-named author of the
present paper [DS] became aware of the potential of holographic correctors through discussions
with Jesper Münch. Then, in 1995 September, on his way to the conference Beginning the
Spaceguard Survey held on the island of Vulcano (Italy), DS conceived the basic design described
here in a discussion with Gene Shoemaker in a Bangkok Airport transit lounge. Gene, with wife
Carolyn, was by chance on the same Qantas flight Sydney–Rome to attend that meeting, having
spent the preceding few months surveying impact craters in Australia. DS consequently presented
an ad hoc paper at that conference on the potential for near-Earth object searches of a large
spherical mirror rendering multiple look directions. There were no published proceedings from
Vulcano, but future historians of science should be aware that the event was filmed by for an
award-winning TV documentary named Toutatis: http://www.catherinefol.com/index.htm
It is both unusual and valuable that the philosophical ruminations of the leaders in a relatively-new
scientific field should have been captured in this way.
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Alternatively a narrower pass-band might be used at 600-620 nm so as to avoid the oxygen
and sodium airglow lines. Note also that the quantum efficiency of CCDs generally peaks
above 600 nm, also arguing for the utilisation of this part of the visible spectrum.

Image Positions and Dimensions
Each secondary mirror would produce an image arranged to be below the position of the main
mirror surface, projecting through a ‘missing’ hexagonal segment (see Figures 3 and 4); i.e.
this is a conventional Cassegrain focus position. This paper is intended only as an outline of a
concept, and so a detailed optical design is inappropriate; but some characteristic dimensions
may assist the reader in comprehending what is being suggested, as follows.
The primary mirror might have a radius of curvature of 24 metres, and so a focal length of 12
metres. Suppose (as implied previously) that 6 metres is the diameter of the area of the
primary mirror from which light is collected by each secondary to form an image. The focal
ratio at prime focus would then be f/2. However, the secondary mirrors intercept the light
path, forming images at the Cassegrain focus in each case (i.e. for each chosen optical axis). If
those secondary mirrors are placed 3 metres closer to the primary mirror than the prime focus,
and have the correct curvature (actually a radius of curvature of 8.57 metres, convex) to form
images 10 metres away (and thus one metre below the primary mirror’s surface), then the
effective focal length (EFL) is 40 metres and the overall focal ratio is f/6.7.
At prime focus the image scale would be 60 µm/arcsec; at Cassegrain focus the image scale is
200 µm/arcsec. If the CCD used is a 10k×10k chip with 25 µm pixels (thus a 25 cm square)
then the scale would be 8 pixels per arcsecond and the chip would cover a FOV of 20.8
arcminutes. This pixel scale is far higher than required for searching for unknown FMOs, as
discussed earlier, so substantial binning might be used: 40×40 pixel binning would produce an
effective pixel 5 arcseconds wide, and reduce the read-out noise and data-handling
requirements, although such large pixels would be more likely to be illuminated by
background objects in crowded sky fields than fine-scale pixels. Due to the binning the
10k×10k chip would contain 250×250 effective pixels.
In each image position, for sky-scanning a CCD detector would be read out column-bycolumn at the diurnal rotation (i.e. Earth spin) rate such that the image of any stationary object
in the sky has its light accumulated by charge transfer across a row of the CCD array. This
technique was pioneered by Tom Gehrels† at the University of Arizona, and used by the
Spacewatch team there [4, 5].
Using the above design it would be feasible to fit nine CCD chips in each image position,
arranged as three columns (each covering 3×20.8 arcminutes in declination) of three abutted
chips with ~5 cm spacing east-west between the columns. A search area a little over one
degree wide in declination would then be swept across the sky. The secondary mirrors would
need diameters just under 1.7 metres to achieve this; adopting a design with the secondaries
closer to the prime focus would reduce their required sizes.
At the diurnal rotation rate a stationary image would take about 1.4 minutes of time to transit
one CCD chip, and during such a period an FMO crossing the sky at 1 degree per day would
move about 3.5 arcseconds, and so would produce a trailed image contained either wholly
within a single effective pixel 5 arcseconds wide, or else will bridge multiple pixels. With the
above spacing between the CCD chip columns a stationary image takes almost five minutes to
cross the ~1.2 degrees from entry to the first chip to departure from the third (in terms of right
ascension), during which time the above putative FMO will have moved about 12 arcseconds
and therefore reveal itself as a moving image in terms of the 5 arcsec effective pixel sizes.
Recall that 1 degree per day is the minimum FMO angular speed that is being targeted by this
conceptual search system, so that most discovered FMOs will actually move across a greater
number of 5 arcsec effective pixels and so would be more-easily distinguished.
†

Tom Gehrels died in 2011 July; this paper is dedicated to his memory.
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The reader might find useful a recent report [6] on anticipated trends in detector development
over the next decade or so which states, in confirmation of the intent of the present paper, that:
Application areas for large-format tiled arrays with minimal seam loss are likely
to include wide-FOV telescope systems with large optics and long focal lengths
for such diverse applications as astronomy, space surveillance, and persistent
surveillance.
Pages 64−65 of that report [6] are especially relevant with regard to mosaic tiling technologies
and trends in pixel sizes; the latter has been to the contrary of what is desired for the purposes
outlined in this paper (the trend has been to develop finer pixels in CCDs, and also in
alternative detectors using CMOS technologies), and it is perhaps feasible that the
desideratum for larger pixel sizes for space reconnaissance rather than space surveillance, as
discussed in this paper, might lead to a reversal in that trend, making larger-pixel CCD chips
available. The 25-cm wide CCD chip assumed in the discussion above was based on the
largest silicon wafers currently available, and wafers twice that size might be produced
commercially within the next decade; again, see [6].
For the declination equal to the instrument’s latitude (i.e. for the arc on the sky passing
through the zenith) image positions might be arranged at hour angles of 0º, ±15º, ±30º and
±45º, enabling an object near the longitude of opposition to be detected over more than a sixhour timespan. Other declinations would be scanned through image positions arranged north
and south of this, as indicated by the symmetric arrangement of secondaries and their
corresponding missing primary mirror segments in Figures 1–5.
Note that such an arrangement of the secondaries/image positions would result in better
temporal coverage of particular declination bands at the expense of broader declination
coverage. To achieve the declination coverage mooted earlier in this paper (an instrument
located at a latitude of 30 degrees covering all declinations 0º    60º) would require 60
secondaries/image positions staggered by 1º jumps in declination rather than the rotationallysymmetric arrangement of 37 secondaries/image positions shown in the visualisations
presented in this paper.
Note also that there are no moving parts in the entire instrument design, leading to a far less
expensive system than all the proposed large astronomical telescopes of similar dimensions.
This is discussed further in the Conclusions section below.

Fig. 5: The instrument could be protected from weather and daytime sun with
a simple roll-off housing similar to a jetliner hangar.
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Modes of Operation
For each look direction/optical axis three strips are scanned across the sky at each image
position, as described above. Note that the image scale in term of right ascension will change
north-south within each image position, the pixel width east-west varying as the reciprocal of
the cosine of the declination (). For example, for a 1º declination change near  = 30º the
change in scale is by about one part in 100. This change in scale can easily be mapped out in
analysing the images.
FMOs and other moving objects of potential interest might be identified in the images
collected in several different ways:
1. The triplets of strip images produced at each detector position would be essentially
identical except for any objects that move compared to the diurnal rotation rate.
Prompt digital comparisons of the three strip images as they are collected would
therefore lead to the identification of FMOs, which could then be followed up using
conventional long focal length astronomical telescopes employing finer pixel scales to
yield precise astrometric positions, as discussed earlier in this paper.
2. FMOs with angular speeds more than 2º−3º per day may also be identifiable in single
strip images by dint of their motion during an effective exposure, because they will be
trailed over several (effective) pixels.
3. By comparison with library images, suspect objects could be flagged for immediate
follow-up with other instruments.
Although the strip images collected would be of limited spatial resolution, conceivably they
would be of some utility for other astronomical research purposes (e.g. the identification of
transient phenomena such as supernovae or other stellar outbursts).
A few further comments on the angular speeds to be expected might be pertinent here. FMOs
have been defined herein, in accord with common usage in the this research field, to be those
objects with angular speeds above one degree per day, this being a typical value at discovery
for a near-Earth asteroid (NEA) of size ~1-km. Smaller asteroids are fainter and so tend to be
discovered when closer to the Earth, such that a 100-metre wide object might be first spotted
by present search instruments (apertures near one-metre) when its angular speed is closer to
ten degrees per day (e.g. see the various plots in [7]). Because most NEAs larger than 1 km
have now been discovered, future searches should be designed around finding FMOs with
higher angular speeds, in accord with the next stage of the NASA Spaceguard survey for
which the target is 90 percent of NEAs down to 140-metre sizes [8].

Satellites and Space Debris
The above discussion has been predicated upon the assumption that the search targets are
near-Earth objects (NEOs: asteroids and possibly comets), which are in heliocentric orbits. It
is inevitable that objects in geocentric orbit will also be detected. The apparent angular speeds
of such objects are usually far higher than the 1–10 degrees per day of the asteroids considered
above, with satellites in low-Earth orbit (altitudes below about 1,500 km) taking only a few
minutes to cross the sky from horizon to horizon. These would therefore be picked up as
streaks, likely crossing the whole of a CCD chip, although the times at which objects in such
low orbits remain illuminated by sunlight in a dark sky are limited to the periods soon after
sunset and before sunrise.
If there were an intent to patrol for such objects, for example to investigate the statistics of
low-altitude space debris, then other observation modes might be used. For example, a
mechanical shutter in front of the detector, opening and closing in some set temporal pattern
(say, every few seconds, but only obstructing the light path for about 10 percent of the time)
whilst the CCD continues in its sky-scanning mode, would provide a means by which the
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angular speeds and therefore altitudes of the objects could be measured (due to the
intermittent trail recorded in the strip image from the detector).
It is well-known to asteroid searchers that trails due to higher-altitude man-made objects in
geocentric orbits (e.g. GPS satellites, or geosynchronous communications satellites) with low
apparent angular velocities can alias as trails from asteroids in various characteristic
heliocentric orbits (e.g. Hungarias). The converse is also true.

Conclusions
New techniques are required if the stipulated aim of the next stage of near-Earth object
detection and tracking [8] – above 90 percent completeness down to sizes of 140 metres – is
to be achievable on any timescale that is less than several centuries. The optical system
outlined herein offers a wide range of advantages, with the potential for very extensive sky
coverage through multiple image positions each being fed light from an area of the ~30-metre
primary mirror equivalent to about a 5-metre aperture (a 6-metre diameter, but subject to
obscuration by several of the secondary mirrors and their support structure).
The design is highly economic for a number of reasons, including:
a) The fact that each hexagonal primary mirror segment will concurrently feed light to
multiple image positions;
b) A swathe across the night sky up to 60 degrees wide in declination could be scanned,
with the possibility that 90 degrees in terms of hour-angle might be monitored if
instead restricted declination bands were chosen for targeting;
c) The design contains no moving parts;
d) The use of holographic image correctors means that the primary mirror segments can
be of poor quality compared to conventional astronomical telescopes, the need here
being limited to the production of stellar (i.e. stationary) images smaller than the
coarse CCD effective pixel size (of order 5 arcseconds, produced by binning pixels);
e) Whilst the holographic image correction will limit the spectral bandwidth that can be
used, this is in accord with asteroid search techniques which may employ red filters to
reduce nightglow noise and Rayleigh scattering background, and match against peak
asteroid spectral reflectivities and CCD sensitivities;
f) The design is scalable: the diameter of the primary could be increased to 40 or 50
metres, and/or the half-angle of the spherical cap to (say) 60 degrees, thus enabling a
wider range of declinations and hour-angles to be patrolled.
It is emphasized that the design put forward in this paper has the specific intent of identifying
the presence of fast-moving objects in the night sky that have not previously been detected, in
order that they may be followed up promptly using more conventional long focal length
instruments. Its design is not compromised by any attempt to fulfil any other function,
whereas large astronomical telescopes are usually designed with stipulations imposed
regarding the capability to mount a variety of instruments and sensors at different focal
positions. This design, therefore, should not be judged in comparison with other large
telescope designs proposed for astrophysical purposes§.

§

“Propose to an Englishman any principle, or any instrument, however admirable, and you will observe that
the whole effort of the English mind is directed to find a difficulty, a defect, or an impossibility in it. If you
speak to him of a machine for peeling a potato, he will pronounce it impossible: if you peel a potato with it
before his eyes, he will declare it useless, because it will not slice a pineapple. Impart the same principle or
show the same machine to an American or to one of our Colonists, and you will observe that the whole effort
of his mind is to find some new application of the principle, some new use for the instrument.”
– Charles Babbage (1791-1871), one of the founders, in 1820, of the Astronomical Society of London,
which from 1831 has been known as the Royal Astronomical Society.
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Having noted that, it would be useful to compare the likely costs of various large telescope
designs, because it has been claimed herein that this design would be comparatively cheap. At
the outside a one-off instrument of this type might be estimated to cost about AUD$50-100
million. An international network of six such devices spread over northern and southern
temperate latitudes and equably spaced in longitude would provide for near-continuous nightsky scanning and bring the unit cost down significantly. By comparison the European
Extremely Large Telescope (overall aperture near 40 metres) has an estimated cost of about
AUD$1,400 million (at present exchange rates against the euro+).
In terms of wide-field ground-based space reconnaissance, notwithstanding the capabilities of
the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS) in Hawai’i, the
planned Large Synoptic Survey Telescope (LSST) has been proposed for various astrophysical
research purposes but could be a formidable detector of FMOs. Its cost is expected to be
above US$400 million. Based on a three-mirror design for which principal contemporary
credit should go to Willstrop [9–12], its primary mirror has an outside diameter of about 8.3
metres but an inside ring diameter of 5.1 metres (due to obscuration by the secondary and
tertiary mirrors), leaving a collector area that is a circular band about 3.2 metres wide
representing a collector area equivalent to a 6.5-metre diameter mirror.
A three-mirror telescope of this design that has seen first light in 2011 is the Defense
Advanced Research Projects Agency (DARPA) Space Surveillance Telescope (SST),
constructed specifically for the tracking of both geocentric orbiting objects and near-Earth
asteroids [13]. Its primary mirror diameter is 3.5 metres and its focal ratio near f/1.5. The
openly-reported cost of developing the SST was about US$110 million.
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Summary: In early 2011, the discovery of two planets moving on surprisingly extreme orbits
around the eclipsing polar cataclysmic variable system HU Aquraii was announced based on
variations in the timing of mutual eclipses between the two central stars. We perform a
detailed dynamical analysis of the stability of the exoplanet system as proposed in that work,
revealing that it is simply dynamically unfeasible. We then apply the latest rigorous methods
used by the Anglo-Australian Planet Search to analyse radial velocity data to re-examine the
data used to make the initial claim. Using that data, we arrive at a significantly different
orbital solution for the proposed planets, which we then show through dynamical analysis to
be equally unfeasible. Finally, we discuss the need for caution in linking eclipse-timing data
for cataclysmic variables to the presence of planets, and suggest a more likely explanation for
the observed signal.
Keywords: planetary systems, stars: individual: HU Aquarii, dynamical methods, cataclysmic
variable stars.

Introduction
The search for planets around other stars is one of the most exciting and engaging branches of
Astronomy. New planets are announced on a weekly basis, and over the years newly
discovered planets have been announced that have dramatically altered our understanding of
how, when, and where such planets can form. Perhaps the most famous example of such a
discovery was that of the first planet found around a sun-like star, 51 Pegasi [1]. Prior to that
discovery, it was widely held that massive planets, like Jupiter, would only be found on long
period orbits, beyond the “ice line”, where the presence of water ice adds sufficient mass to
speed their accretion. 51 Pegasi, then, was something of a shock to the astronomical
community – a Jupiter-mass planet moving on an orbit just eight million kilometres from its
host star. That discovery, among many others, reveals that planets might be found in many
and varied locations, and that it is well worth looking in places that, normally, one would
never imagine that planets could survive.
In that light, the recent announcements of planets being detected in evolved close binary star
systems (PSR B1620-26, a planet around a pulsar-white dwarf binary [2], HW Virginis, with
two planets orbiting an evolved Algol-type binary [3], and the DP Leonis [4], NN Serpentis
[5] and UZ Fornacis [6] cataclysmic variable systems) must be taken seriously, and they are
certainly worth of further study.
In early 2011, the discovery was announced of two planets orbiting the eclipsing polar
cataclysmic variable system HU Aquarii [7] (hereafter HU Aqr). The orbits of the two planets
proposed were striking – although they had very wide error bars, it seemed that the best fit
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solution to the orbits of the planets was such that their orbits intersected, or even crossed – a
clearly perilous situation! As such, it seemed timely to carry out a detailed dynamical study of
the stability of the proposed planets around HU Aqr [8][9], to see whether such planets could
be dynamically stable on astronomically reasonable timescales.
In this work, we review our research into the presence (or absence) of planets around HU
Aqr’s central stars. We briefly review the physical nature of cataclysmic variable stars, and
detail how eclipse-timing variations are used to infer the presence of unseen planetary
companions. We then describe how standard dynamical tools developed to study the evolution
of objects in our own Solar system can be applied to study the dynamics of multiple planet
systems such as that proposed around HU Aqr, before presenting the results of our first
dynamical study of that system [8]. We then reanalyse the discovery data using the wellestablished tools of the Anglo-Australian Planet Search [9], before examining the dynamics of
the orbital solution determined in that manner. Finally, we discuss other explanations for the
observed timing variations [9], highlighting the need for caution in interpreting the results of
such observations, taken in isolation, as evidence for the existence of circumbinary planets.

Cataclysmic Variables and Eclipse Timing
Cataclysmic variables are evolved stellar systems that feature a white dwarf primary, the
remnant of a once significantly more massive star, and a nearby M dwarf secondary. The two
stars orbit relatively close to one another, with an orbital period measured in hours, and are
sufficiently close that material flows from the secondary star onto the primary. In the case of
HU Aqr, that flow of material is channelled as an accretion stream by the white dwarf’s
magnetic field. A detailed overview of such systems is beyond the scope of this work – we
direct the interested reader to [10] for more information.
In the case of HU Aqr, we are fortunate that the orbit of the two central stars is oriented such
that regular eclipses occur. Whilst the ingress of the primary eclipses (in which the secondary
star passes in front of the primary) is a messy process, as a result of the passage of the
accretion stream across the disk of the primary ahead of the passage of the secondary, it is
argued that the egress of the primary eclipses is smooth, and can therefore be used to precisely
determine the time of the eclipses themselves.
If the HU Aqr system contained only the two central stars, and those stars were solely
evolving under the influence of their mutual gravitational attraction, then it is clear that the
timings of the mutual eclipses should be as regular as clockwork. However, if other, unseen,
massive objects were present in the HU Aqr system, their distant gravitational tugs would
cause the stars to wobble back and forth, resulting in the eclipses being observed late (when
the stars are further from the Earth than normal) or early (when they are closer than normal).
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Parameter
Eccentricity
Orbital Period (yr)
Orbital Radius (au)
Minimum Mass (MJup)

HU Aqr (AB)b
0.0
6.54 ± 0.01
3.6 ± 0.8
5.9 ± 0.6

HU Aqr (AB)c
0.51 ± 0.15
11.96 ± 1.41
5.4 ± 0.9
4.5 ± 0.5

Table 1: The orbital elements of the two planets proposed in [7] to orbit the eclipsing polar
HU Aqr, with 1-σ errors. The authors of that work suggested that these planets most likely
move on co-planar orbits that almost intersect, at the outermost planet’s periastron. Such
orbits clearly run the risk of being dynamically unstable, and as such, merit further study.
As the distant massive object moves through its orbit, it would cause a periodic wobble in the
timings of the eclipses, which could easily be measured from Earth. The technique is directly
analogous to the radial velocity method, responsible for the discovery of the most exoplanets
to date. Using this method, planetary mass companions have been detected around the CVs
UZ For [6], NN Ser [5] and DP Leo [4], as well as the proposed planets orbiting HU Aqr [7].
For HU Aqr, the results as presented in [7] led to the suggested orbits shown in Table 1.

Simulating the Proposed Planets
In order to check the viability of the proposed planetary system about HU Aqr, we decided to
examine the dynamical stability of the planetary system, as presented in [7]. In order to do
that, we followed [11], and used the Hybrid integrator within the n-body numerical integration
package MERCURY [12]. Following the strategy used by [11], and detailed by [8], we
considered the dynamical stability of a suite of possible HU Aqr planetary systems, spanning
the full 3-σ error ranges detailed in table 1. First, we carried out a total of 9261 trials, each of
which followed the dynamical evolution of a potential HU Aqr planetary system for a period
of 100 million years. We held the initial orbit of the innermost planet (whose elements were
most tightly constrained by [7]) fixed, and distributed the orbital elements of the outermost
planet such that we tested 21 unique values of the semi-major axis, spread evenly across ±3σ
from the nominal best fit orbit. At each of these values of semi-major axis, we tested 21
unique values of the planet’s orbital eccentricity, again spread across ±3σ from the nominal
orbit. Finally, at each of these 441 a-e locations, we tested 21 distinct values of the initial
location of the planet on its orbit (the Mean anomaly, M), spread across ±3σ from the nominal
value, as determined from inspection of figure 2 of [7]. Following the results detailed in [7],
we placed the planets on orbits that were initially coplanar in each of these test integrations.
In each of these 9261 runs, the fate of each of the planets was recorded, such that if either
were ejected from the system (taken as reaching a barycentric distance of 1000 AU) or
collided with either the other planet or the central bodies, the time at which that occurred was
recorded. As such, it was possible for each trial to calculate a lifetime for that system – either
it survived for the full 100 Myr of the integrations, or was considered to be destroyed at the
time of the collision/ejection event.
Following that first suite of 9261 runs, we performed a subsidiary suite of integrations,
following the same procedure as that detailed above, aside from the fact that the 21 distinct
values of a, e and M were distributed across the central ±1σ around the nominal orbit for the
outermost planet suggested in [7]. This allowed the dynamics of the central region of the 3σerror ellipse to be studied in more detail.
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Results – a Dynamically Unfeasible System
Once the runs detailed above were complete, we calculated the median lifetime for each a-e
combination tested, leading to the results shown in Figure 1.

Figure 1: The dynamical stability of the exoplanets proposed by [7], as a function of the semimajor axis and eccentricity of the outermost planet. The nominal best-fit orbit for the
outermost planet is marked by the filled square, with the associated 1-σ errors shown by the
solid lines. The orbit of the innermost planet (held fixed in this study) is marked by the filled
triangle. The two outward curving lines marked by 3 RH and 5 RH denote lines along which all
orbits have a periastron distance of 3 (or 5) Hill radii beyond the orbit of the innermost
planet. It is immediately apparent that almost all the allowed orbital solutions are highly
dynamically unstable, on timescales as short as a few hundred years.
In Figure 1, each box details the mean lifetime of 21 separate trials of the proposed HU Aqr
planetary system with the “outermost” planet located initially at that particular semi-major
axis, a, and eccentricity, e. It is immediately apparent that the great majority of simulated
orbits are highly dynamically unstable. Indeed, within the ±1σ centred on the nominal best-fit
orbits, the scenarios tested typically had mean lifetimes of 104 years, or even less. This is
actually not that surprising, since almost all scenarios within that ±1σ region feature orbits for
the outermost planet that cross that of the innermost – an situation that does not lend itself to
dynamical stability! Although such solutions are clearly feasible purely based on the
observational data alone, it is clear that a simple dynamical analysis shows that such solutions
are not dynamically feasible. The chance likelihood of detecting a planetary system within the
last 10,000 years of its life, prior to destruction, is so vanishingly small that it seems fair to
conclude that the proposed planets around HU Aqr do not actually exist, or, if they do exist,
that they move on orbits dramatically different to those proposed in [7]. Indeed, the only
solutions we found that offered even a moderate level of stability for the planets as described
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in that work were located in the lower right-hand quadrant of Figure 1, with the outermost
planet place on an orbit of low eccentricity, sufficiently distant from the innermost that the
two approach no closer than 3 times the Hill radius of the innermost planet from that planet’s
orbit. The Hill radius is a widely used proxy for the dynamical ‘reach” of a given body
([13,14,15]), and is defined as
1

! M $3
(1)
RH = a p # P &
" 3M S %
where RH is the Hill radius, ap is the semi-major axis of the planet in question, Mp is that
planet’s mass, and Ms is the mass of the central body (or bodies). Typically, close encounters
between two bodies are defined as those which bring the bodies closer than 3RH, although
some particularly conservative studies consider 5RH to be sufficiently close to be labelled as
such. Even those orbits beyond 3 RH, in our study, show significant instability, and it is only
those at the lowest eccentricities beyond the 5 RH line which appear truly stable. Those orbits
lie at the extreme limits of the orbital solutions offered by [7], and overall, it seems fair to say
that the HU Aqr system, as proposed, is simply not feasible.

What if the proposed planets are not coplanar, but instead move on orbits with significant
mutual orbital inclinations? To examine this possibility, we carried out a further five studies,
in which the orbital inclination of the outermost planet, with respect to the orbit of the
innermost, was set at 5, 15, 45, 135 and 180 degrees, respectively. Aside from the changed
orbital inclination, all other parameters for the suites of integrations were kept the same. The
results are shown in Figure 2.
It is immediately apparent that, from inspection of Figure 2, increasing the inclination of the
outermost planet, with respect to that of the innermost, does little to strengthen the case for
HU Aqr’s proposed planets. Indeed, for all cases aside from the planetary orbits having a
mutual inclination of 180 degrees, the increased inclination acts to whittle away the small
region of dynamical stability to the lower right hand side of the plot. In the most extreme case,
that where the orbit of the outermost planet has an inclination of 135 degrees, that small
region of stability is totally destroyed.
If, however, the orbit of the outermost planet is coplanar, but retrograde, with respect to the
innermost, then a far greater region of the allowed orbital element space becomes dynamically
stable, including a small region within the ±1σ errors on the best-fit orbits. However, it seems
difficult to comprehend how that proposed planetary architecture could come about, and so
such a solution seems to hold little relevance, other than as a dynamical oddity.
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Figure 2. Plots of the dynamical stability of the HU Aqr system for scenarios in which the
orbit of the outermost planet is inclined to that of the innermost by 0, 5 and 15 degrees (left
hand panels) and 45, 135, and 180 degrees (right hand panels). Aside from the varied
inclinations, the initial setup of all scenarios was the same as that plotted in Figure 1, whose
data is reproduced here, in the top left-hand panel, to ease direct comparison.

Re-assessing the Observational Data using Established RV Techniques
Given that with both radial velocity measurements and O-C timing variations, the presence of
orbiting bodies is inferred by fitting Keplerian orbits to a set of time-series data, it seems
prudent to re-analyse the data used in [7] using the cutting edge tools developed for the search
for planets using the radial velocity method. In [7], the authors fit their data by first removing
a quadratic trend, a standard practice in eclipse timing work in order to account for changes in
the period due to angular momentum losses. In order to best compare the results obtained
through standard techniques to those presented in that work, we first used our standard tools
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on the same data set, having followed [7], and removed their suspected quadratic trend. The
results of that analysis will be referred to hereafter as “model A.” Next, we re-analysed the
data without first removing that suspected trend, resulting in orbital fits that will hereafter be
referred to as “model B.” Figure 3 shows the timing data used, with the fitted quadratic trend
overplotted, and the right panel shows a periodogram of the data. We note in passing that,
although the removal of a quadratic trend is standard practice when dealing with the O – C
variations of close-binary stars, it is typically considered a far from ideal solution amongst
researchers searching for planets using radial velocity data. Our experience in dealing with
radial velocity data on multiple planet systems has revealed that a more physically meaningful
approach is to attempt to fit and remove a Keplerian (assuming, of course, that the long term
variation is thought to be due to the influence of planetary orbits). As a Keplerian solution is
naturally a complex one, and not necessarily well approximated by a quadratic, it is both
preferable and more rigorous to attempt to fit a Keplerian orbit – even if the parameters
derived in that manner are not so well constrained, one will at least not introduce any spurious
signals from the poor match between a quadratic and a Keplerian.

Figure 3. Left panel: O-C timing data used in this study, with the fitted quadratic trend
overplotted. At least one periodic signal is evident. Right panel: Periodogram of these data,
showing a strong signal near 5000 days.
In order to test the results of [7], we match their approach by fitting Keplerian orbits after
removing a long-term quadratic trend. For Model A, in which a quadratic trend has first been
removed from the O-C timing data, a Lomb-Scargle periodogram [16,17] shows a highly
significant peak near 3500 days. We fit a single-planet Keplerian orbit model to the data using
Gaussfit [18]. After removing the dominant periodicity, the residuals periodogram has a
significant peak at P~8000 days. We proceed to fit a second Keplerian orbit, using a genetic
algorithm to explore a wide parameter space [19,20,21,9]. The initial range of orbital periods
supported by the data was first estimated by the periodogram analysis described above. The
parameters of the best 2-planet solution obtained by the genetic algorithm were then used as
initial inputs for the GaussFit least-squares fitting procedure used above. The results of this 2planet fit are given in Table 2 as “Model A”; this fit has a reduced χ2 of 0.69. Since the total
duration of the data set is 6118 days, and the best-fit period for an outer body is 7215 days,
there remains significant uncertainty in the 2-planet fit.
Next, we repeat the fitting procedure using the same O-C timing data, this time without
removing a quadratic trend. Thus, we explore the possibility that the removal of a quadratic
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trend has confounded the orbit-fitting process by absorbing signal due to a long-period outer
planet. First, we considered a single planet by performing a periodogram search, which shows
the dominant periodicity to be at 5000 days. As the reduced χ2 of the best 1-planet genetic
algorithm fit was an inordinately high 21.2, it is clear that one planet is not sufficient here.
The highest peak in a periodogram of the residuals is at a period of 2128 days, with a falsealarm probability less than 0.01%. We thus proceed to fit a second Keplerian orbit, again
employing the genetic algorithm to ensure a complete exploration of the wide and uncertain
parameter space for a 2-planet model. First we examine the short-period option, as prompted
by the periodogram results. We ran the genetic algorithm for 100,000 iterations, each of which
consists of approximately 1000 trials, fr a total of ~108 trial 2-planet model fits. The best-fit
model with a short period for the second planet (actually making it the inner of the two
planets) resulted in a reduced χ2 of 4.06. The resulting planetary parameters are quite similar
to those proposed by [7], with Pinner=1947±10 days and Pouter=4429±113 days. However, this
is substantially worse than the two-planet fit from Model A. Allowing the genetic algorithm to
choose long periods for the second planet, we obtain a far better solution, with a reduced χ2 of
0.80. The parameters of this fit are given in Table 2 as Model B. Both Models A and B
support a long period for the second planet, so the short-period case discussed briefly above is
rejected. Again, the eccentricity e and periastron argument ω for the second planet are poorly
constrained due to the extremely long period relative to the available data.
In [7] and [8], it was suggested that a third, distant outer planet may be present in the HU Aqr
system. However, in light of the results of the 2-planet fits given in this section, which feature
reduced χ2 less than 1.0, we see no need to invoke additional bodies to adequately fit the
available data. We note that the use of a genetic algorithm revealed that the 2-planet solution
presented by [7] was a local (not a global) χ2 minimum. This highlights the importance of
bringing multiple analysis tools to bear on data such as these.
In summary, our analysis of two slightly different versions of the HU Aquarii data yields
evidence for two planets: a moderately well constrained one at P=4647-4688d with e~0.2, and
a somewhat more poorly constrained one at P=7215-8377d with a poorly constrained but nonzero eccentricity. While the outer planet's period varies by ~1200d between these two
solutions, we note that this represents just a 2σ difference, given the period uncertainties.
Hence, there is a long period outer signal present, even if its period is not well determined.
Parameter
Eccentricity
Orbital Period (yr)
Orbital Radius (au)
Minimum Mass (MJup)

HU Aqr (AB)b
Model A
0.19 ± 0.02
12.72 ± 0.10
5.6 ± 0.1
8.2 ± 0.2

HU Aqr (AB)c
Model A
0.53 (fixed)
19.75 ± 1.65
7.5 ± 0.5
7.1 ± 0.4

HU Aqr (AB)b
Model B
0.20 ± 0.04
12.84 ± 0.48
5.6 ± 0.2
5.7 ± 0.2

HU Aqr (AB)c
Model B
0.38 ± 0.16
22.93 ± 1.67
8.3 ± 0.5
7.6 ± 0.1

Table 2: The orbital elements of the HU Aqr planets as fitted by [9], with 1-σ errors. In Model
A, fits were performed on data from which a quadratic trend had been removed. In Model B,
no trend was removed.

The Dynamics of the New Orbits
As for the orbits proposed in [7], it makes sense to carry out a detailed dynamical
investigation of the stability (or otherwise) of the two solutions proposed above. As for our
earlier dynamical study, we used the Hybrid integrator within the MERCURY N-body
dynamics package [12], held the initial orbit of the innermost planet constant at the nominal

Page 20

Proceedings from 11th Australian Space Science Conference, 2011

best-fit values, and created a range of test systems by sampling the full ±3σ of permitted a-eM parameter space. In order to obtain better resolution than that shown in Figures 1 and 2, we
tested 45 distinct values of a and e, distributed evenly across the full ±3σ range in those
orbital elements. At each of the 2025 a-e solutions, we tested 25 discrete initial values of the
Mean anomaly, M, again spread evenly across the ±3σ error range for that element. The
evolution of the planetary orbits was again followed in each case for 100 Myr, with the
planets being considered ejected from the system upon reaching a barycentric distance of 100
AU. Our results can be seen in Figures 4 and 5.
As can be seen from figures 4 and 5, as was the case for the orbits initially proposed in [7],
neither of the solutions obtained through the rigorous application of established radial velocity
analysis techniques stands up to dynamical scrutiny. Once again, only a very small subset of
the orbits tested, well beyond the ±1σ errors on the best fit orbits, display any significant
dynamical stability, and even amongst those, the majority of solutions tested are unstable
within the 100 Myr duration of our simulations. We therefore find that the resulting dynamical
instabilities make it exceedingly unlikely that the eclipse-timing variations observed for HU
Aqr are the result of perturbations from planetary mass objects in the systems.

Other Explanations
But if presence of unseen massive objects (exoplanets) is ruled out, what could be the cause of
the observed timing variations? It is well established that there are many causes of variability,
which span timescales from seconds to years, which are inherent to the nature of cataclysmic
variable systems. All of these mechanisms could well have an observable impact on the
timings of eclipses observed between the central stars, and could well therefore be the source
of the signal that has erroneously been interpreted as the presence of exoplanets.
At the timescale considered here, with timing variations occurring over thousands of days, the
most likely non-planetary explanation for the observed signal results from the behaviour of
the secondary star in the system, the M dwarf. With a fast rotation period of order a few hours
(a result of the star being tidally locked in its rotation about the primary, the white dwarf), the
dynamo effect within the M dwarf would be expected to be large. If we assume that the stars
in such stellar systems display a magnetic cycle similar to the Sun’s double peaked 22-year
cycle, the distribution of angular momentum between the two will change over time. This
will, in turn, have the effect of modifying the shape of the secondary star, with the knock-on
effect of affecting the gravitational interaction between the primary and secondary, and hence
the orbital period of the pair [22,23].
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Figure 4. The mean lifetime of the outermost planet in the HU Aqr system, as a function of
semi-major axis, a, and eccentricity, e, based on the orbits fit by Model A. The ±1σ error in
the orbit of the outermost planet is shown by the solid lines radiating from the filled square
that denotes the nominal best-fit orbit. Note that, in Model A, the eccentricity of the orbit of
the outermost planet remained unconstrained, and so we test values of eccentricity between
0.005 and 0.995. The curved lines join orbits whose periastron falls either 3 or 5 Hill radii
beyond the orbit of the innermost planet, as before.
This effect has been observed in a number of CVs. For example, U Gem displays variations in
orbital period of order ~1 minute over an eight year time scale [24]. EX Dra displays
variations of order 1.2 minutes over a period of around four years [25], and EX Hya, whose
period varies on a timescale of ~17.5 years [26]. Given that these variations are of
approximately the right amplitude, and also occur on appropriate periods, it seems most likely
that such effects, rather than the gravitational influence of unseen planets, are the true cause of
the observed variation in eclipse timings for HU Aqr.
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Figure 5. The mean lifetime of the outermost planet in the HU Aqr system, as a function of
semi-major axis, a, and eccentricity, e, based on the orbits fit by Model B. The various
features of the plot are as described in the caption to Figure 4.

Conclusion
Through the application of detailed dynamical simulations of the proposed HU Aqr planetary
system, we have found that the system, as proposed, fails to stand up to scrutiny. The planets
as proposed in [7] are typically dynamically unstable on timescales of 10,000 years, or less –
lifetimes far too short for the system as described in that work to be believable.
A detailed reanalysis of the data presented in [7], using established techniques from the radial
velocity search for planets, yields somewhat different orbital solutions for the proposed
planets. However, once again, those solutions are found to be dynamically unstable on
astronomically short timescales1.
Rather than being the result of perturbations from unseen planets, it seems most likely that the
observed variation in the eclipse times for the cataclysmic variable HU Aqr are instead the
result of the interplay between the magnetic fields of the two stars involved over the course of
the periodic magnetic cycle of the secondary star. Such variations have been observed for
other cataclysmic variables without the requirement that unseen planets be invoked.
1

We note here that, since the submission of this paper, in early October 2011, Hinse et al.
([27]) have independently investigated the proposed HU Aqr planetary system. In that work,
they find that the HU Aqr system, as proposed by Qian et al. ([7]), is highly dynamically
unstable. The authors then carry out their own analysis of the observational data, and find an
alternative architecture for the system that they believe offers better prospects for long-term
dynamical stability.
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Our work highlights the caution that should be used in interpreting small timing variations in
astrophysically complicated systems as being the result of distant perturbations from planetary
bodies. While the search for new exoplanets will doubtless turn up real planets in unexpected
places, it is not necessarily the case that every signal that could be caused by exoplanets truly
is. The use of dynamical tools initially developed for the study of our own Solar system may
prove invaluable in separating those planetary systems that truly exist from those that are
simply artefacts of other physical processes in such extreme stellar systems.
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Summary: The Neptune Trojans are the most recently discovered population of small bodies
in the Solar System. To date, only eight have been discovered, though it is thought likely that
the total population at least rivals that of the asteroid belt. Their origin is still the subject of
some debate. Here, we detail the results of dynamical studies of two Neptune Trojans, 2001
QR322 and 2008 LC18. We find that both objects lie very close to boundaries between
dynamically stable and unstable regions, with a significant probability that either or both of
the objects are actually unstable on timescales of a few hundred million years. Such instability
supports the idea that at least these two Neptune Trojans are dynamically captured objects,
rather than objects that formed in situ. This does not, however, rule out the possibility that
these two objects were captured during Neptune’s proposed post-formation migration, and
have remained as Trojans ever since.
Keywords: Neptune Trojans, Solar System formation, Solar System evolution, Centaurs,
Comets, 2001 QR322, 2008 LC18, Dynamical Methods

Introduction
The Neptune Trojans are the most recent addition to the panoply of Solar System small body
populations. Though the possible existence of Neptunian Trojans has been debated for
decades [1], the first, 2001 QR322, was discovered just ten years ago. Since that discovery, a
further seven Neptunian Trojans have been discovered (2004 UP10, 2005 TN53, 2005 TO74,
2006 RJ103, 2007 VL305, 2008 LC18 and 2004 KV18). Based on the discovery of the first four
of these objects, it was estimated that the total population of Neptunian Trojans might well
outnumber that of the Jovian Trojans (of which almost 5,000 are known of a population
estimated to exceed that of the main asteroid belt1) [2,3].

1

The asteroid belt is a broad region between the orbits of Mars and Jupiter that is populated
by a large number of primarily rocky bodies. The great majority of the objects contained
within the belt move on orbits that are dynamically stable on timescales comparable to, or
longer than, the age of the Solar System. However, a continual flux of material diffuses from
the belt to the inner Solar System, repeatedly re-populating the near-Earth asteroid population
(e.g. [29]). Planetary Trojans are objects trapped in 1:1 mean-motion resonance with a given
planet. Typically, Trojans follow “tadpole” shaped paths as they librate around their host
planet’s L4 and L5 Lagrange points. Less frequently, Trojans can be found following
“horseshoe” shaped paths that allow their libration to encompass both the L4 and L5 points of
their host planet. Typically, such horseshoe orbits are significantly less stable than tadpole
orbits, and as such, the great majority of known Trojans within the Solar System are “tadpole
Trojans”. For an elegant representation of tadpole and horseshoe orbits, we direct the
interested reader to figures 1 and 2 of [37].
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As is the case with their better known brethren, the Jovian Trojans, the Neptunian Trojan2
population displays an orbital distribution that is strikingly different from that which might be
expected under the assumption that they formed in situ from a dynamically cold disk of gas
and dust (i.e. a disk in which the particles move on orbits with typically very small orbital
inclinations and eccentricities). Rather than displaying typically dynamically cold orbits, the
eight bodies known range widely in both orbital eccentricity and inclination, with just two
having orbital inclinations of less than five degrees (2001 QR322 and 2004 UP10). Indeed, three
of the population move on orbits with inclinations in the range 25 – 30 degrees (2005 TN53,
2007 VL305 and 2008 LC18), whilst five possess eccentricities exceeding 0.05. The most
eccentric member, 2004 KV18, has a remarkable e = 0.1842! Table 1 lists the orbital
characteristics and estimated sizes of currently known Neptune Trojans.
Prov. Des.
2001 QR322
2004 UP10
2005 TN53
2005 TO74
2006 RJ103
2007 VL305
2008 LC18
2004 KV18

Ln
4
4
4
4
4
4
5
5

a (AU)
30.396
30.318
30.285
30.296
30.201
30.197
29.937
30.126

e
0.0306
0.0323
0.0678
0.0524
0.0287
0.0684
0.0838
0.1842

i (°)
1.32
1.43
24.96
5.24
8.16
28.08
27.57
13.61

D (km)
100-200
50-100
50-100
50-100
100-200
80-150
80-150
50-100

Table 1: The best-fit orbits of the eight known Neptune Trojans, taken from the AstDys
orbital database on 19th October 2011. Here, Prov. Des. gives the provisional designation of
each of the objects. Ln details the Lagrange point in the Neptune-Sun system about which the
Trojan is librating, whilst a denotes the semi-major axis, e the eccentricity, and i the
inclination of the orbit. In addition, D gives the range of equivalent diameters of the objects in
km, assuming that they have albedos of 0.05 (upper estimate) or 0.20 (lower estimate).
On the basis of this somewhat surprising orbital distribution, it is clearly important to obtain a
better understanding of the formation, evolution and dynamical behaviour of objects in the
Neptunian Trojan clouds. The initial studies that considered the formation of the Neptunian
Trojans assumed them to be objects that had formed and were already trapped in resonance
with Neptune by the time the planet’s formation was complete. Such models share the
common property that the objects formed from a dynamically cold disk of material, and were
then either captured by the giant planet as it accreted (through a gravitational “pull-down”
effect), were collisionally emplaced to the Trojan cloud, or that they formed in situ, and have
simply resided in the Trojan clouds ever since. Such models therefore predict a population of
objects strongly concentrated at very low inclinations and eccentricities (e.g. [4,5]), which is
2

Although the total population of Neptunian Trojans may well exceed that of the asteroid belt
by an order of magnitude, or more, it is important to note that the largest members are far
smaller than the largest members of the asteroid belt (estimated diameters of less than 200 km
versus the ~900 km diameter of the dwarf planet Ceres). This, alone, means that the Neptune
Trojan population probably contains less mass than the asteroid belt. The physical nature of
the Neptunian Trojans, in addition, is likely very different to the bulk of objects in the asteroid
belt, which will exacerbate this difference in total mass. Where the asteroids are typically
rocky or metallic, the Neptunian Trojans are most likely primarily icy bodies, similar in
constitution to the members of the trans-Neptunian and Centaur populations (and, by
extension, to the cometary nuclei sourced from those populations).
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quite different to that observed today (e.g. [3,11]). For simplicity, we henceforth refer to these
models as ‘in situ’ formation scenarios.
More recent studies of the formation of the Solar System (e.g. [6,7]) have invoked the postformation migration of the giant planets as a process through which the system’s small bodies
can be dynamically excited to orbits that are significantly “hotter”3 than those they would
originally have occupied. Rather than having formed in situ, upon orbits similar to those they
currently occupy, it is now thought most likely that the Neptunian Trojans (like the Jovian
Trojans) are a population that was dynamically captured by the planet during its migration
outwards through the Solar System [8,9,10,11], and which have since remained trapped in the
planet’s 1:1 mean-motion resonance over the age of the system [12].
One key prediction that derives from such models is that, if the population truly was captured,
rather than having formed in situ, it will consist of objects moving on orbits with a range of
dynamical stabilities. Some fraction of the Neptunian Trojan population will be moving on
orbits that are less tightly trapped within the 1:1 mean-motion resonance with the planet, and
hence will be dynamically unstable on a variety of timescales. Since the Trojans were
captured over four billion years ago, those captured to the least stable orbits would be
expected to have escaped from the Trojan cloud a long time ago. It seems reasonable to
expect, however, that some fraction of the current population should display dynamical
instability on timescales of hundreds of millions of years. Indeed, such a mechanism has been
invoked by [13,14] to propose that the Neptunian Trojans could well constitute a significant
source of fresh material to the dynamically unstable Centaur population4. In addition, given
that dynamical processes are time-reversible, it is also possible that some fraction (albeit most
likely only a small one) of the Trojan population are more recently captured dynamically
unstable objects [24]. As such, it is clearly of interest to examine the dynamical behaviour of
the individual Neptunian Trojans, to see whether their evolution is in keeping with this
prediction.
In this work, we present the results of detailed dynamic simulations of two of the Neptunian
Trojans – 2001 QR322 and 2008 LC18. In the next section, we discuss the case of 2001 QR322,
the first Neptunian Trojan to be discovered, before moving on to detail the results of a similar,
but more detailed, study of the behaviour of 2008 LC18.
2001 QR322
When 2001 QR322 was discovered, investigations were made of its dynamical behaviour.
Chiang et al. ([2]) considered a small number of test particles based on the observational
range of the object’s orbital elements were integrated for a period of 1 Gyr. The authors found
that the test particles displayed stable behaviour over that period. Marzari, Tricarico & Scholl
3

i.e. orbits with significantly higher eccentricities and inclinations than would be expected for
objects that formed from a dynamically cold disk of material.
4
The Centaurs (e.g. [15,16,17]) are a population of dynamically unstable icy bodies whose
orbits have perihelia between those of Jupiter and Neptune. The largest Centaurs, (10199)
Chariklo and (2060) Chiron, are thought to be between 200 and 250 km in diameter, and it has
been estimated (e.g. [16]) that there are approximately 44,000 Centaurs greater than 1 km in
diameter currently moving in the outer Solar System. They are widely accepted as the
proximate parent population of the short-period comets, which in turn constitute a significant
contribution to the impact flux experienced by the Earth [18]. However, the origin of the
Centaurs is still the subject of much debate, with suggested parent reservoirs including the
Edgeworth-Kuiper belt [19,20], the Scattered Disk [21], the inner Oort cloud [22], and even
the Jovian and Neptunian Trojans [13,14,23].
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([24]) went further, using dynamical simulations to conclude that the object is most likely
primordial in nature, with only 10% of their test population of 70 clones escaping from the
Trojan cloud in the 4.5 Gyr simulations they carried out. In a more detailed study, Brasser et
al. ([25]) found that the majority of clones of the object remained stable in integrations
spanning 5 Gyr, although they did note that the nearby ν18 nodal secular resonance
(characterised by the libration of Ω – ΩN with time, where Ω is the longitude of the ascending
node and the subscript N refers to Neptune) did result in the object’s behaviour within the
Trojan cloud being complex in nature.
In the time since these studies of the dynamical behaviour of 2001 QR322 were carried out, the
precision with which the object’s orbit is known has increased dramatically, as a result of the
arc over which it has been observed growing ever longer. The nominal best-fit orbit for the
object has changed somewhat as new observations have been made, but its dynamical
behaviour has been neglected, as an ever-increasing number of objects in the outer Solar
System have vied for attention. We therefore decided, on the basis of some preliminary trials
(detailed in [8]), to revisit the dynamical stability of 2001 QR322, taking account of its
improved orbital parameters. Thanks to the rapid growth of computing capability over the
years since those first studies, it was possible to examine the object’s behaviour in far more
detail than those previous works.
In order to examine the behaviour of 2001 QR322, we used the Hybrid integrator within the nbody dynamics package MERCURY [26] to perform detailed dynamical simulations of almost
20,000 massless test particles, spread across the full 3σ orbital uncertainties in all six of the
object’s orbital elements, for 1 Gyr. The Hybrid integrator within MERCURY is a particularly
efficient tool for the analysis of orbital evolution, since it offers an excellent compromise
between integration speed and the ability to handle close encounters between two bodies. As
such, it is both widely used in Solar System astronomy [16,17,23,27,28], astrobiology
[29,30,38], and even the study of exoplanetary orbits [31,32,39].
Our integrations of the behaviour of 2001 QR322 were based on orbital elements obtained from
[33] on 26th January 2009, as shown in Table 2.
Element
a (AU)
e
i (°)
Ω (°)
ω (°)
M (°)
Epoch (MJD)

Value
30.3023
0.031121
1.323
151.628
160.73
57.883
54800

1σ uncertainty
0.008813
0.0003059
0.0009417
0.02328
0.8316
0.7818

Table 2: The orbital elements, along with their associated 1σ uncertainties, of the nominal
best-fit orbit for 2001 QR322 as obtained from [33] on 26th January 2009. The values are
based on an observational arc of 1450 days, and will doubtless undergo small changes as
future observations are made.
Based on the orbital elements shown in Table 2, and following the procedure established in
[16,17], we created a suite of 19,683 test particles, centred on the nominal orbit. These clones
were created such that 9 unique values each of a, e, and i were tested, distributed evenly
across the ±3σ error ranges for those elements. For each of the 729 (93) a-e-i locations tested,
we carried out 27 unique trials, testing three values each for Ω, ω and M, again spread evenly
across the ±3σ error ranges for those elements. The test particles were then followed under the
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gravitational influence of Jupiter, Saturn, Uranus and Neptune for a period of 1 Gyr, with an
integration time-step of 1/3 of a year5. As is standard in studies of the dynamics of objects in
the outer Solar System, only gravitational perturbations were considered. Non-gravitational
forces (such as the Poynting-Robertson and Yarkovsky effects, and potential outgassing from
the surfaces of the objects studied) are implicitly assumed to have only a negligible effect on
the statistical evolution of the sample, and are therefore not included in our simulations.
Startlingly, given the results of the previous studies into the stability of 2001 QR322’s orbit
([2,24,25]), we found that, of an initial swarm of 19,683 test particles, just 7,220 survived for
the full 1 Gyr of integration time. Just over 63% of the particles were either ejected to a
heliocentric distance of over 1,000 AU or collided with one of the massive bodies (the four
giant planets and the Sun). As we discuss in detail in [34], the number of surviving test
particles decays in an approximately exponential manner, as a function of time. As such, and
following [15,16,17], we can describe the dynamical stability (or lack of it) of 2001 QR322 in a
statistical sense by means of a “dynamical half-life”. Whilst for the truly dynamically unstable
members of the Solar System (such as the Centaurs and short-period comets), dynamical halflives are typically measured in hundreds of thousands, or a few million years, we find that
2001 QR322 has a dynamical half-life, based on our results, of 593 million years. The decay of
the population of clones of 2001 QR322 can be seen in Figure 1.

Figure 1: The decay of the population of clones of 2001 QR322 as a function of time.
On the basis of these results it is clear that, although 2001 QR322 is a dynamically long-lived
object (with a dynamical half-life of around ~2/15th the age of the Solar System), it is not truly
5

One of the major innovations in Chambers’ MERCURY package was the development of his
Hybrid integrator. That tool has greatly benefitted studies such as this by enabling simulations
to be run as quickly as possible whilst maintaining the ability to accurately follow close
encounters between objects. When the test particles used in this work are far from any of the
massive bodies (Jupiter, Saturn, Uranus and Neptune), the orbital evolution of the particles is
calculated using a symplectic integrator, with the aforementioned time-step (1/3 of a year).
When one of the test particles approaches on of the massive bodies sufficiently closely,
however, the evolution is followed instead by a Bulirsch-Stoer integrator, which allows the
close encounter to be accurately modelled. For further information on the functionality of
MERCURY, we direct the interested reader to [26].
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dynamically stable on Gyr timescales. However, it is still reasonable to consider that 2001
QR322 is an object that formed, or was captured into, the Neptunian Trojan population during
the early days of the Solar System, rather than being a more recently captured interloper,
given the relatively slow dynamical decay of the population of 2001 QR322 clones. Since it
seems likely that Neptune would have captured at least ~0.03 Earth masses of material as
Trojans like those observed today6 [8], a sizeable population of Neptune Trojans would exist
at the current epoch, even if all those captured objects were trapped on orbits of similar
stability to that of 2001 QR322.

Figure 2: The dynamical stability of 2001 QR322 as a function of its initial semi-major axis
and eccentricity. Each square represents the mean lifetime of 243 separate trials, each of
which comprised a unique i-Ω-ω solution. It is clear that there is a marked disparity between
orbits at semi-major axes greater than 30.29 AU, which tend to be highly dynamically
unstable, and those interior to that value, where the orbits are far more stable. The location of
the best-fit solution for the orbit of 2001 QR322 is shown marked by the square in the centre of
the plot, with the associated 1- uncertainties in a and e shown by the lines radiating from
that point.
As can be seen in Figure 2, there is a marked difference in the stability of those clones of 2001
QR322 that started on orbits with semi-major axis greater than 30.29 AU, and those which
started interior to that value. The large area of instability stretching outward from 30.29 AU is
the primary reason for the dynamical instability of 2001 QR322, and as such merits some
further discussion. Upon closer investigation of the behaviour of the clones of 2001 QR322 we
found that for orbits interior to a ~ 30.29 AU the initial libration amplitude of the test particles
6

This estimate is based on the assumption that the disc of material through which Neptune
migrated contained of order 30 Earth masses of material, with capture rates as detailed in
Table 4 of [8]. We note here that of order 1% of the test particles were captured in the
simulations detailed in that work, which suggests that the initial captured population could
have contained up to 0.3 Earth masses of material. However, between 80 and 90% of the
captured Trojans noted in that work were trapped in horseshoe orbits (librating around both
L4 and L5 simultaneously), which are inherently less stable than the tadpole-type orbits (in
which the Trojan librates around either L4 or L5) observed for the eight known Trojans. As
such, our cautious estimate assumes just 10% of the captured Trojans were emplaced on
tadpole orbits.
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was typically less than ~ 60-70°. The majority of such clones survived until the end of the
simulations. By contrast, those clones which started at a > 30.29 AU had initial libration
amplitudes in the range 65-70°, and the great majority of such clones went on to escape from
the Trojan region. Although their behaviour superficially appeared similar to that of objects
interior to 30.29 AU whilst they were librating as Trojans, it was apparent that their initially
slightly greater libration amplitudes allowed them to evolve onto orbits with libration
amplitudes of 70-75° on fairly short timescales, at which point their orbits rapidly became
unstable. As we describe in more detail in [34], this instability does not appear to be the result
of the influence of any secular resonances, nor did the particles experience abrupt changes in
orbital or resonant behaviour. It is interesting to note, however, that such large libration
amplitudes overlap with the approximate boundary between chaotic and regular motion,
according to dynamical diffusion maps for orbits in the vicinity of the Neptunian Lagrange
points (e.g. [24,35,36]). It is thought that the broad region of unstable and chaotic resonant
motion into which the error-ellipse of 2001 QR322’s orbit overlaps might well be the result of
a family of complex secondary resonances involving the frequencies of the Trojan librational
motion, the near-resonant behaviour of Uranus and Neptune (which lie very close to mutual
2:1 mean-motion resonance), and the apsidal motion of Saturn [36].

2008 LC18
Minor planet 2008 LC18 was the first Trojan to be found librating around Neptune’s trailing
Lagrange point, L5. The best-fit orbit for 2008 LC18 is based on a small number of
observations, spread over an arc of just one year7. This results in the object having relatively
large errors, compared to the best-fit orbits of the other Neptunian Trojans. However, we note
that the current scale of the uncertainties on the orbit, as taken from [33] on 23rd August 2011
(as detailed in Table 3), is already comparable to the errors for 2001 QR322 at the time of the
first dynamical studies of the behaviour of that object [2.24.25]. As such, it seems timely to
investigate the behaviour of 2008 LC18, the first Neptunian Trojan found librating around the
planet’s trailing Lagrange point, L5.
Element
a (AU)
e
i (°)
Ω (°)
ω (°)
M (°)
Epoch (MJD)

Value
29.9369
0.083795
27.569
88.521
5.135
173.909
55800

1σ uncertainty
0.02588
0.002654
0.003824
0.0007854
10.85
12.83

Table 3: The orbital elements of 2008 LC18, as obtained from [33] on 23rd August 2011. Note
the particularly large errors in the values of ω and M that hold the bulk of the uncertainty in
the orbit of this object.
In order to examine the dynamical behaviour of 2008 LC18, we followed the technique
described previously, in connection with 2001 QR322, and discussed in more detail in [34], to
create a suite of clones of the object. As a result of significant improvements in the
7

Although 2008 LC18 was discovered 3 years ago, it has not been observed since 2009. At the
current epoch, it is located within one of the most densely populated star-fields in the night
sky, very close to the galactic centre. In [40], we detail unsuccessful attempts to recover 2008
LC18 in August 2011 using the 2.3 m telescope at Siding Spring Observatory. The recovery of
2008 LC18 will probably require observations using 8m-class telescopes, or a lengthy wait for
its orbital motion to carry it away from the direction of the galactic centre.
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computational facilities available to us, we were able to study a much larger sample of test
particles, and hence obtain better resolution in a-e-i-Ω space. Given the size of the
uncertainties in the other two orbital elements, we chose to create our suite of test particles
purely in a-e-i-Ω space. In this case, we created a suite of 25x15x15x11 clones in a-e-i-Ω,
again spread evenly across the ±3σ error ellipses in each element, for a total of 61875 test
particles, which we then followed under the gravitational influence of the Sun, Jupiter, Saturn,
Uranus and Neptune for a period of 1 Gyr, again using the Hybrid integrator within
MERCURY [26].

Figure 3 – The decay in the population of clones of 2008 LC18 as a function of time.
It is immediately apparent from inspection of Figure 3 that a sub-population of order 25% of
the total number of clones of 2008 LC18 are dynamically unstable, whilst the bulk of the
remainder are moving on far more stable orbits. As such, the resulting curve is best fit by the
combination of the rapid exponential decay of the unstable component combined with the
very slow decay of the stable component. To see whether this behaviour is linked to the errorellipse for 2008 LC18 lying in the vicinity of a boundary between stable and unstable orbital
element phase space, we again examined the variation of the object’s lifetime as a function of
semi-major axis and eccentricity. As can be seen from Figure 4, the orbit of 2008 LC18 lies
close to the boundary between orbits with high dynamical stability (outwards of ~29.1 AU)
and those that are extremely dynamically unstable (inwards of ~29.0 AU), with a narrow strip
of moderate stability separating the two. Whilst the boundary between stable and unstable
regions lay within just 1σ of the nominal best fit orbit for 2001 QR322, it instead lies just
beyond that range for 2008 LC18, which explains why the unstable component of the overall
population is that much smaller (as seen in Figure 3). Nevertheless, it is interesting that this
object, too, has the potential to turn out to be a dynamically unstable Trojan.
Unlike 2001 QR322, where the overall stability was such that it seems reasonable to assume a
primordial origin for the object, the situation is less clear-cut for 2008 LC18. Given the vast
disparity in stability between the stable and unstable orbits, two scenarios seem reasonable for
the object. If future study refines the orbit such that the full 3σ error range lies within the
stable regime, beyond 29.91 AU, then it seems likely that 2008 LC18 is a dynamically stable,
and hence primordial, Neptune Trojan. On the other hand, if such study reveals that the object
lies sunward of 29.90 AU, then the dynamical lifetimes observed in that region are
sufficiently short that it is challenging to believe the object is truly primordial (with typical
mean lifetimes of order 100 or 200 million years). As such, it must be assumed that the object
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only relatively recently moved onto its current orbit. Either it is a recent temporary capture
(such as those described by [23]), or something has happened to shift it from a more tightly
bound Trojan orbit (such as a recent collision with another trans-Neptunian object). In either
case, the object would clearly be an interesting target for further study, both observational and
theoretical.
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Figure 4: The dynamical stability of 2008 LC18, as a function of semi-major axis and
eccentricity. As was the case for 2001 QR322, discussed above, the orbit of 2008 LC18 appears
to lie close to a sharp boundary between dynamically stable and dynamically unstable orbits.
Each box in the figure shows the mean lifetime of 165 separate trials, each with a unique
combination of i and Ω.

Conclusions

As the most recently discovered family of objects in our Solar System, and the least well
studied, the Neptune Trojans are a fascinating test-bed for models of planetary formation and
evolution. The current favoured explanation for the origin of Neptune’s Trojans is that they
were captured during the migration of the planet. As such, it would be expected that Trojans
were captured on a wide variety of orbits, with a wide variety of dynamical stabilities, and
that therefore at least some of the Neptunian Trojans should display dynamical instability on
timescales of hundreds of millions or even a few billion years.
In this work, we present the results of detailed dynamical simulations of the first Neptunian
Trojan discovered, 2001 QR322, and the first found librating around the planet’s trailing
Lagrange point, 2008 LC18. In turns out that, for both objects, the error ellipse around their
best-fit orbits spans both dynamically stable and dynamically unstable regions. In the case of
2001 QR322, whose orbit is now relatively well-constrained, the unstable-stable boundary lies
within 1σ of the best fit orbit, whilst for the less well-constrained 2008 LC18, the boundary
lies just beyond 1σ from the best fit orbit.
In coming years, it is imperative that further observations of these objects are carried out, in
order to determine their true dynamical nature. It is possible that one, or even both, objects are
dynamically stable – either being the unstable left-overs of a once larger captured population,
or objects that were captured from the Centaur population in the relatively recent past.
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Our results for 2001 QR322 also highlight the need to revisit the orbital behaviour of
previously studied objects once their orbits have become significantly better constrained. The
dynamical behaviour we detail for that object is in stark contrast to that noted in the first
studies carried out for the object, almost a decade ago. That disparity is a direct result of the
fact that, as the observational arc for the object has grown, the best-fit elements for its orbit
have shifted significantly, such that it now samples a noticeably different regime within
Neptune’s leading Trojan cloud.
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Summary: It has long been thought that the presence of a giant planet is a pre-requisite for
the development of life on potentially habitable planets. Without Jupiter, it was argued, the
Earth would have been subject to a punishing impact regime, which would have significantly
retarded or outright prevented the development of life on our planet.
Although this idea is widely embraced, little research has previously been carried out to
support it. Here, we present the results of several suites of dynamical integrations used to
model the influence of Jupiter’s mass and orbit on the impact rate that would be experienced
by the Earth. We find that, far from being a simple shield, Jupiter’s role in determining the
terrestrial impact flux is significantly more complicated than previously thought. Far from
being a simple friend, such giant planets are perhaps more likely to imperil the development
of life on otherwise habitable planets.
Keywords: Astrobiology, Rare Earth, Impacts, Comets, Asteroids, Planetary Formation,
Habitability, Exoplanets

Introduction
Ever since it was first accepted that collisions with asteroids and comets could pose a
significant threat to life on Earth, the idea that the impact rate of those bodies upon the Earth
would be much higher, were it not for the protective influence of the giant planet Jupiter, has
grown in the public and scientific conscience. Essentially, the hypothesis states that, without
the particular mass and placement of Jupiter within our Solar System, the Earth would have
been subject to a far more punishing impact regime throughout its evolution than has actually
been the case, which would in turn have stymied or entirely prevented the evolution of life on
Earth. The idea forms one of the cornerstones of the “Rare Earth” hypothesis, which argues
that the Earth, as a habitable planet, is an incredibly rare or even unique place, and that
therefore life should be incredibly scarce, or even non-existent, elsewhere in the Universe [1].
In recent years, with the ongoing success of the search for exoplanets, the question of
planetary habitability has moved back to the forefront of astronomical research. In the next
few years, the KEPLER satellite will detect the first truly Earth-like planets around other stars
[2], and the search will be on for the first detection of life beyond our Solar System. But
which of the many exo-Earths that are found should be prioritised in that search? The
estimated impact flux upon the newly discovered exo-Earths will doubtless be a key metric in
determining which planets to target in that search [3][4].
To date, it has simply been assumed that the presence of a giant, Jupiter-like, planet orbiting
beyond any exo-Earth would be a requirement for life to develop and thrive [1][5]. However,
little work has been carried out in the past to attempt to verify that hypothesis [6][7]. Here, we
present the results of a series of detailed dynamical studies performed to attempt to address

Proceedings from 11th Australian Space Science Conference, 2011 						

Page 39

this lack of rigorous support for the “Jupiter – Friend” hypothesis. For a more detailed
discussion of our work, we direct the interested reader to [8][9][10][11][12][13].

Small bodies in the Solar system – three potentially threatening populations
It is now well accepted that the Earth has been bombarded by asteroidal and cometary bodies
throughout its history (e.g. [28][44][45][46]). When it was first acknowledged that impact
craters on Earth were truly the scars resulting from collisions between the Earth and other
Solar System bodies, the great majority of known objects on Earth-crossing orbits were longperiod comets. For those objects, it was well known that a significant fraction are ejected from
the Solar System entirely due to distant perturbations by Jupiter1, and so it is easy to
understand where the idea of “Jupiter – the Friend” originated. Simply put, were Jupiter less
massive, fewer of the long-period comets would be removed from the Solar System, leaving a
significantly greater number moving on orbits that could threaten the Earth (e.g. [6]).
However, in the decades since impact craters were first universally recognised as such, our
understanding of the Solar System has undergone a dramatic change. Where the long-period
comets were once considered by far the most significant source of potential impactors on the
Earth, it is now accepted that they contribute only a small component of the total flux. At the
current epoch, it is thought that there are three key populations of small bodies that pose a
threat to the Earth: the near-Earth asteroids (e.g. [27][28][47]), the short-period comets (e.g.
[17][19][25]), and the long-period comets ([14][48]). Each of these populations has different
origins, and the role played by Jupiter in determining their evolution varies from case to case.
As discussed above, the long-period comets are currently thought to constitute the smallest
contribution to the impact flux at Earth. These objects move on orbits that take thousands, or
even a few million, years to complete, and their numbers are continually replenished by an
ongoing injection of fresh comets from a vast reservoir known as the Oort cloud, containing
as many as 1013 cometary nuclei held in cold storage, the great majority of which are smaller
than 10km in diameter. The great bulk of these stored comets occupy a thick shell surrounding
the Sun, between approximately 103 and 105 AU distant [14][15]. Members of the cloud are
perturbed by a number of mechanisms, principle among them the effects of the galactic tide,
with a contribution to the flux resulting from gravitational tweaks by passing stars. These
perturbations result in the Oort cloud objects acquiring orbits that penetrate the inner Solar
System, becoming dynamically new long-period comets [16].
The short-period comets represent a dynamically distinct population of cometary bodies that
threaten the Earth. Rather than moving on orbits with periods of thousands or millions of
years, such comets have orbital periods so short that they can be observed returning time and
time again. The great bulk of such comets have orbital periods of around five or six years,
with aphelia located in the vicinity of Jupiter’s orbit, and as such are often referred to as the
Jupiter family comets. The proximate parent population of the short period comets is well
established as being the Centaurs (e.g. [16][17][18]). The origin of the Centaurs, however, is
still the subject of much debate, with contributions to that population likely coming from the
Edgeworth-Kuiper belt [19][20], Scattered Disk [21], inner Oort cloud [22], and even the
Jovian and Neptunian Trojans [23][24][25]. Regardless of their origin, such comets are
1

Indeed, in [14], Oort points to earlier work by Fayet, in 1929, stating “A direct indication of
the probable escape of a considerable fraction of the comets of very long period has been
given by Fayet. Among 36 comets for which he has made approximate calculations of the
orbits which they must have described after they passed out of the action of Jupiter he found 7
for which this orbit was hyperbolic.”
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thought to contribute a significant fraction of the impact hazard at Earth, and might even
represent the single largest component of that threat, dependent on the frequency with which
giant Centaurs, such as Chiron, are captured to the inner Solar System [26].
The final population of potentially hazardous objects, and that widely thought to contribute
the bulk of the impact flux at Earth (fragmentation of giant comets aside) are the near-Earth
asteroids. The great bulk of such objects are sourced to the inner Solar System from the main
Asteroid belt [27], although some fraction of the population might well be de-volatilised
short-period comets. Based on the number of near-Earth asteroids that have been discovered
over the past few decades, some authors have suggested that the asteroidal contribution to the
Earth’s impact flux at the current epoch might be as high as three-quarters [27,28].
Given the distinct natures and origins of these three populations of threatening object, it is
clearly important to consider the influence of Jupiter in determining the impact flux at Earth
from each population in turn, particularly since the relative contribution of the three
populations to the Earth’s impact regime remains under debate. Such an approach also
benefits the wider consideration of the role of giant planets in general in influencing
habitability [3], since it is by no means certain that exoEarths would necessarily lie in systems
with direct analogues of each of the three populations discussed. Understanding in a broader
sense the influence of giant planets on impacts from an interior population of small bodies (in
this case the near-Earth asteroids), and exterior disk of small bodies (evolving to become
short-period comet analogues) and Oort cloud bodies will be vital in determining the impact
regime for any newly discovered and potentially habitable exoEarths, particularly when the
distribution of debris reservoirs within their host systems can to some extent be mapped by
surveys such as the Herschel ([49]) Open Time Key Programmes DEBRIS [29] and DUNES
[30], which generally detect cold disks analogous to the Edgeworth-Kuiper belt [50] (although
those detected to date typically contain significantly more material than the reservoir in our
Solar System). To detect the warmer dust present at astrocentric distances similar to that of
our Asteroid belt, surveys at shorter wavelengths are necessary, and the detection of such dust
typically results from observations using WISE and Spitzer data (e.g. [51][52]).

The influence of Jupiter’s mass
The simplest way to examine Jupiter’s influence on the terrestrial impact flux is to consider
the influence of Jupiter’s mass. If Jupiter is purely a “friend”, then one would expect that,
were Jupiter more massive, then the Earth would experience fewer impacts, whilst if Jupiter
were less massive, the impact rate would rise accordingly. In order to examine this hypothesis,
we carried out detailed dynamical integrations using the Hybrid integrator within the n-body
dynamics package MERCURY [31]. We considered Jupiter’s influence on each of the three
populations of potentially hazardous objects (the Asteroids [9], the short-period comets [10]
and the long-period comets [11]) in turn.
The Near-Earth Asteroids
In order to examine the influence of Jupiter’s mass on the impact rate at Earth resulting from
the near-Earth asteroids, we ran simulations using MERCURY that followed the dynamical
evolution of 100,000 mass-less test particles for a period of 10 Myr under the gravitational
influence of the Earth, Mars, Jupiter, Saturn, Uranus and Neptune. The initial distribution of
the test particles was set such that they were contained in “unperturbed” asteroid belts, an
attempt to mimic the distribution of material that would be expected in the asteroid belt prior
to its sculpting under the influence of Jupiter. For a detailed overview on how these belts were
populated, we direct the interested reader to Appendix I of [9]. Because of the
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computationally intensive nature of the integrations performed, it was not feasible to study the
dynamical evolution of a large enough sample of test particles that a significant number would
impact the Earth, if its radius were kept at the canonical 6378km. In order to properly assess
the impact flux, then, we had two options – either estimate the flux based upon the variation in
the number of Earth-crossing asteroids as a function of time, or increase the effective crosssection of the Earth such that collisions would happen more frequently. We chose the latter
option, and increased the radius of the Earth to 1 million kilometres. We then ran simulations
for 12 distinct values of Jupiter’s mass, ranging from 0.01 MJ to 2.00 MJ, a process that took
approximately 20 years of computation time, spread across the nodes of the Open University’s
IMPACT computing cluster. The impact rate as a function of Jupiter mass is shown in Figure
1.

Figure 1: The variation of the number of impacts from asteroidal bodies on the Earth over a
ten million year period, as a function of Jupiter’s mass. The initial population of test particles
was 100,000, so in the worst-case scenario (between 0.1 and 0.25 MJ) almost 20% of the test
particles collided with our inflated Earth, of radius 1 million kilometres.
Two things are immediately clear from Figure 1. Firstly, the impact rate experienced by our
inflated Earth at 1.00 MJ is some 3.5 times greater than that when “Jupiter” has a mass of 0.01
MJ – the giant planet is hardly a shield, in that case! In addition, the impact flux reaches a
peak between 0.10 and 0.25 MJ, at which point the impact flux is almost twice that for the
1.00 MJ case. So whilst our Jupiter is clearly not simply a “friend”, it is clear that were Jupiter
significantly less massive (say, closer to the mass of Saturn), then the impact flux at Earth
from near-Earth asteroids would be elevated significantly over that we observe today. The
reason for the enhancement for scenarios where Jupiter’s mass is comparable to, or slightly
smaller than, that of Saturn is the influence of the ν6 secular resonance. Within our own Solar
System, the destabilising influence of that resonance is well known as a source of fresh
material from the inner reaches of the asteroid belt to the near-Earth asteroid population. As
the mass of Jupiter is reduced, the location of the secular resonance moves outward, allowing
it to destabilise a far greater fraction of the belt. The maximum destabilisation, and therefore
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the mass at which the most asteroidal material is flung in to the inner Solar System, occurs
between 0.10 and 0.25 MJ.
The short-period comets
As for the near-Earth asteroids, we examined the influence of Jupiter’s mass on the impact
flux at Earth due to the short-period comets by carrying out detailed dynamical integrations
that followed the evolution of just over 105 test particles. Those particles were initially located
on Centaur-like orbits that crossed the orbit of Neptune, but came no closer to the Sun than
the orbit of Uranus. Rather than create a totally hypothetical population of test particles, we
based our population on the orbits of 104 known Centaur and Scattered Disc objects, using
each as a nominal orbit on which to base the orbits of 1029 independent test particles, each of
which was created with orbital elements displaced somewhat from the orbit of the parent
body2. As the Centaurs are the proximate parent population for the short-period comets, the
chaotic diffusion of these test particles gave a continuous flux of fresh material to our test
“Jupiters”. Once again, we followed the evolution of the test particles for a period of 107
years, and counted the impacts upon our inflated Earth. The results can be seen in Figure 2.

2

It might initially seem that basing our population on just 104 parent objects might be
somewhat risky (since it could introduce some biases in the resulting short period comet
population). However, the clones of the 104 parent “seeds” were distributed very widely
around the parent itself (far more so than would be standard if we were carrying out a study of
that particular object). Furthermore, and as shown in [16], [17], and [18], objects placed on
Centaur-like orbits rapidly diffuse dynamically across the entire outer Solar System, as a
result of the perturbations of the four giant planets. As such, at the point of their injection into
the inner Solar System, our test particles will be moving on greatly different orbits to those
they initially occupy. Ideally, we would have had a situation where a greater number of parent
objects had been discovered before we embarked upon our study, but given the wide
dispersion of the clones used, together with their subsequent dynamical diffusion throughout
the outer Solar System, we believe our test population to be as fair a representation of the
parent population of short period comets as possible. For a detailed discussion, we direct the
interested reader to [10].
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Figure 2: The variation in the number of impacts experienced by an inflated Earth as a
function of Jupiter’s mass, for a population of just over 100,000 test particles based upon 104
Centaur and Scattered Disc objects. The points in red, joined by the solid line, show the
number of collisions observed in our integrations, whilst those in green, connected with the
dashed line, reproduce those results with the collision rate scaled according to the dynamical
half-life of the Centaurs population in that particular integration.
As can be seen from Figure 2, the impact flux at Earth is almost the same for a scenario in
which Jupiter has little or no mass as that observed for the 1.00 MJ scenario. In other words,
the Earth experiences essentially the same impact flux from short-period comets in our Solar
System as it would were Jupiter not present. However, the impact flux is once again markedly
higher for scenarios between 0.10 MJ and 0.25 MJ. In this case, the reasoning for this peak in
the impact flux is rather straightforward. At high Jupiter masses, the planet is remarkably
efficient both at flinging short-period comets onto Earth-crossing orbits, and at removing them
from those orbits and ejecting them from the Solar System. At the lowest Jupiter masses, it
can fulfil neither role with any efficiency. As a result, in both cases, the impact rate
experienced at Earth is low. As the mass of Jupiter is increased from the lowest values, it first
becomes sufficiently massive to inject fresh short-period comets to Earth-crossing orbits. As
its mass increases further, it becomes ever more efficient at this task, whilst initially having
great difficulty in removing those comets from the inner Solar System. As a result, the impact
rate rises as a function of mass. Eventually, Jupiter becomes sufficiently massive that it can
efficiently remove short-period comets from the inner Solar System. At this point, the impact
rate begins to fall once again, as Jupiter becomes ever more efficient at disposing of
potentially hazardous comets.
The data plotted in green in Figure 2 simply adjusts the total number of impacts obtained in
our integrations for the size of Centaur population that would be expected in those runs. Given
that the flux into the Centaur region is, at least to first order, independent of Jupiter’s mass,
whilst the rate at which objects are removed from the Centaur population is heavily dependent
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on Jupiter’s mass, it is clear that the total population of Centaurs will be larger the less
massive Jupiter is. In plotting the green points, then, we use the bulk data from our
simulations to calculate a dynamical half-life for the Centaur population in each case, and use
that dynamical half-life to rescale the results to take account of this effect. As can be seen, this
has only a small effect on our results. In fact, the main consequence of this correction is that
the impact rate experienced by Earth for scenarios with the least massive “Jupiter”s is almost
exactly the same as that for the 1.00 MJ scenario (rather than being slightly smaller).
The long-period comets
To investigate the influence of Jupiter on the impact rate from the long-period comets in the
manner described above would require unfeasible computational power. Since the orbital
periods of dynamically new Oort cloud comets (those passing through the inner Solar System
for the first time) are typically measured in hundreds of thousands, or even millions of years,
the number of times any given comet will pass through the inner Solar System in a given ten,
or even hundred, million year window will be relatively small. This in turn means that the
likelihood of any given comet colliding with the Earth, even if the Earth is inflated, over that
timescale would be vanishingly small. As such, we needed to take a different tack to examine
Jupiter’s role in shielding the Earth from the long period comets. For those comets, we chose
to examine the fraction surviving as Solar System bodies as a function of Jupiter’s mass as an
initial proxy for the impact rate as a function of Jovian mass. As a further additional test, we
took account of the orbital periods of the surviving comets as a function of time, and used
that, in conjunction with the number surviving, to estimate the impact flux upon Earth as a
function of time in each simulated scenario. For simplicity, we again followed the orbits of
100,000 test particles, spread on initial orbits appropriate for dynamically new long period
comets. In this case, we helped speed the integrations along by considering only the
gravitational influence of Jupiter and Saturn, and neglecting the effects of the other planets.
While this represents a further simplification of the planetary system over our previous runs
(in which the effects of Uranus, Neptune and the Earth were also included), it is clearly not an
unreasonable approximation. We further simplified by considering a smaller sample of Jupiter
masses – 0.00, 0.25, 0.50, 1.00 and 2.00 MJ. We followed the evolution of the test particles for
a period of 100 Myr, and kept track of the number that remained on bound orbits through the
runs, together with their orbital periods. For a detailed discussion of our methods and results,
we direct the interested reader to [11].
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Figure 3: The number of long-period comets remaining gravitationally bound to the Solar
System as a function of time, for the five scenarios tested in this work. The results for the
different “Jupiter” masses are plotted in different colours, as follows: 0.00 MJ, 0.25 MJ, 0.50
MJ, 1.00 MJ, and 2.00 MJ.
As can be seen from Figure 3 and Table 1, the number of long period comets that remain
gravitationally bound to the Solar System falls rapidly as a function of time, even when the
mass of Jupiter is set to 0 (i.e. the only perturbing planet in the Solar System is Saturn).
However, it is also clear that the number of surviving comets falls far more rapidly for
scenarios in which Jupiter is more massive. This, in turn, means that fewer comets remain on
Earth-crossing (and therefore Earth-threatening) orbits, and so one would expect the impact
rate on the Earth to be significantly lower. In other words, for the long period comets, it seems
that Jupiter truly is a “friend”. This is no real surprise, since we believe that the idea that
Jupiter acts as a shield to the Earth dates back to a time when such comets were considered by
far the greatest impact threat to our planet. The role of Jupiter in ensuring that so many such
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comets are ejected from the system after only a few orbits (often on their first pass through the
Solar System) is well accepted. However, we remind the reader that, at the current epoch, such
comets are thought to only contribute a minor fraction of the impact flux experienced by the
Earth. We note in passing that, even when the fact that Jupiter can also act to shorten the
orbital period of long period comets (and therefore ensure that a given comet encounters the
Earth more frequently than it otherwise would) is taken into account, we still find that the
lowest impact rates on Earth from this population occur for the highest Jupiter masses.
Mass (MJ)
Initial
1 Myr
10 Myr
100 Myr
0.00
100000
99982
58949
3689
0.25
100000
99861
50138
2551
0.50
100000
99681
41835
2337
1.00
100000
99314
32334
1495
2.00
100000
98659
23253
852
Table 1: The number of test particles remaining gravitationally bound to the Solar System as
a function of time and of Jupiter mass. Each simulation started with an identical population of
100,000 test particles, and the only difference between them was the mass of “Jupiter”.

The influence of Jupiter’s orbit
Whilst it is clear that Jupiter’s mass plays a significant role in determining its influence on the
impact flux at Earth, it is clearly interesting to also consider the influence of Jupiter’s orbit.
To follow our earlier work investigating the influence of Jupiter’s mass, we therefore
investigated the influence of the eccentricity and inclination of Jupiter’s orbit on the impact
flux at Earth from the near-Earth Asteroids and the Centaurs.
In our own Solar System, Jupiter moves on an orbit with relatively low orbital eccentricity,
and very small inclination. As such, it clearly makes sense to ask what the impact regime at
Earth would be if the planet’s orbit was significantly more eccentric or more highly inclined
than that we observe. This question is particularly relevant given the increasing catalogue of
planetary systems that involve at least one massive planet on an orbit significantly more
inclined or eccentric than those seen in our own Solar System (e.g. [32][33][34]).
In order to test the influence of Jupiter’s orbit on the impact rate at Earth, we repeated our
earlier work in its entirety with several new suites of orbital integrations. In every case, the
initial conditions used were identical to those in the earlier work (so the same number of test
particles, placed on the same orbits, with the same time steps and same massive bodies present
in the integration). The only thing changed in each case was the orbit of Jupiter. We first
performed some simple trials to find the limits beyond which modifying Jupiter’s orbit would
drive the orbits of the Solar System’s planets into an unstable configuration. Clearly, if the
planetary system itself is unstable, then the question of a giant planet’s influence on the
impact rate on an otherwise habitable world becomes somewhat moot! As a result, we found
that increasing the orbital eccentricity of Jupiter significantly beyond 0.1 caused major
instability on timescales of a few million years (or even less). We therefore chose to model
four new scenarios, two each in orbital eccentricity and inclination space.
To test the influence of Jupiter’s orbital eccentricity, we considered scenarios in which the
planet’s initial orbital eccentricity was somewhat higher, and somewhat lower, than that we
observe in our Solar System. In those runs, as detailed above, the only variable changed from
our earlier work was the eccentricity of Jupiter’s orbit. For the high eccentricity case, a value
of 0.1 was chosen, whilst a value of 0.01 was used for the low eccentricity case. These neatly
bracket the actual value of Jupiter’s orbital eccentricity used in our earlier work, 0.048775.
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When testing the influence of Jupiter’s orbital inclination, we were aware that, within our own
Solar System, Jupiter’s orbit lies very close to the invariable plane of the system (with a
current value of just 1.31°). We therefore opted to test moderate (5°) and high (25°) orbital
inclinations

Figure 4: The influence of Jupiter’s orbital eccentricity (upper plots) and orbital inclination
(lower plots) on the impact flux at Earth, as a function of Jovian mass. In the case of the plots
showing the effect of orbital eccentricity (top), the line in red shows the results for an orbital
eccentricity of 0.1, and those in green the results for an eccentricity of 0.01. For the plots
showing the influence of orbital inclination, the green line details the results for a moderate
inclination (5°), whilst those in red show the results for a high inclination (25°). The left hand
plots show the results for the near-Earth asteroids, and those on the right show the equivalent
results for the short-period comets. We note that, in the high inclination case for the
asteroidal population (lower left), over 90% of the test particles collided with the inflated
Earth at some point in the simulation for masses between 0.15 and 0.50 MJ.
The results of our integrations can be seen in Figure 4. In that Figure, the results of our
simulations involving the near-Earth asteroids are shown in the left-hand column, and those
for the short-period comets are shown to the right. The upper plots show the results for our
tests of orbital eccentricity, and the lower the results of orbital inclination.
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For the runs that examined the influence of Jovian eccentricity, it is clear that the more
eccentric the giant planet’s orbit, the greater the impact flux that would be observed from the
Earth. In the case of the results for the near-Earth asteroids, this effect is far more pronounced
than in the case for impacts from short-period comets. In addition, a secondary peak in the
impact flux can be seen in the asteroidal results at 1.50 MJ. Whilst it is clear that the
eccentricity of Jupiter’s orbit clearly plays a role in determining the impact flux at Earth, with
more eccentric orbits yielding more impacts, that effect seems to be secondary to the role
played by Jupiter’s mass.
For the integrations that studied the influence of Jupiter’s orbital inclination, the situation is
somewhat different. For the short-period comets, it seems that Jovian orbital inclination plays
only a minor role in determining the impact flux at Earth, although there is evidence that that
flux is slightly higher for the scenario in which Jupiter lies closest to the system’s invariable
plane. For the near-Earth asteroid impact flux, however, the results are dramatic. A moderate
increase in Jupiter’s orbital inclination is enough to significantly increase the impact flux at
Earth. However, in the scenario in which Jupiter’s inclination was initially 25°, the asteroid
belt was severely disrupted across almost the entire range of masses tested, with over 50% of
the test particles colliding with the inflated Earth for all scenarios except that with the least
massive Jupiter (0.01 MJ). In particular, for those runs between 0.15 and 0.50 MJ, the fraction
of test particles colliding with the inflated Earth was well over 90%. Whilst this might initially
suggest that exoEarths in planetary systems featuring inclined giant planets would be bad
places to search for life, we contend that the incredibly high impact rates featured in those
runs are a sign that the presence of such a highly inclined Jupiter-like planet would entirely
remove the asteroid belt on an astronomically short timescale, with the end result that the
long-term impact flux from asteroidal bodies would be low, simply because so few would
remain!

Conclusion
We have performed a series of detailed dynamical simulations aimed at answering the
question “Jupiter – Friend or Foe?” Although it is widely held that Jupiter has acted to shield
the Earth from impacts since its formation, and has therefore played a pivotal role in
determining the habitability of our planet, little work had previously been done to investigate
whether that is actually the case.
When it comes to the impact hazard posed by the long-period comets, which are sourced from
the Oort cloud, the situation is fairly clear-cut. There, we find that Jupiter does offer a
significant amount of shielding as a result of the efficiency with which it ejects such comets
from the Solar System, never to return. However, it is generally accepted that such longperiod comets constitute only a minor contribution to the total impact flux at Earth (perhaps of
order 5%), and so this result does not, necessarily, infer that the old idea of “Jupiter – the
Friend” is justified.
When we consider the influence of Jupiter in protecting (or imperilling) the Earth from
impacts involving near-Earth asteroids and short-period comets, we find that, rather than
simply being a shield or a threat, Jupiter’s role is actually somewhat more complicated. In
each case, the impact rate from such objects is markedly lower for planetary systems that
include a massive Jupiter (such as our own) than for those that have a Saturn-mass (or slightly
smaller) planet at the same location. However, for masses lower than ~0.15 times that of our
Jupiter, the impact flux experienced by an Earth-like planet falls dramatically in both cases,
such that the impact rate were no Jupiter present (or only a very-low mass planet occupied

Proceedings from 11th Australian Space Science Conference, 2011 						

Page 49

Jupiter’s orbit) would actually be lower than that for the scenarios involving our Jupiter. As
such, it seems that Jupiter can easily be at least as much, if not more, of a foe than it is a
friend.
We also considered the influence of the orbit of Jupiter on the impact rate at the Earth. We
found that, were Jupiter’s orbit somewhat more eccentric than that we observe, the impact
flux at Earth would be somewhat greater, albeit not punishingly so. As such, we consider that
the orbital eccentricity of a giant planet such as Jupiter is of secondary importance, compared
to its mass, in determining the impact flux within its host system. For objects sourced from
beyond the orbit of the giant planet, we found that the inclination of that planet’s orbit has
little or no effect on the impact regime in the inner reaches of the system. However, we found
that increasing the planet’s orbital inclination had a dramatic effect on the dynamical stability
of the asteroid belt, leading to greater than 50% depletion of that belt on timescales of just ten
million years for all but the least massive “Jupiter” tested (0.01 MJ). Whilst such
destabilisation might initially cause one to consider such systems very unlikely to host a
habitable planet, we contend that the level of destabilisation observed is sufficient that few
objects will remain within that reservoir to pose a threat on astronomically significant
timescales, and as such, those systems would simply not contain an asteroid belt to threaten
any exoEarths of interest.
The simple notion that giant planets are required to ensure a sufficiently benign impact regime
for potentially habitable worlds to be truly habitable is clearly therefore not valid. There
remains, also, the question of what level of impact flux is more suitable for the development
of life, and of advanced life. On one hand, the Earth, and other potentially habitable planets,
will typically form interior to the “ice line”, the location in a protoplanetary disk at which
water can first be found as a solid. Interior to the ice line, the only water present in a solid
form would be that trapped in hydrated silicates, and as such, one would expect such planets
to form “dry”, particularly if they only accrete from their local environment. The origin of the
Earth’s oceans, then, is still heavily debated. A detailed review of the debate surrounding the
hydration of potentially habitable worlds is beyond the scope of this work (and we direct the
interested reader to p.285 of [3] for more information), but it is certainly interesting to
consider the influence of giant planet’s on the impact flux at Earth-like planets in this context.
If we accept that the bulk of the Earth’s water was delivered from beyond the ice-line (either
from wet asteroids, or from comets – e.g. [35]), then it follows that the delivery of that icy
material must have primarily been driven by Jupiter. Does this mean that, if Jupiter were not
present, or were of particularly low mass, then the Earth would not have received sufficient
hydration to currently be habitable? On the other hand, if Jupiter had a mass similar to that of
Saturn (and therefore the impact rate of trans-Jovian material were higher), would that result
in a super-saturated “ocean Earth”, which might not prove so clement for life? Unfortunately,
whilst such discussion is clearly interesting, it is almost certain that the hydration of the Earth
occurred during the migration of the outer planets, which led to significant destabilisation and
redistribution of the Solar System’s small body populations (e.g. [36][37][38][39][40]). As
such, it is unclear whether our results (which are based on a stable, post-migration planetary
system) can throw any light on this particular aspect of the problem.
Once Earth-like planets have been hydrated, the role of impacts will clearly shift from having
import in the delivery of volatiles to otherwise dry worlds to directly affecting the course of
the development of life. Since the development of life on our planet, a significant number of
“mass extinctions” have occurred, in which the great majority of organisms have been
extinguished. Although many of these are currently believed to been caused by factors other
than impacts, at least a few are thought to have been at least partially the result of collisions
between the Earth and small bodies (e.g. [41][42][43]). At first glance, it seems reasonable to
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assume that the most promising conditions for life to develop, once a host planet has received
sufficient hydration, would be those featuring the lowest impact rate (i.e. those with the least
massive giant planets, no giant planets at all, or very massive giant planets). However, it could
equally be argued that at least some impact flux is necessary in order to trigger occasional
mass extinctions – without the mass extinction that wiped out the dinosaurs, for example, it is
debatable whether we would currently be here, debating the importance of such extinctions!
Perhaps, then, we face a “Goldilocks” style situation, where the optimal impact flux is neither
too high nor too low.
It is certainly clear that the role of giant planets in influencing the impact flux (and therefore
the habitability) of Earth-like planets is significantly more complicated than was once thought.
When the first truly Earth-like planets are detected around Sun-like stars, and the search for
life upon them becomes feasible, it is clearly therefore imperative that the potential impact
regime of each is addressed in some detail, in order to determine which of those planets
represents the best targets for that search, rather than simply looking for those with the good
(or bad!) fortune to move in planetary systems that involve distant giant planets.
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Methane and Deuterium in Titan’s Atmosphere
Jeremy Bailey
School of Physics, University of New South Wales, NSW, 2052, Australia
Summary: Observations of the near-infrared spectrum of Titan have been obtained with
NIFS on the Gemini North 8m Telescope. The spectra have been modelled using a radiative
transfer model based on the Huygens probe descent data on the structure of Titan’s
atmosphere, and the latest laboratory data on the spectrum of methane. A detailed description
of the model and the methane line data used was given in Ref. 1. Here that model is updated
with new methane line data in the 1.55 µm window region, and a correction is made to the
deuterium to hydrogen ratio (D/H) value derived in that paper. The new value is D/H = (1.43
± 0.16) × 10–4. This agrees well with other recent determinations of Titan’s D/H and the
significance of the results are discussed.
Keywords:

Titan, methane, deuterium, planetary atmospheres, radiative transfer

Introduction
Saturn’s satellite Titan is the only satellite in the solar system to have a dense atmosphere. The
atmosphere is composed mostly of nitrogen, but containing methane at an abundance of a few
percent. This results in a methane “hydrological cycle” with methane condensing as clouds
[2,3], falling as rain [4], and resulting in fluvial erosion features [5] and hydrocarbon lakes [6]
on the surface.
Methane also dominates the spectrum, giving rise to a series of broad absorption features
separated by window regions where the surface can be seen. Until recently the high resolution
spectrum of Titan could not be modelled adequately at wavelengths shorter than about 2.1 µm
due to the limitations of the available spectral line data. Recently new laboratory
measurements of methane spectral lines, due largely to the work of the group at the University
Joseph Fourier, Grenoble, have transformed the situation. The new measurements use direct
absorption and cavity ring down spectroscopy (CRDS) [7] at both room temperature and
cryogenic (~80 K) temperatures. By combining the measurements at two temperatures, the
lower state energy of the transitions can be determined allowing the line intensity to be
derived for any temperature, removing a key failing of previous lists that included only room
temperature data at these wavelengths. The high sensitivity CRDS measurements also include
very weak lines in the window regions that enable modelling of objects like Titan with long
methane path lengths.
Analyses of Titan’s spectrum using the new line data are reported in Ref. 1 and Ref. 8. In both
these studies once the methane lines were fitted it was possible to detect absorptions of other
trace species such as CH3D and CO, allowing Titan’s CO abundance and D/H ratio to be
determined. In this paper the analysis reported in Ref. 1 is updated by including the latest line
measurements, and the determination of Titan’s D/H ratio in that paper is reconsidered.

Observations
The observations used here are the same as those described in Ref. 1. The Near-Infrared
Integral Field Spectrograph (NIFS) [9] was used on the Gemini North 8m Telescope at Mauna
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Kea, Hawaii in conjunction with the Altair adaptive optics system. Spatially resolved spectra
were obtained in the near infrared J (1.15 – 1.36 µm), H (1.48 – 1.8 µm) and K (2.01 – 2.43
µm) bands at a spectral resolving power of R = 5290 in the H and K bands and 6040 in the J
band.

Fig 1. Images extracted from the NIFS spectral cube at three wavelengths The 2.03 µm image
is in a methane transparency window and shows surface markings. The 2.12 µm image is
sensitive to the troposphere, and the 2.30 µm image shows the stratosphere. The 3 by 3 pixel
region extracted to give the spectra shown in the lower panels is indicated.
The data were reduced using the standard NIFS data reduction software to provide wavelength
calibrated spectral cubes. The extracted spectra have been divided by NIFS spectra of G type
stars to remove both telluric and solar features giving reflectance spectra (presented as
radiance factor - I/F) which can be directly compared with models. Because of Doppler shifts
in the stars, the cancellation of solar features is not perfect and leaves some residual features
in the spectra. However, these are not at wavelengths that have any serious impact on the
analysis presented here.
Fig. 1 shows images extracted from the NIFS data at three wavelengths in the K band. These
images show how Titan’s appearance changes at different wavelengths. The 2.03 µm image is
in a methane “window” where absorption is at a minimum and surface markings can be seen.
Similar windows occur at wavelengths of about 1.55 µm and 1.28 µm in the H and J bands.
The 2.12 µm image is sensitive to the troposphere at about 10 km altitude. Methane clouds are
sometimes seen as bright features at this wavelength, but no clouds are apparent at the time of
these observations. The only structure seen is a limb brightening due to the aerosol haze. The
2.30 µm image is sensitive to the stratosphere (~50km altitude), which exhibits a seasonal
north-south asymmetry in the limb brightening.
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Fig. 1 also shows the spectra over a 3 x 3 pixel region in the centre of the disk in each of the
three bands. These spectra were used for all of the analysis described here.

Modelling of the Spectra
The spectra were modelled using the VSTAR radiative transfer code [10]. VSTAR models a
multi-layer atmosphere using a line-by-line treatment of molecular absorption, and a full
multiple scattering approach to radiative transfer.
The model for Titan uses the Voyager Radio-Occultation pressure temperature profile [11],
which agrees well with the profile determined by Huygens [12]. The methane volume mixing
ratio as a function of altitude is from the Huygens GCMS measurements [13], and the aerosol
properties and surface albedo are based on those determined from Huygens DISR
observations [14, 15] with scaling factors (adjusted during model fitting) applied to the
surface albedo and the aerosol optical depth at each of three altitude ranges (<30 km, 30 – 80
km, >80 km) to allow for differences from the conditions at the Huygens landing site. In
addition to methane, absorption lines due to CO and collision-induced absorption due to an
H2-N2 mixture are included in the model. Further details can be found in Ref. 1.
The methane spectral line list used in this work has been updated from that used in Ref. 1 by
the inclusion of the most recent measurements by the Grenoble group described in Ref. 16 and
17.
Wavenumber
Range (cm–1)
0 – 4800
4700 – 5500

Wavelength
Range (µm)
> 2.0833
1.818 – 2.128

Source of line data

Comments

HITRAN 2008 (Ref. 18)
STDS (Ref. 19)

5500 – 5550

1.802 – 1.818

HITRAN 2008 (Ref. 18)

5550 – 6165

1.622 – 1.802

GOSAT-2009 (Ref. 21)

6165 – 6750
6750 – 7541
7541 – 7919
7655 – 9200

1.481 – 1.622
1.326 – 1.481
1.263 – 1.326
1.087 – 1.263

CRDS (Ref. 16)
DAS (Ref. 23)
CRDS (Ref. 17)
HITRAN 2008 (Ref. 18)

Well modelled region
Preliminary model for
Tetradecad
Includes empirical lower state
energies from Ref. 20
Supplemented with low-temp
line data from Ref. 22

Based on data from Ref. 24

Table 1 – The Methane Line List (STDS: Spherical Top Data System; DAS: Direct
Absorption Spectroscopy; CRDS: Cavity Ring Down Spectroscopy)
The new laboratory data that covers the window regions at 1.55 µm and 1.28 µm is combined
with other sources of line data [18–24] to give the full line list described in Table 1. The new
spectral line data from Ref. 16 replaces data over a shorter range [25] used in the previous
analysis and avoids the necessity to fill in gaps in wavelength coverage with estimated values
of lower state energies as was done in Ref. 1.
Figure 2 shows the observed spectrum compared with the model spectrum obtained using the
new line list. The model obtained using the HITRAN 2008 line list for methane, the best data
available prior to the new laboratory data, is also shown for comparison, and clearly fails to fit
the window region at 1.55 µm. The best fitting model parameters are listed in Table 2. The
model is actually unchanged from that determined in Ref. 1. However, the fit to the spectrum
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has significantly improved in the 1.55 µm window region with the addition of the new line
data from Ref. 16.
Parameter
Surface Albedo (at 1.6 µm)
Aerosol optical depth (>80 km) at 1.5 µm
Aerosol optical depth (30–80 km) at 1.5 µm
Aerosol optical depth (<30 km) at 1.5 µm
D/H
CO mixing ratio (ppmv)

Value
0.108
0.31
0.34
0.16
1.43 × 10–4
50

Uncertainty
0.009
0.04
0.07
0.05
0.16 × 10–4
11

Table 2 — Parameters of best fitting model for Titan’s spectrum

Figure 2 — Observed spectra of Titan (top panel) compared with predicted spectra using the
VSTAR model and the new line list (middle panels), and the same model using the HITRAN
2008 line list (lower panels). The residuals (Data–Model) are shown beneath each model
spectrum.
Figure 3 shows an expanded view of the spectrum in the 1.53 – 1.59 µm wavelength region, a
region that has particularly benefitted from the new line measurements. In this region the
previous analysis of Ref. 1 showed two residual absorption features that remained after the
model was fitted to the data. It was speculated that these were methane lines that were missing
from the line list. This is confirmed by the new analysis as these features have disappeared
with the model based on the new line data shown here.
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The region shown in Figure 3 includes absorptions due to the 3ν2 band (and other bands) of
CH3D as well as absorption in the CO 3-0 band. Both these absorptions are readily apparent in
Figure 3 when the CH4 lines only are fitted to the data. These absorptions can be used to
determine the D/H ratio of Titan’s methane and the CO abundance in the lower atmosphere.

Titan’s D/H Ratio
In Ref. 1 it was determined that the best fitting D/H value for Titan’s spectrum in the 1.55 µm
window region corresponded to a D/H of 1.147 ± 0.13 times the terrestrial value, and that this
corresponded to a D/H of (1.77 ± 0.20) × 10–4. That D/H ratio as a fraction of the terrestrial
value is unchanged with the new analysis presented here. However, it has subsequently
become apparent that the terrestrial D/H value assumed in Ref. 1 is not the one that is
appropriate in this case. In fact there is no single terrestrial value for D/H as different gas
samples can have substantially different values depending on their source.

Figure 3 — NIFS spectrum compared with model in the 1.53 to 1.59 µm wavelength region.
The upper panel shows the observed spectrum (shifted up by 0.06) compared with the
modelled spectrum. The second panel shows the residuals of a model including only CH4
lines. Absorption features due to the R and P branches of the CO 3-0 band, as well as
absorptions due to CH3D can be seen. The third panel adds CH3D lines to the model based on
the best fitting D/H ratio, and the fourth panel adds CO lines with a mixing ratio of 50 ppmv.
In Ref. 1 it was assumed that the appropriate terrestrial value of D/H was that adopted in the
HITRAN spectral line database. Line intensities of isotopologue lines in that database are
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scaled for terrestrial isotopic composition based on a value of CH3D/CH4 of 6.1575 x 10–4
(corresponding to a D/H of 1.54 x 10–4). This is very close to the VSMOW (Vienna Standard
Mean Ocean Water) value, which is the normal standard for D/H.
However, the line intensities used in our work were from the Grenoble group’s laboratory
measurements of actual natural gas samples. Natural gas and other natural terrestrial sources
of methane actually have D/H values that are substantially depleted compared with the
VSMOW reference [16, 25]. The typical δD value for natural gas is –180±20‰ [26].
Therefore, as discussed in Refs 16 and 27 the line intensities in the new line list actually
correspond to a CH3D/CH4 value of 5 x 10–4, about 18% lower than that adopted in HITRAN.
The derived D/H value for Titan therefore needs correction compared with that published in
Ref. 1 and the correct value is (1.43 ± 0.16) x 10–4 as listed in Table 2.

Discussion	
  and	
  Conclusions	
  
The new value of D/H derived here is in reasonable agreement with a number of other recent
measurements. Abbas et al. [28] obtained (1.58 ± 0.16) x 10–4 from Cassini CIRS
measurements, and de Bergh et al. [8] obtained (1.13 ± 0.25) x 10–4 using a different set of
1.55 µm spectroscopic observations and the same new spectral line data. The value of D/H is
an important clue to the origin of the material, since ice formed at different locations in the
solar system will have very different D/H values as a result of chemical fractionation in the
early solar nebula [29,30]. In the case of Titan the observed value has been used to determine
that Titan’s methane is probably of primordial origin, and not generated by serpentinization
reactions in Titan’s interior [31].
The same techniques used here to study the D/H value in Titan’s atmosphere could also be
applied to the four giant planets in the solar system all of which have a substantial methane
content. Such observations could thus provide constraints on the formation location of their
methane and potentially provide information on the migration of these planets during early
solar system evolution.
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Carbon Monoxide Above and Below Venus’ Clouds
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Summary: Lower atmosphere Venusian carbon monoxide (CO) abundance at the polar
collars, as measured in the infrared K-band (2.3 μm window), is elevated over the abundance
at equatorial and mid-latitudes. Recently we have reported that this elevated abundance is
confined to altitudes above ~40 km. We examine this result in the context of recent
measurements of CO made in the middle atmosphere and find that the result is consistent with
a planet wide over-turning of the atmosphere. CO that down-wells into the upper middle
atmosphere appears to flow pole-ward as it down-wells further, eventually being consumed at
the polar collars in the upper troposphere.
Keywords: Venus, Carbon Monoxide, CO, Troposphere, Mesosphere, Lower Atmosphere,
Clouds, K-band.

Introduction
Carbon Monoxide in the Venusian Atmosphere
Venus is the solar system planet most similar to Earth in terms of size, mass and distance from
the Sun and yet the atmospheric conditions of the two are vastly different [1]. Venus is the
subject of a runaway greenhouse effect. The majority of the Venusian atmosphere is carbon
dioxide (CO2) (96.5 %) and nitrogen (3.5 %) [1]. The most abundant trace gas, sulfur dioxide,
is a precursor to the highly acidic Venusian cloud decks [2].
Venusian atmospheric chemistry is complicated with more than eighty different reactions
taking place [3]. One of the most important atmospheric constituents is carbon monoxide
(CO). CO is formed in the upper atmosphere by photo-dissociation of CO2, descending in the
atmosphere, it is lost through chemical processes, including those important for the creation of
the sulfuric acid clouds, as well as a conversion back into CO2 [3, 4]. As CO has a lifetime in
the atmosphere of just 106s to 107s [5], it is important to studies of Venusian atmospheric
dynamics [4, 6], providing particular insight into the Venusian Hadley cell in the lower
atmosphere [4].
Recent Measurements of Carbon Monoxide
The infrared windows in Venus’ atmosphere were first discovered by Allen and Crawford in
1984 [7]. Spectra seen through the window at 2.3 μm (in the infrared K-band), in combination
with atmospheric modelling [8, 9] allows the nightside abundance of carbon monoxide (CO)
below the floor of the cloud layer at ~ 50 km to be gleaned. Studies using similar approaches
have shown that CO is enhanced at these altitudes at the latitudes of the polar collars (around
60 degrees) [4, 9-14]; the enhancement has most often been interpreted as being
representative of an altitude of 35 or 36 km where the measurement is most sensitive [4, 13],
and is usually understood as being due to the overturning and down-welling of the atmosphere
at the polar collars as part of the Venusian Hadley Cell [9, 11]. However, recently we have
shown that enhancement in CO at the polar collars over the mid/equatorial regions actually
occurs somewhat higher in the atmosphere at altitudes above ~40 km [11].
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Recently a significant number of new measurements of upper middle atmosphere CO have
been made with a variety of techniques [15-18]. Relatively few measurements of CO below
~75 km have been made previously, and these new measurements together with our own offer
the potential for new insight into the dynamics of the middle and lower atmosphere. The
purpose of the present paper is to discuss in more detail the results of recent measurements
made of CO in the middle atmosphere.
What follows are two sections summarising measurements made of CO – above and below
the clouds – with an emphasis on recent measurements and in particular our recent
measurements, followed by a new discussion of these results. In essence this paper seeks to
place the most recent measurements in context and in so doing present a new interpretation of
the data.

Measurements of CO Above the Clouds
CO Origin in the Thermosphere
CO is created by UV photo-dissociation of CO2 between 65 and 120 km [19], with a negative
downward gradient associated with the main source region in the thermosphere [16, 19-22].
Above ~95 km CO abundance is enhanced by a factor of 2-4 on the nightside relative to the
dayside, with the peak abundance very near the anti-solar point [21]. Between 80 and 90 km
the peak abundance is shifted toward the morningside. Typically this nightside region of
enhanced CO can extend down to around 70 km altitude to create what is know as the “CO
bulge”, however there is considerable spatial and temporal variation in the CO mixing ratio at
these altitudes [21, 22].
A significant number of microwave measurements have established the existence of a
minimum in CO around 75 km [22], but the cause of this ‘CO depletion zone’ is not well
understood [19]. Recently, by contrast with earlier ground based microwave measurements
[20, 22], Vandaele et al. using SOIR on Venus Express found the minimum to be at 85 km
altitude [18].
The dynamic of the upper atmosphere is dominated by thermal flow (dayside to nightside). In
the middle atmosphere (below ~90 km) the dominant dynamic is that of the retrograde superrotation. The mechanism by which gas is transported between the two regimes is not well
understood, though it seems clear from oxygen air glow measurements that down-welling
occurs around local midnight [23].
Middle Atmosphere CO Measurements
Until recently the dayside infrared spectroscopic measurement of Connes et al. [24]: 45 ± 10
ppmv at 65 km (later corrected by Young to 50 ± 1 ppmv at 58-66 km [25]), was the only
notable measurement of CO made below the region sensitive to microwave measurements.
Measurements made in the last few years (published since 2008) of CO in the middle
atmosphere support the Connes et al./Young measurement. Vandaele et al. found 30 to 50
ppmv at 75 km [18]. Iwagami et al. used dayside infrared spectroscopy (sensitive to 62–67
km) to measure a disc averaged mixing ratio of 58 ± 17 ppmv [16]. Krasnopolsky [17]
produced three N-S trace measurements sensitive to slightly higher altitudes (68–71 km). Of
those three traces one was near the evening terminator and returned 40 ± 4 ppmv. The two
traces taken near the morning terminator returned 52 ± 5 and 51 ± 7 ppmv, with the latter
having an equatorial enhancement up to 70 ppmv attributed to an extension of the nightside
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“CO bulge” to lower altitudes. Krasnopolsky’s traces do not display a definite latitudinal
trend, though there is a hint of an increase toward the polar collars. In contrast Iwagami et al.
[16] report an enhancement of CO at equatorial latitudes in two of their four observations – in
these cases the equatorial latitudes have a mixing ratio ~65 ppmv whereas the polar collars
have ~30 ppmv.
A single nightside measurement of middle atmosphere (65–70 km) CO has been taken by
Irwin et al. [15]. They used VIRTIS-M on Venus Express to take measurements in the 4.7μm
window, finding 40 ± 10 ppmv for the southern mid-latitudes. Taken together with
Krasnopolsky and Iwagami et al.’s results, this suggests that mid-latitude middle atmosphere
CO may be slightly reduced on the evening/nightside compared to the morning/dayside,
although the results are the same within error.

Measurements of CO Below the Clouds
Probe Based Measurements below the Clouds
The (sulfuric acid) Venusian cloud deck extends from 70 km down to ~48 km. Measurements
of CO abundance below the clouds were first made by two probes in 1978. The Venera-12
mission, before landing at 7 ºS, 294 ºE, at ~10.30 LT [26], sampled the atmosphere 8 times
between 42 km and ground level, recording ~30 ppmv in the range 42 to 36 km, and ~20
ppmv at 12 km [27], and being reported as 28 ± 14 ppmv overall [28]. Days before, the
Pioneer Venus Large Probe impacted at 4.4 ºN, 304 ºE, at 7.38 LT [26], after sampling CO at
three altitudes: 52 km (32.2 ± 7.2 ppmv), 42 km (30.2 ± 2.1 ppmv) and 22 km (19.9 ± 0.4
ppmv) [29]. Taken together the probe measurements describe a fairly steady drop off in CO
abundance with altitude in the troposphere, but represent only equatorial latitudes during local
morning and day times – although because of the opacity of Venus’ cloud layer little
difference is expected between the night- and day-side below them.
Previous Tropospheric Polar Collar CO Measurements
The first to recommend a nightside altitudinal profile for carbon monoxide mixing ratios were
von Zahn et al. [30]. Lower than 52 km this profile is wholly based on the probe
measurements. Above that the profile has a very high mixing ratio at 100 km that is drawn to
a minimum at 75 km based on the microwave measurements of Wilson and Klein [31].
Measurements of CO below the clouds that utilise the 2.3 μm K-band have utilised this profile
[13, 14], or variants of it [9, 32, 33] that also include the Connes et al. measurement in the
middle atmosphere and additional microwave measurements in the upper atmosphere such as
those of Clancy and Muhleman [21] or Vandaele et al. [18] (though these are not critical to
determinations below the clouds). A typical altitudinal CO profile is shown later in this work.
Galileo and Ground Based Measurements
Ground-based observations using the 2.3 μm (K-band) window, in combination with spectral
modelling – using the probe measurements as a basis – first retrieved a tropospheric CO
mixing ratio as a linearly interpolated profile: {≤ 22 km: 30 ppmv, 42 km: 45 ppmv, 64 km:
75 ppmv} (~40 ppmv at 35 km) for a 5 arc-second diameter circular section of the nightside
disk centred around 30 ºN [33]. Early maps of the nightside disk revealed no spatial contrast
in CO [34]. These spectra [33, 34] were later reanalysed in combination to retrieve a linearly
interpolated profile reported as a mixing ratio of 23 ± 5 ppmv with a gradient of 1.20 ± 0.45
ppmv/km at 36 km (i.e decreasing with depth into the troposphere) [35].
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Variation in CO abundances with latitude was first inferred through analysis of Near-Infrared
Mapping Spectrometer (NIMS) data from the Galileo flyby of the planet in 1990. North of 47
ºN CO abundance was found to be 135 ± 15 % of equatorial values [10]. Later, the latitudinal
variation was confirmed from ground-based observations in the K-band spectroscopic window
– interpreted through atmospheric models – by Marcq et al. who showed a ~15 % increase
between the equatorial regions and latitudes 40 ºN/S [13]. Later reanalysis retrieved 24 ± 2
ppmv, at 36 km (with a gradient of 0.6 ± 0.3 ppmv/km), with an increase of 12 ± 4% by 40
ºN/S [14].
Venus Express Measurements
Since the arrival of Venus Express at the planet in April of 2006, both mapping (VIRTIS-M)
and high resolution (VIRTIS-H) infrared instruments have been employed to retrieve
tropospheric CO mixing ratios, all assuming similar linearly interpolated profiles, and all
reported as mixing ratios at 35 or 36 km altitude. Sampling at various latitudes with VIRTISH revealed that CO abundances increased from the equatorial latitudes to at least 60 ºN/S (31
± 2 ppmv (South), ~40 ppmv (North) as compared to the equatorial 24 ± 3 ppmv) [12].
Additionally dispersion in the measurements suggested a zonal or longitudinal variation of up
to 20 % of the latitudinal mean [12].
Nightside maps produced with VIRTIS-M revealed that not only was CO increasing in
abundance from the equator towards the poles, but that it reached a peak near 60 ºS (23 ± 2
ppmv at the equator to 32 ± 2 ppmv in the polar collar), and decreased at higher latitudes [4].
The pattern of CO past 60 ºS was explained as corresponding to the overturning of the
atmosphere through the downward branch of the Hadley cell, while a dawn to dusk trend seen
in two maps was initially ascribed to a combination of photo-chemistry and dynamical
processes [4]. However, the most recent work, which includes North-South trace and southern
hemisphere map data, has revealed temporal/zonal variability – and on a fast temporal scale
not previously seen which may contradict the interpretation of the dawn to dusk trend [9].
Cotton et al. 2012 Measurements
Presented in this section is a summary of our most recent results. These results are presented
in full elsewhere [11], but are detailed separately in summary here so as the reader might fully
appreciate their significance for this review.
Observations and Analysis Method
The full details of the observations and analysis methods are available elsewhere [11]. In
brief, we used the Anglo-Australian Telescope (AAT) at Siding Spring Observatory with the
IRIS2 instrument [36] to acquire spatially resolved spectra of Venus at wavelengths between
2.0 and 2.4 μm in the near-infrared K-band. The spectrograph slit (1 arc second by 7.5 arc
minutes) was scanned across the disk (typically ~40 arc seconds) to build up a spectral cube
with R ~2400. These measurements were spread across 15 nights and three observing sessions
between July 2004 until July 2007. We used the depth of the CO absorption band at 2.3 μm to
map the two-dimensional distribution of CO across both hemispheres. VSTAR (Versatile
Software for the Transfer of Atmospheric Radiation) radiative transfer models were used to
relate the measured CO band depth to the volume mixing ratio of CO. We also modeled the
detailed spectrum of the excess CO at high latitudes to determine the altitude of this extra CO.
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2D Spatial and Temporal Variability
Our maps of the CO distribution confirm the results of previous studies in showing an
enhancement of CO at latitudes of 60 ºN/S. However, we saw significant variability in the
details of the distribution pattern. Where observations were made over several nights we saw
little indication of night-to-night variability in the distribution, but substantial changes were
seen in the pattern over timescales of 20 days or longer.
Of the four disc maps, the one encompassing between 6LT and midnight showed the least
variation, and displayed the clearest differentiation between polar collars and mid-latitudes.
The other three maps display varying amounts of enhancement toward the mid-latitudes, and
sometimes also a depletion in the polar collars toward the morning terminator (Fig. 1).

Fig. 1: CO distribution by observing run showing the variation over time: (a) July 2004, (b)
December 2005, (c) Early July 2007, (d) Late July 2007. These maps show CO mixing ratios
at 35 km assuming an otherwise consistent altitudinal profile scaled by a multiplicative
factor.
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Altitude of Extra Polar CO
We used the ratio of the spectra in regions of high CO concentration at high latitudes to low
CO regions near the equator to determine the typical altitude of the extra CO responsible for
the enhancements. Modelling (depicted in Fig. 2) revealed that the additional CO must be at
altitudes of around 45 km, and not at the 35 km altitude assumed in previous studies. Because
K-band measurements are less sensitive to CO at 45 km than at 35 km the amount of extra CO
needed to account for the enhancements observed in these regions (in ppmv) is higher than
had been determined previously (and presented in Fig. 1). This means that all other
determinations of CO at the tropospheric polar collars will have to be revised (and for this
reason they have been left off Fig. 3). By assuming a constant CO mixing ratio in the high
latitude regions at altitudes above 38-40 km, mixing ratios in the range 54 to 83 ppmv were
assigned for the map between 6LT and midnight, and the Southern hemisphere of the
December 2005 map (Fig. 1). Around the equator the nominal mixing ratio of 27.5 ppmv at 45
km is presumed to still apply. However, where our maps show temporal variations around the
mid-latitude and equatorial regions, the altitude of the enhancements in these regions has yet
to be determined.

Fig. 2: Ratio spectra of high to low CO regions (black dots) fitted with models (red lines) in
which the CO mixing ratio in the high latitude high CO regions has a fixed value above 40 km
and extending to the cloud tops (although we are not very sensitive to CO above about 50 km)
as shown in the red line at right. The black line shows the nominal profile previously assumed
to apply in the equatorial regions (and that was used for scaling in Fig. 1). Full detail
including an error analysis for the fitting presented here is given in Cotton et al. 2012 [11],
but it is worth noting here that the signal is attenuated somewhat at right of the plots in the
left hand panel by the K-band filter used in collecting the data.
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Summary of CO Determinations below 75 km
Table 1: CO Abundance Determinations
Plotted in Fig. 3.
Reference

Altitude Abund.
(km)

Vandeale et al. 2008

75

Krasnopolsky 2010

68-71

Notes

(ppmv)

40 ± 10  Dayside, Sth Mid Lat Avg.
40 ± 4 | Evening, N-S Trace Avg.
52 ± 5 | Morning, N-S Trace Avg.
51 ± 7 | Morning, N-S Trace Avg.
60 ± 10

Irwin et al. 2008

●

Morning, Equ. Lat.

65-70

40 ± 10  Nightside, Sth. Mid-Lat. Avg.

Young 1972

58-66

50 ± 1

Iwagami et al. 2010

62-67

61 ± 18
53 ± 14

●
●
●

Dayside, Disc Avg.
Dayside, Disc Avg.
Dayside, Disc Avg.

70 ± 20 - Dayside, Equ. Lat. Avg.
36 ± 6 O Dayside, Sth. Pol. Col. Lat. Avg.
60 ± 10 - Dayside, Equ. Lat. Avg.
32 ± 5 O Dayside, Sth. Pol. Col. Lat. Avg.
28 ± 12 O Dayside, Nth. Pol. Col. Lat. Avg.
Cotton et al. 2011

38-50

75 ± 8 O Nightside, Nth. Pol. Col. Lat. Avg.
68 ± 6 O Nightside, Sth. Pol. Col. Lat. Avg.
59 ± 5 O Nightside, Sth. Pol. Col. Lat. Avg.

35-36

Fig. 3: CO abundance determinations
below the mesosphere. Key: black –
nightside, white – dayside, yellow –
morning, orange – evening; large circle –
disc average, semi-circle – average with
hemispherical bias, hollow circle – polar
collars, horizontal bar – equatorial/mid
latitude average, vertical bar – N-S trace,
dot – equatorial/mid-latitude point
measurement.

25 ± 3 - Nightside, Mid Lat Avg.
 Nightside, Disc Avg. Bias Nth.

Bezard et al. 1990

35-36 ~ 40

Pollack et al. 1993

35-35

23 ± 5  Nightside, Disc Avg. Bias Nth.

Marcq et al. 2006

35-36

24 ± 2 - Nightside, Mid Lat Avg.

Marcq et al. 2008

35-36

24 ± 3 - Nightside, Mid Lat Avg.

Tsang et al. 2008

35-36

23 ± 2 - Nightside, Mid Lat Avg.

Oyama et al. 1980

52

32 ± 7

●

Morning, Equ. Lat. (Probe)

42

30 ± 2

●

Morning, Equ. Lat. (Probe)

22

20 ± ½

●

Morning, Equ. Lat. (Probe)

●

Dayside, Equ. Lat. (Probe)

●

Dayside, Equ. Lat. (Probe)

von Zahn and
Moroz 1985

42-36 ~ 30
12

~ 20

Discussion
Dynamical Implications
Overturning of the atmosphere transporting CO high in the atmosphere to the upper
troposphere was first proposed by Taylor [19] as a way to both explain the enhancement of
CO at higher latitudes and remove the requirement for a very large vertical diffusion rate at
mid-latitudes. Taylor initially suggested transport via the polar vortices [19], whereas downwelling is now thought to take place at the latitude of the polar collars (around 60 ºN/S) as
part of a Hadley Cell [4].
The (mostly) recent measurements highlighted here provide increased support for the Hadley
Cell picture. Lower atmosphere measurements made at equatorial latitudes suggest a steady
decrease downward from 65-70 km in CO abundance in line with a moderate vertical
diffusion rate. However, our recent determinations of tropospheric polar collar CO at 45-50
km are similar to – and possibly a little higher than – the abundances measured at 60-70 km;
they are most similar to mid-latitude measurements made of Venus local morning or the
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dayside around 65 km. Such a result indicates a pole-ward flow followed by an over-turning
(down-welling) of the atmosphere at the polar collars. Negligible net consumption of CO on
this route until the cloud deck floor suggests that the over-turning is rapid.
Temporal Variations
Equatorial measurements of CO at 65-70 km in general tend to be higher than the disc
average; these abundances measured at local morning or day are higher than those of the night
or evening. This could be related to photo-dissociation still taking place at these altitudes, or it
might be related to CO being sporadically transported through the depletion region via a
morning extension of the CO nightside bulge down to lower altitudes similar to that
hypothesised by Krasnopolsky [17]. The downward and morning-ward extent of the bulge has
been known to vary [22], and the measurement of Vandaele et al. [18] placing the depletion
zone much higher in the atmosphere than previously noted reinforces the variability of the
atmosphere in this region. If tropospheric polar collar CO is directly sourced from above ~60
km then it seems likely that variability in the feeding of CO into this region plays a role in the
temporal variations we see in the tropospheric CO distribution.
Mesospheric CO distribution have only been found to vary on “year-to-year” timescales (c.f
[22]) using microwave measurements. Shorter timescale fluctuations have not been found,
however most microwave measurements have been acquired from a run of 6 days or less (e.g.
[22, 37]), a period over which we see little change in the tropospheric CO; and the observing
has typically taken place only at inferior conjunction – meaning there has been little
opportunity to observe variations on intermediate timescales. However, in 1977 measurements
of the mesosphere made in February and April revealed a significantly different altitudinal
distribution [38]. Though not as drastic, there are also differences in Vandaele et al.’s
measurements taken ~1 month apart; they show a variation of 20 ppmv at 75 km [18]. So, it
seems feasible that variations in the mesospheric CO distribution could occur on similar
intermediate timescales – weeks to months – to those observed in the troposphere.

Conclusions
Our recent determinations of CO abundance in the tropospheric polar collars, and those of
others in the upper-middle atmosphere, are suggestive of a more direct link between these two
areas of the atmosphere of Venus than might previously have been considered. Similar
concentrations in these regions indicate negligible net consumption of CO above the cloud
deck in the collars and are suggestive of rapid down-welling. There is a possibility that
temporal variations seen in the tropospheric CO could be related to irregular transport of
mesospheric CO through the depletion zone around 75-85 km into the upper middle
atmosphere.
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Constraining Weathering Processes on Venus from Particle
Size Distributions and Magellan Synthetic Aperture Radar
(SAR)
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Summary: Due to Venus' unique surface conditions the processes controlling the distribution of
impact crater ejecta and sediment transport occurring on this planet are different to those on the
Earth. Venus' dense atmosphere acts to remove or reduce small meteors during atmospheric entry,
resulting in a lack of small impact craters on the surface. Ejecta dispersal from large impacts,
where the meteor was able to survive the transit through the dense atmosphere of Venus, are
unconstrained. Sediment transport and the influence of the dense and sluggish atmosphere on the
surface are also poorly known. Our study aims to investigate the processes responsible for the
distribution and deposition of ejecta at large parabolic impact craters on Venus. From this we aim
to constrain the near surface-atmospheric processes responsible for sediment transport on Venus.
Large parabolic impact craters were chosen since their westward orientated ejecta blankets could
suggest deposition by Venus' east-west orientated zonal winds, allowing us to investigate the
atmospheric effects on crater ejecta dispersal. We use Synthetic Aperture Radar (SAR), obtained
from the Magellan mission to Venus, to study the Fresnel reflectivity, emissivity, and Root-Mean
Square (RMS) slope of ejecta blankets at selected sites on Venus. The particle size distribution
associated with the ejecta of parabolic impact craters are dependent on the particle size
interpolated to the rim of the crater, crater radius, distance from the center of the crater, and an
empirical power law coefficient. By combining RMS slope with particle size distributions we can
constrain the surface-atmosphere processes acting to produce small-scale roughness and
topography variations, and weathering processes on Venus.
Keywords: meteor, parabolic impact craters, Venusian atmospheric circulation, sediment
transport.

Introduction
Venus' dense atmosphere of up to 90 bars acts to destroy or reduce small meteoroids less than 100
m in diameter [1]. Those meteoroids that are able to survive atmospheric entry can create one of
the many different types of impact craters observed on the surface, including parabolic impact
craters [Figure 1] [2]. Parabolic impact craters usually have their apex in the east with westward
opening arms [2]. The associated crater is usually located slightly to the west of the parabolas'
apex [2]. Approximately 66 of the craters on Venus exhibit some or all of these characteristic
features [2]. More parabolic craters may have existed at older impact sites, however, the resulting
parabolic deposits may have been redistributed by aeolian processes, which is reinforced by the
presence of wind streaks at some of these deposits [2].
Campbell et al. [2] outlined one possible model for the formation of these features. In this model
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these craters were formed when an impactor was large enough to strike the surface and cause the
resulting fine grained ejecta plume to have enough velocity to rise into Venus' upper atmosphere
(~50-70 km altitude). Once in the upper atmosphere these particles were influenced by Venus'
east-west zonal winds [2-5]. The large and dense particles, which travelled at low velocities,
would not have reached the upper atmosphere, instead falling close to the rim of the crater [2, 4].
However, the fine and light grained ejecta, which travelled at a higher velocity, would have been
entrained within the ascending and expanding ejecta plume. Once in Venus' upper atmosphere the
zonal winds then dispersed the falling ejecta particles into a parabolic shape over hundreds of
kilometers [2, 4]. These particles then rained out of the ejecta plume and caused a parabolic ejecta
blanket to be deposited on the surface [2]. However, Schultz [6] suggested that the parabolic
ejecta blankets and small impact craters were most likely caused from the impactor angle and
direction [2].

Figure 1 (Modified from [7]) Adivar, a parabolic impact crater centered at 8.92°N 76.19°E
[Table 1]. The apex of the parabola is in the east with the associated impact crater slightly to the
west. The arms of the parabola open towards the west.
Vervack and Melosh [4] determined a model of particle size distributions on Venus. They used an
empirical power law and a reference size relationship, calculated from comparisons of predicted
model parabolas and parabolas observed on the surface of Venus. Using these parameters they
were able to determine the particle size distribution that was directly related to the radius of the
parent crater and the distance from the crater centre [1, 5, 8]. Vervack and Melosh [4] also used
the crater radius and distance from the crater in a relationship first proposed by McGetchin et al.
[9], to determine the thickness of the ejecta blanket surrounding a crater. Applying this formula
and a Gaussian distribution to the parabolic Carson crater [Table 1], the thickness of the ejecta
blanket was estimated to be 0.1 m, 400 km away from the crater centre. Closer to the crater, the
ejecta thickness increased to 0.3 m at 200 km and 0.5 m at 150 km, respectively [4].
Most parent impact craters of the parabolic ejecta appear bright in Magellan Synthetic Aperture
Radar. Most of these features do not appear to be cross-cut by any geological landforms,
suggesting they are among the youngest features on the Venusian surface [2]. The parabolic
features surrounding the parent impact crater mostly appear radar-dark, with only one crater,
Cohn [Table 1], having these features appear radar-bright. Some craters can also have a
combination of radar-bright and radar-dark features [2].
This could suggest that larger particle sizes occur close to the crater compared to the smaller
particles within the parabolic deposits [2]. Based on this, RMS slope, a measure of roughness,
should be greater at the impact crater due to the presence of larger particles. This compares to
lower RMS slopes and smaller particles within the ejecta blanket. It could also suggest that
different erosional processes have occurred at the crater compared to the parabolic ejecta [2].
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Table 1 Crater Parameters
Crater Name

Longitude Latitude Crater
°Ea
°Na
radiusb
(km)

dc (m)c Parabola
Typea

Adivar

76.19

8.92

15

21.95

adivard

1020

860

Carson

-15.88

-24.17

19.5

14.56

dark

980

950

Cohn

-151.89

-33.24

11.5

33.22

bright

770

830

Adiah

-106.69

-47.26

8.75

50.88

inner
bright,
outer dark

830

822

Aurelia

-28.2

20.3

15.5

20.85

dark

640

750

Greenaway

145.12

22.92

46.15

3.8

dark

1750

1990

Montessori

-80.08

59.43

21.45

12.56

dark

1150

1300

Stuart

20.23

-30.77

33.3

6.33

dark

1220

1660

Von
Schuurman

-169.99

-5.03

14.45

23.26

inner
bright,
outer dark

720

710

Parabola Parabola
Lengtha Widtha
(km)
(km)

a

Values from Campbell et al. [2].
Values from Herrick et al. [11].
c
Calculated from Eq. [1].
d
Radar bright deposit surrounded by a radar dark deposit.
b

In addition to RMS slope, reflectivity, and emissivity, which have non-dimensional (n.d) units,
can also be useful in ejecta studies. Campbell et al. [2] noticed that for most areas, emissivity
decreased from 0.85 to 0.80 n.d, whilst reflectivity increased from 0.10 to 0.15 n.d. RMS slope
also appeared lower within the parabolic impact crater compared to the adjacent plains. Vervack
and Melosh [4] suggested that the background surface roughness of the parabolic ejecta was
obscured by matter that acted to decrease the radar and emissivity of these features. Campbell et
al. [2] used surface roughness at radar dark parabolic deposits to infer an upper limit of 1 - 2 cm
on particle size and ejecta depths of 7 cm – 2 m. These authors [2] also suggested that the volume
and ejection height governed the dispersal of the large and coarse particles at the apex of the
parabola and not Venus' zonal winds [2].
Moving outwards from a crater centre to the surrounding ejecta, RMS slope tended to decrease
since larger particles occurred at the rim and smaller particles occurred in the ejecta [2].
Emissivity also decreased since the radar-bright crater rims had high emissivities compared to the
dull surrounding ejecta [2]. Reflectivity, however, increased from a roughness perspective as the
rough crater rims had a lower albedo compared to the smooth ejecta areas [2].
This study aims to develop and test an equation that can relate RMS slope to particle size at
selected large parabolic impact craters on Venus. This equation can be useful to constrain
surface-atmospheric processes and their contribution to the production of small-scale roughness
an topography variations, at selected sites on Venus.
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Methodology
Left-look and full resolution images from Magellan's 12.6 cm wavelength SAR for each selected
crater were downloaded and processed from the Map-A-Planet website [7]. Fresnel reflectivity,
RMS slope, and emissivity were downloaded as Environmental Systems Research Institute
(ESRI) grids provided by Hare [11] and are available from
[ftp://pdsimage2.wr.usgs.gov/pub/pigpen/venus/Radar_properties/]. This data was then processed
using Generic Mapping Tools (GMT) [12] to obtain RMS slope, which is a measure of surface
roughness [10]. Large RMS slopes suggest rough and hummocky surfaces, composed of large
particles, compared to low RMS slopes that suggest smooth surfaces, composed of small particles
[10]. RMS slope is found by taking the root mean square deviation of a slope probability
distribution [10]. Reflectivity, or the albedo of the surface, is weakly reliant on particle size, but
is strongly influenced by the type of dielectric permittivity and physical-electrical properties of
the surface material, as well as the incidence angle [10]. This is also true for emissivity, which is
the inverse of reflectivity [10].
Some misrepresentation occurs between the true position and the observed position within the
SAR data set. This arises from errors generated when converting the time between echoes to
surface distance and is common at high-relief, but small scale structures [10]. These errors are not
quantified, but have been observed to influence images through distortion and layover [10]. A
proportion of the reflectivity data also contains errors, the cause of which remain unidentified
[10].
In order to determine the particle size distribution at the selected craters on Venus [Figure 2] we
had to firstly find the reference size relationship, dc, of each of the craters using Equation [1]
from [1] and Table 1:
dc (m-1) = 1500 Rc (km-1) -1.56
[1]
where Rc was the radius of the crater. Schaller and Melosh [8] found that the scaling coefficient
could range from 690-3330 and the power from -1.30 and -1.82.
Using this reference size relationship the particle size distributions for each crater were then
found from Equation [2]:
d = dc (Rc / R) α

[2]

where Rc was the crater radius, R was the distance from the crater, and α was the power law,
assumed to be 2.65 +/- 0.03 from Schaller and Melosh [8].
In order to determine a relationship between particle size and RMS slope we first had to relate
RMS slope, RMSS, to R, distance from the crater centre, through Eq. [3]:
log (RMSS) = a – m log (R)

[3]

where m was the gradient of the line of regression and a was found from Eq. [4]:
a=c/m

[4]

where c was the intercept value of the regression line.
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Figure 2 A pixel-registered and non-dimensional Magellan SAR map showing the location of
each of the craters addressed in this study. The bright red-yellow areas represent highland
regions compared to the blue areas that represent smooth plains regions.
The parameters c and m where found graphically from the regression line taken from graphs of
Log (R) vs Log (RMSS) for each crater. One example of this is shown in Figure 3. The values of
c and m for each crater are listed in Table 2.
Table 2 Regression intercept and gradient for each crater
Crater Name

c

m

a

Adiah

0.962

0.138

6.930

Aurelia

4.231

0.912

4.636

Greenaway

8.747

1.709

5.117

Montessori

-0.024

0.008

-3.122

Stuart

4.205

0.570

2.398

Von Schuurman

0.346

0.238

1.454

Re-arranging Eq. [3] with respect to R and solving simultaneously with Eq. [2], an equation
relating RMS slope to particle size was determined:
d = dc Rc α RMSS α/m / 10 am
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Figure 3 Graph of Log (R) vs Log (RMSS). The red line is the regression line. The gradient, m,
was calculated from the regression line and the intercept, c, was calculated from the X-intercept
of the regression line.

Results
The RMS slope, compared to particle sizes from Eq. [2] and Eq. [5], for the Adiah, Aurelia,
Greenaway and Stuart craters, are shown in Figures 4 and 5. Moving outwards from the crater
rim to a point within the ejecta blanket, RMS slope tended to decrease. Where RMS slope
followed a smooth exponential decay, our particle sizes tended to correlate to those found from
Eq. [2], as seen between 10 - 22 km in Figure 4A. However, if large RMS slope variations
occurred over short distances, our estimated particle sizes correlated less to those found from Eq.
[2]. For example, the 0.75° decrease in observed RMS slope, between 32 - 44 km, within Figure
4B, reduced our particle size estimates by 3.3 m over the same distance [Table 3]. However,
particle sizes from Eq. [2] experienced less of a change between 32 - 44 km, decreasing by 1.7 m
in Figure 4B. This can also be observed in Figure 5A [Table 3]. Between 84 – 128 km, the RMS
slope decreased by 1.9°. This RMS slope decline corresponded to a decrease in our estimated
particle sizes by 0.9 m, whilst particle sizes calculated from Eq. [2] decreased by 0.35 m.
When small RMS slope variations occurred over large distances, our estimated particle sizes
showed a closer correlation to those found from Eq. [2]. For example, in Figure 4C, between 64 94 km, a decrease in RMS slope of 2.22° occurred [Table 3]. This gentle decrease reduced our
estimated particle sizes by 1.7 m compared to 0.9 m from Eq. [2]. This also occurred along the
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profile in Figure 4B, between 52 - 68 km, where RMS slope gently increased by 0.07° [Table 3].
Our particle sizes followed a similar distribution with a 0.08 m increase. This compares to
particle sizes calculated from Eq. [2], which increased by 0.13.
Table 3 RMS slope and particle sizes
Figure No.

Location (km)

RMS slope (°)

Particle size from Particle size from
Eq. [5] (m)
Eq. [2] (m)

4B

32 - 44

-0.75

-3.3

-1.7

5A

84 - 128

-1.9

-0.9

-0.35

4C

64 - 94

-2.2

-1.7

-0.9

4B

52 - 68

+0.07

+0.08

+0.13

5A

155 - 195

+0.11

+0.03

+0.02

Figure 4 Graphs showing a comparison between the RMS slope (black line), the particle sizes
from Equation [2] (purple line) and our particle sizes from Equation [5] (red line) for the Adiah,
Aurelia and Greenaway craters. The profiles extended outwards from the respective crater to the
location of the co-ordinate. Error bars represent the relative error.
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Similar to Figure 4B-4C, the profile within Figure 5A also showed a similar response [Table 3].
Between 155 - 195 km, the RMS slope increased gently by 0.11°. This variation was carried
through to our particle size estimate, which had a 0.03 m increase. This compares to the 0.02 m
particle size estimate from Eq. [2].
Reflectivity and emissivity are also weakly related to the roughness of the surface and in turn,
particle size. Therefore, we should be able to estimate particle size when we substitute reflectivity
and emissivity values, instead of RMS slope, within Eq. [5]. This has been done for profiles from
the Montessori and Von Schuurman craters and the results are plotted in Figures 5B-5C. Similar
to the graphs of RMS slope, when emissivity followed a smooth exponential decay, our particle
size estimates from Eq. [5] correlated well with those from Eq. [2]. For example, Figure 5B
shows an emissivity profile from the Montessori crater. Between 22 - 61 km, the emissivity
gradually decreased causing estimated particle sizes to follow a similar trend decreasing by 13.4
m, compared to the 9.3 m decrease in particle size, calculated from Eq. [2] [Table 4]. However,
when variations occurred within emissivity our particle size estimates also varied. Between 66 90 km, a decrease in emissivity of 0.005 occurred and corresponded to a decrease of 0.33 m in
our particle size estimates, compared to 0.36 from Eq. [2] [Table 4].
Table 4 Emissivity and particle sizes
Figure No.

Location (km)

Emissivity

Particle size from Particle size from
Eq. [5] (m)
Eq. [2] (m)

5B

22 - 61

-0.003

-13.4

-9.3

5B

66 – 90

-0.005

-0.33

0.36

A similar relation can also be observed in the reflectivity profile from the Von Schuurman crater
(Figure 5C). Between 92 - 118 km and 140 - 165 km, reflectivity increased before gently
decreasing over a large distance. At these locations, our particle size estimates showed a greater
correlation to those from Eq. [2]. For example, at 140 km the reflectivity was 0.13, and
corresponded to a particle size estimate of 0.04 from Eq. [5], compared to 0.06 Eq. [2] [Table 5].
Table 5 Reflectivity and particle sizes
Figure No.

Location (km)

Reflectivity

Particle size from Particle size
Eq. [5] (m)
from Eq. [2] (m)

5C

140

0.13

0.04

0.06

5C

129

0.11

0.01

0.07

Large reflectivity variations occurred over short distances between 79 - 86 km and 129 -155 km
in Figure 5C, resulting in our particle sizes exhibiting less correlation to those from Eq. [2]. At
129 km, the reflectivity was 0.11 and corresponded to an estimated particle size of 0.01 m from
Eq. [5], compared to 0.07 m from Eq. [2] [Table 5].
Figure 6 shows a simple plot of particle size for a range of crater radii. The RMS slope was
allowed to vary for each crater radius, but the values for a and m remained the same. When
substituted into Eq. [5] craters with a larger radius resulted in larger particle sizes, whilst craters
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with a smaller radius resulted in smaller particle sizes [Figure 6].
From Figure 7, small changes in the value of a and m caused large variations (orders of
magnitude) of our calculated particle sizes. Larger values of a produced smaller particle sizes
compared to lower values of a, which produced larger particle sizes. Similarly, low values of the
gradient of the line of regression, m, resulted in larger particle sizes compared to high values that
corresponded to smaller particle sizes [Figure 8].

Figure 5 Profiles of the RMS slope, emissivity, reflectivity from the Stuart, Montessori and Von
Schuurman craters respectively. Key is similar to Figure 4.

Discussion
Our particle size estimates from Eq. [5] were more closely correlated to those determined from
Eq. [2] from Vervack & Melosh [4] when we related RMS slope to particle size, instead of to
emissivity and reflectivity. This was most likely due to RMS slope being a measure of surface
roughness, and in turn, particle size. Emissivity and reflectivity were weakly related to surface
roughness and particle size, which resulted in less correlation between our estimates from Eq. [5]
and those from Eq. [2].
Due to the reliance of our equation on the values of RMS slope, our particle size estimates were
strongly influenced by roughness variations. When RMS slope exhibited a smooth exponential
decay, our particle size estimates showed a satisfactory correlation to those of Vervack & Melosh
[4]. However, as soon as variations occurred within RMS slope, our particle size estimates
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became unreliable. It also appears that our estimates were strongly influenced by large RMS
slope variations, over short distances compared to small RMS slope variations, over large
distances.

Figure 6 Plot of particle sizes for different crater radii. Craters with a smaller radius produced
smaller particle sizes compared to those from larger radius craters. RMS slope was allowed to
vary, however the a and m values within Eq. [5] remained constant.

Figure 7 Graph showing the influence of varying the parameter, a, in Eq. [5], whilst Rc, dc and m
remained constant. Higher values caused smaller particle sizes compared to low values that
produced larger particle sizes.
Since the crater radius (Rc), y intercept (a), and the gradient of the line of regression (m) were
included in our equation, these parameters could have influenced our calculated particle sizes.
Changes to the crater radius resulted in smaller changes to our estimated particle sizes. However,
changes to the values of the y-intercept and the gradient of the regression line were greater since
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these last two parameters were powers within our equation. The gradient and y intercept of the
line of regression were based on plots of Log (R) and Log (RMSS) for each crater profile. Thus,
variations within the RMS slope could have transferred to our Log (RMSS) values and in turn,
influenced our values for the y intercept and gradient of the regression line. These variations were
most likely the cause of our unsatisfactory correlations between our particle sizes from Eq. [5]
and those from Eq. [2] by Vervack & Melosh [4].

Figure 8 Graph showing the influence of varying the gradient of the line of regression, m, in Eq.
[5], whilst Rc, dc and a remained constant. Similar to Figure 7, lower values produced larger
particle sizes compared to higher values that produced smaller particle sizes.

Conclusions
We have developed an equation that related RMS slope or surface roughness to particle size at
selected parabolic craters on Venus. Due to the reliance of our proposed equation to RMS slope,
large variations within this parameter also produced large variations in our estimated particle
sizes. However, if one wishes to use RMS slope to calculate particle sizes, variations will always
occur within these values, since the large elevation differences between a crater rim and ejecta
blanket will be transferred to RMS slope values. Our equation could be used in future studies to
estimate ejecta blanket particle sizes in order to constrain the sediment transport mechanisms
acting at these craters. Understanding the surface-atmosphere interactions at these craters could,
in turn, constrain the weathering process on Venus.
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Summary: Mercury’s apparently-high metal content remains an outstanding problem in
studies of the formation and evolution of the solar system. The understanding that Mercury
has a proportionally far larger metallic core than the other terrestrial planets is based on its
anomalously high uncompressed density, about 5.3 gm/cm3 (compared to 4.4 for Venus and
Earth, and 3.8 for Mars). That density would indicate that Mercury’s core is most likely an
iron-nickel mix comprising about 75 percent of its radius, and more than 60 percent of its
overall mass (twice the fraction of the other terrestrial planets). Various explanations have
been proposed for this enhanced metallic component, but herein an alternative concept is
proposed: that Mercury agglomerated from meteoroids and dust grains in the inner solar
nebula that were predominantly metallic in nature, and were therefore dragged into smaller
orbits (i.e. Mercury’s location) through the dissipative effect of eddy current forces as they
passed through the rapidly-moving outflow of the dense solar wind during the Sun’s T Tauri
stage of evolution, that wind carrying with it an intense and turbulent (and therefore highgradient) magnetic field. This mechanism represents an alternative agent of chemical
fractionation in the early solar system.
Keywords: Planet Mercury, high mean density and metal content, comparative planetology,
terrestrial planets, solar system origin, solar nebula and T Tauri stage, interplanetary magnetic
field, eddy current force.

Introduction
Any complete theory attempting to explain the origin of our system of planets must
encompass all of the observed phenomena: such things as the near-coplanar, near-circular,
prograde planetary orbits, the planets’ prograde spins (with exceptions), the angular
momentum distribution, and the obvious chemical fractionation (see, for example, [1]).
Looking at the chemical fractionation in exclusion, there is a clear division between the four
rocky terrestrial planets and the four gas giant (or Jovian) planets. This is usually explained in
terms of the terrestrial planets either having lost massive gaseous envelopes early in their
history, or else the planetesimals from which they formed having been already largely devolatilised by (i) mutual collisions; and/or (ii) the initial hot environment in the inner solar
system.
Two quite different ongoing NASA spacecraft projects, in terms of location and launch
epoch, initially prompted this paper. One is now returning data from the innermost terrestrial
planet, while the other has long-since completed visits to all four of the gas giants. The first
comprises the solo MESSENGER probe, now in orbit around the planet Mercury. The other is
the Voyager program, with its two spacecraft having long departed the planetary region, and
now moved into the heliosheath, where the solar wind meets the interstellar medium.
One of the recent surprises thrown up by the magnetic field data returned by the veteran
Voyager probes is that the heliosheath is highly turbulent, or frothy [2]. Fluctuating magnetic
field measurements much closer to the Sun (near 2 AU) made using the Ulysses spacecraft
have also indicated a remarkable level of turbulence in the solar wind [3], and more recent
2

The author acknowledges that he may have been drawn to this problem through nominative
determinism.
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measurements at 1 AU using the Cluster spacecraft likewise indicate turbulence phenomena
that have yet to be fully investigated [4].
This has prompted the author to ponder what the magnetic field in the solar wind and the
circumsolar medium may have been like early in the Sun’s history, after our star condensed
from the proto-solar nebula but before hydrogen-burning began, as the Sun passed through its
highly-active T Tauri stage during which the mass outflow was far higher than after our star
joined the main sequence in the H-R diagram.
Observations of T Tauri stars indicate that many possess protoplanetary accretion disks
similar to that from which the planets in the solar system are believed to have formed [5,6,7].
Such stars are known to be magnetically active, and magnetic braking has been suggested as
one way in which angular momentum is dumped from the initially fast-spinning stars into the
circumstellar disks of material, explaining the rotation speeds of main-sequence stars being
far lower than would occur if they had retained all the angular momentum of the shrinking
nebular material from which they condensed. This is a field in which there remains much yet
to be understood (e.g. see [7]), and other more gradual forms of braking involving the stellar
winds of young stars have been suggested.
As will be discussed below, the hypothesis developed in this paper is somewhat to the
contrary: that the proto-solar magnetic field may have been responsible for reducing the
angular momentum of metallic grains in the remnant nebula, causing them to migrate inwards
towards the Sun, eventually accumulating in the terrestrial planets, Mercury especially. No
explanation is proffered for how the metallic grains may have formed in the first place.

Mercury’s high density and metallic content
Due to it lacking natural satellites, Mercury’s mass was unknown until the Mariner 10 probe
made three fly-bys in 1974-75. Radio tracking of the spacecraft’s track made feasible a
determination of Mercury’s mass and therefore mean density, resulting in a major surprise:
that density is 5.427 gm/cm3, far higher than would be expected for a body with a gross
composition similar to the other terrestrial planets (Venus, Earth and Mars), given that it is
the smallest and therefore would have less central compression. In the same physical units as
above, the uncompressed densities of both Venus and Earth are about 4.4, whereas that of
Mars is about 3.8, reflecting a lesser metallic component for the latter. The uncompressed
density of Mercury, however, appears anomalously high at about 5.3 (i.e. compression
reduces its mean density by only 2.4 percent). Mercury, despite being far smaller than Earth,
has a mean density only just below that of our own planet: 5.427, as above, as opposed to
5.515 (i.e. Earth’s interior compression increases its mean density by 20 percent).
This high density would seem to indicate that Mercury likely contains a massive metallic core
occupying about 75 percent of its radius (or about 42 percent of the planet’s volume), and
over 60 percent of its overall mass (twice the fraction of the other terrestrial planets).
Currently-considered explanations for this high metallic content generally fall under three
broad headings, as below. None of them is universally accepted by scientists in the field, due
to their complicated, ad hoc natures, this providing part of the motivation for the
MESSENGER mission and also the ESA/JAXA forthcoming BepiColombo probe [8,9]:
(a) As the planets formed, gas drag in the innermost solar nebula caused the silicate
grains to suffer higher drag forces (due to them having lower densities than metallic
grains, and therefore larger cross-sectional areas for identical masses), such that these
preferentially fell into the Sun leaving a higher fraction of high-density metal grains to
contribute to Mercury’s initial composition [10];
(b) Intense heating as the Sun formed caused much of the more volatile silicate fraction
(metals like potassium and sodium) of the planet’s initial rocky component to vaporise
and be lost, again leaving an enhanced fraction of heavier, less-volatile metals such as
iron and nickel [11]; and
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(c) An impact upon proto-Mercury by a massive planetesimal, similar to the giant impact
hypothesis for the origin of Earth’s Moon, occurred early in its history but after the
fledgling planet had undergone some chemical differentiation, ripping off much of the
lighter rocky upper layering but leaving its denser metal core intact [12,13].
My suggestion is that none of the proposed reasons for Mercury’s apparent high metal content
provides a complete solution, and in fact the metals (largely iron and nickel, it is thought, like
‘iron’ meteorites) mainly accumulated in Mercury as a result of eddy current drag upon small
metallic particles and meteoroids early in the solar system’s history, as the Sun went through
its putative T Tauri stage.
The intent of this paper, therefore, is to propose that the high metallic content of Mercury†
may be hermeneutically∗ explained in a consistent way that is not quicksilver+ at all.
The hypothesis put forward, then, is that Mercury formed through the agglomeration of
material which was itself enriched in its metal content. This is based on the idea that small,
electrically-conducting objects, exemplified by nickel-iron meteorites, would have a drag
force imposed on them through the action of the dissipative eddy (or Foucault) current force
as these objects orbited through the intense, highly-turbulent (and therefore high-gradient)
magnetic field that might be expected to have surrounded the early Sun as it formed and
passed through its T Tauri stage.

Electromagnetic Perturbations on Metal-Bearing Orbiting Objects
In a brief paper published almost a decade ago [14], I investigated the various electromagnetic
perturbations that may act on the orbits of metal-containing asteroids. Such perturbations
include the Lorentz force, the magnetic (or Faraday) force, and the eddy current (or Foucault)
force. In that paper I additionally mentioned that the latter might be of cosmogenic
significance, in that the eddy current force might perhaps be responsible for at least some of
the chemical fractionation occurring in the early solar system, causing sunward migration of
metal-bearing grains.
Here I have returned to that suggestion, specifically in terms of searching for a plausible
explanation for the apparent high metal content of the planet Mercury.

Eddy Current Force
Eddy currents should be familiar to all students who have taken a first-year university
electricity and magnetism course, or anyone who has pulled apart a voltage transformer and
noticed the laminated layers that typically comprise its core, these layers being electrically
insulated from each other so as to reduce eddy current energy loss.
The eddy current force is well-known in industrial physics, where it is routinely employed in
devices used to separate waste metals from plastics and other non-conductive materials [15].
Ironically#, in such industrial processes it is often the case that a magnetic separator is used to
collect ferrous materials before the rest of the waste mix is processed using an eddy current
separator (employing an oscillating electromagnetic field) to sort the other metals from the
non-conductors.
†

A simple pun on Hydrargyrum.
A more complicated pun that may not be all Greek to some people.
+
A third language pun in the same sentence, based on quicksilver being used as an adjective rather
than a noun, and derived from the Old English cwicu.
#
Unusually, the author believes that this term is used correctly here in terms of one of its proper
meanings (irony: an outcome of events contrary to what was, or might have been, expected), and in
the context this may be particularly noteworthy and amusing (to some).
∗
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As indicated by equation (1) below, the eddy current force in the present astronomical context
depends on the (square of the) gradient of the interplanetary magnetic field, which may be
substantial only at sector boundaries or in a turbulent magnetic field. It may thus act only
episodically. The ‘episode’ of interest here is the era soon after the formation of the Sun,
when it was going through its active T Tauri stage. Whilst we are only able to observe a
snapshot of stars during their T Tauri episodes, it is believed on theoretical grounds that the
timescale involved is of order 10 million years [5,6].
The eddy current force is always dissipative (i.e. a drag force) because it depends on the
square of the gradient of the magnetic field, slowing down the object/particle in question so
that highly-eccentric orbits will tend to circularise, and then shrink. In this respect the eddy
current force is similar to the Poynting-Robertson force, the latter being dependent on a
particle’s size, but not directly on its composition‡.
The eddy current force F acting on a spherical particle of radius r is given by [14,15]:
F = (2π/15) σ v (∇B)2 r5
(1)
where σ is the electrical conductivity of the particle, and ∇B is the gradient of the magnetic
field through which it is passing at speed v.

Estimation of the Drag Force due to the Eddy Current Effect
For soft iron σ ≈ 107 siemens per metre and this value will be adopted herein.
The magnetic field in question will be assumed to be fixed relative to the Sun, and the
velocity to use at a heliocentric distance of ~1 AU is taken to be v = 500 km/sec (the present
mean speed of the solar wind near Earth; this value is in accord with observations of T Tauritype stellar winds [6,16], which have far higher mass loadings than the solar wind).
Now let the particle in question be passing through a highly turbulent magnetic field such that
typically the magnetic flux density changes by 10-2 tesla over a distance scale of 104 m, so
that ∇B ≈ 10-6 T/m§. For comparison, the present magnetic dipole field in the solar
photosphere is 10-4 T or 1 gauss, whereas observations of T Tauri stars indicate surface
magnetic fields of order 1−10 kG or 0.1−1 T (e.g. [17,18]). Future observations of Zeeman
spectral line broadening might enable ∇B to be determined, but would require high spatial
resolution (so that only one restricted look direction relative to the star is sampled).
For a particle with r = 1 mm, equation (1) evaluates as:
F = (2π/15) × 107 × 5 × 105 × (10-6)2 × (10-3)5 ≈ 2 × 10-15 N
The deceleration is a = F/m where the particle mass is m ≈ 4 × 10-5 kg based on an iron
density ρ ≈ 8 × 103 kg/m3, rendering:
a ≈ 5 × 10-11 m/sec2
If the Sun had a period of T Tauri behaviour lasting for 10 million years [6] then, since the
number of seconds in a year is about 3×107, the change in speed of the particle would be:
∆v ≈ 5 × 10-11 × 107 × 3 × 107 m/sec ≈ 15 km/sec
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Note that this means that the Poynting-Robertson effect might be another means through which
chemical fractionation between metals and silicates could occur: because the metals are of higher
density, pure metal grains will be smaller than silicate grains, for the same mass, and so suffer more
rapid orbital shrinkage; the influence will be marginal, however, because for the same mass of
particle the radius varies only as the cube root of the density.

§

These assumed figures are highly uncertain, but are adopted on the basis that an astrophysicist is
allowed to use π = 1 or π = 10 depending on whether s/he wants the answer to be small or large.
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This is half of the Earth’s orbital speed, and is therefore ample to cause metallic particles to
spiral inwards to smaller orbits, resulting in chemical fractionation and eventually the
apparent high metallic content of Mercury, according to the model proposed herein.

Conclusions
In this paper the author has put forward the hypothesis – perhaps conjecture would be a better
term – that eddy current drag upon metallic particles may have caused these to inspiral
towards the Sun, eventually resulting in a metal content and density for Mercury that is
anomalous compared to the other terrestrial planets.
This hypothesis is based on the idea that in the early solar system, as the Sun went through its
T Tauri-type stage of development, there would have been an intense, high-speed, highlyturbulent magnetic field through which small metal particles would have been orbiting, the
magnetic field gradient then being responsible for the metallic grains being separated from the
silicate grains in a similar way to the actions of an industrial eddy current separator. The eddy
current drag force, acting over the 10 million years of solar T Tauri-type activity, has been
shown to be ample to produce significant fractionation between metallic grains and nonconducting grains.
It is emphasized that this result depends critically on the assumed value of the gradient of the
magnetic field adopted in the calculations. In this, the author may well have acted in too
mercurial a fashion in attempting to explain the Hermian× metal content.
This eddy current mechanism therefore may provide another tool that might be invoked by the
cosmogonist in attempting to explain the chemical fractionation observed across the solar
system, perhaps contributing to the obvious distinction in composition between the terrestrial
planets and the Jovian or gas-giant planets.
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Summary: The lunar impact record has implications for solar system dynamics and the
evolution of planetary and biological systems. Lunar impact melt breccias formed between
3.75 and 3.95 Ga, possibly reflecting a cataclysmic bombardment by asteroid-size bodies.
Absolute ages of lunar impact basins are critical for testing this hypothesis, and for evaluating
the extent to which the age distribution of lunar breccias reflects a unique epoch of basin
formation. A potentially powerful resource for understanding the younger end of the impact
spectrum is the lunar regolith, which contains thousands of tiny spherules of quenched
impact, melt. We have developed new approaches for measuring the compositions and ages of
individual spherules. These data suggest that the present is a time of enhanced impact flux but
the role of regolith gardening needs further clarification.
Keywords: Moon, impact basin, impact breccia, regolith glass, cataclysm.

Introduction
The Moon’s crust contains a detailed record of impact flux in the inner solar system over the
past 4 billion years. Most spectacular are the ≥50 multi-ringed basins with diameters >300
km. These basins formed early in lunar history (≥3.7 Ga) during a period of intense postaccretionary bombardment. Many are filled with flood basalt, creating the circular maria that
are especially obvious on the lunar nearside. Perhaps just as interesting, however, are the
thousands of smaller craters (e.g. >5000 with diameters ≥20 km) [1] because these smaller
craters reflect the continuous impact history of the inner solar system over the past 4 billion
years. The concept of a post-accretionary or late heavy bombardment has had a significant
influence on models of planetary dynamics and our understanding of environmental
conditions on the early Earth and Mars, while younger impacts apparently also played a major
role in biological evolution (e.g. the Cretaceous-Tertiary mass extinctions) as well as
constituting a potential hazard to modern society.
Photogeological mapping of planetary surfaces can provide information about changes in
cratering rates and impactor populations but absolute ages of at least a few ‘golden spike’ or
keystone marker events are necessary to quantify the stratigraphic relationships and constrain
the resulting models. Absolute ages of lunar impact events can be obtained by radiogenic
isotope geochemistry on rocks and mineral samples returned from the Moon by the Apollo
and Luna missions, and delivered to Earth as lunar meteorites. Here we provide a brief
summary of the impact history of the Moon recorded in lunar samples and highlight some
outstanding problems at both the old and the young end of the impact record.
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The Lunar Impact Record
Breccias and glasses
Three broad categories of lunar materials provide most of the direct information about
absolute ages of impact events on the Moon. These are (1) impact breccias collected by the
Apollo missions, (2) lunar meteorites collected on Earth, and (3) particles of quenched impact
glass present in lunar regolith also collected by Apollo astronauts. Relatively large (up to kg)
samples of crystalline and fragmental impact breccias were collected at each of the Apollo
sites. Melt breccias formed by cooling and crystallisation of relatively large masses of molten
rock produced by a sizable impact event (≥20 km diameter crater) [2]. Most Apollo melt
breccias have formation ages that cluster within a relatively narrow range between 3.8-4.0 Ga
[3, 4], which has been interpreted as evidence for a short, sharp increase in cratering intensity
at that time (i.e., the Terminal Cataclysm). Alternatively, this age distribution may reflect
destruction of older breccias by younger events or extensive re-surfacing of the central
nearside of the Moon (preferentially sampled at the Apollo sites) by ejecta from younger
basins such Imbrium and Serenitatis [4, 5].
Lunar meteorites are rocks ejected by impacts from the surface of the Moon that eventually
fell to Earth. Lunar meteorites have been found in Western Australia, Antarctica, and other
hot and cold desert regions (see http://meteorites.wustl.edu/lunar/moon_meteorites.htm).
Several of them are regolith breccias that contain small clasts of impact melt breccia (Fig. 1),
such that they provide an independent and more random sampling of lunar impact melt rocks
compared to the Apollo breccias. The 40Ar/39Ar ages of melt breccia clasts in lunar meteorites
show a much larger range than the crystalline melt rocks collected at the Apollo sites, with a
broad peak between 2.5-4.0 Ga and a tail in the distribution extending to considerably
younger ages [5]. However, these meteorite clasts are small and difficult to date precisely, due
in part to their extended history in the lunar regolith. Many of the age determinations on lunar
meteorite clasts are not as precise as those obtained from the Apollo melt breccias.
A third type of lunar impact record is the small particles of glass present in the lunar regolith.
These glass particles represent rapidly quenched droplets of impact-produced melt, similar to
terrestrial tektites although typically much smaller (Fig. 1). Lunar regolith contains hundreds
to thousands of these particles per gram, making them a rich potential source of information
about the impact history of the Earth and Moon [6, 7, 8, 9]. As for the crystalline melt
breccias, the chemical compositions of these glass particles record the composition of the
melted target material (i.e. soil, rock) in addition to the timing of the impact event. However,
measuring both the age and the chemical composition on a single regolith glass particle is
challenging due to their small size. Here we summarise some recent advances that we have
made in this area.

Lunar Impact Glasses
Background
Lunar impact glasses were recognised in the first studies of Apollo 11 regolith. These glasses
form by quenching of melt ejected as jets of melt during the initial stages of an impact event
onto the lunar surface. Here we refer to these glasses as ‘spherules’ even though their shapes
can range from spheres to rounded cylinders, to dumbbells (Fig. 1). The number, size, shape,
and distribution of impact spherules formed in any single event are poorly understood and it is
also unclear whether specific conditions (e.g. velocity, angle, composition of impactor) are
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required to produce glassy impact spherules. Petrographically they range from clean,
homogeneous glass to partially crystallised, heterogeneous particles containing undigested
mineral inclusions, flow structures (schlieren), vesicles, surface coatings and small blebs of
Fe-Ni metal [9]. Crusts and coatings may also be present on the surfaces of individual
spherules. Early studies of regolith glass chemistry promoted their use as remote samples of
lunar rock types not sampled directly at a given landing site [10]. Subsequently their major
and trace element compositions have been considered as more representative of local regolith
compositions (within ≤100 km) albeit with a significant number of exotic spherules
transported from distant locations (e.g. >100-1000 km) also found at each site [11, 12, 13].
!"#$$#%&'%
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Fig. 1: Optical photograph of glassy regolith particles from lunar soils 66031 (Apollo 16)
and 78481 (Apollo 17). The Apollo 16 particles are from the 75-150 µm size fraction and the
Apollo 17 particles are from the 25-75 µm fraction.
Lunar impact spherules are one component of the lunar regolith, a fine-grained mixture of
mineral grains, rocks, and glass that covers the entire surface of the Moon. Lunar regolith is
produced by the combined effects of mechanical erosion by meteorite and micrometeorite
impacts (comminution), welding of mineral and rock fragments by compaction and impactproduced glass (agglutination), and chemical modification of grain surfaces by exposure to
ions and high energy particles of the solar wind and vapour phase fractionation during impact
heating (space weathering). A particular problem for interpreting the age and compositional
distribution of lunar spherules is ‘gardening’ of the regolith by meteorite impacts. During this
process the regolith is overturned and modified physically and chemically on a variety of
time- and length-scales. For example, modeling suggests that the upper few mm of regolith is
well-mixed on time-scales of 104-107 years, whereas material residing at depths of ~1 m may
be exposed at the surface on average only a few times every 109 years [14]. These models
assume that meteorite impact is the only process responsible for bringing material to the
surface; other processes such as downslope movement and mixing can complicate the
integrated exposure history of the lunar regolith.
Culler et al. [6] and Levine et al. [7] demonstrated the utility of regolith glasses for
quantifying lunar impact history by measuring 40Ar/39Ar ages of individual spherules from the
Apollo 14 and Apollo 12 sites, respectively. These sites were chosen for initial study because
the relatively high potassium contents in this region of the Moon [15] makes the glasses easier
to date by that method. However, those studies did not conduct detailed geochemical analyses
of the dated spherules, making it difficult to unambiguously distinguish impact from volcanic
glasses or to identify populations of spherules that might have been produced in a single
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event. Here we summarise our recent studies of the ages and compositions of glasses from the
Apollo 16 and 17 sites [8, 9], and compare these results with previous studies.
Apollo 16
The Apollo 16 landing site is located on the central nearside lunar highlands, several hundred
km from the closest maria. Lithologies at this site are mainly various types of impact breccias,
including crystalline melt breccias and fragmental breccias [2]. Glass particles in the Apollo
16 regolith are also predominantly impact-produced with a minor fraction of volcanic
material [8, 11, 13]. The central nearside highlands region of the Moon is characterised by
low average potassium concentrations [15], although some individual Apollo 16 rock types
such as the KREEP-rich poikilitic impact melt breccias have compositions similar to those of
some Apollo 14 breccias [3] (KREEP is a geochemical component of lunar breccias with high
concentrations of incompatible lithophile elements such as K, REE, and P. It may have
formed as a residual melt after extensive crystallization of the lunar magma ocean and is
concentrated on the western nearside region of the Moon). The Apollo 16 site was
comprehensively resurfaced by ejecta from the Imbrium basin at ~3.9 Ga [3, 4, 16].
Subsequently, erosion by meteorite bombardment and at least two impact events at ~3.4-3.7
Ga and ~2.2-2.5 Ga created locally-derived regolith breccias (i.e. breccias formed by in-situ
lithification of regolith rather than being deposited in a single impact event) [17]. In contrast,
unconsolidated Apollo 16 regolith has model closure ages ranging from ~0.5 to ~2.4 Ga [17].
This may suggest that local, post-Imbrium impacts at ~ 2.4 and ~3.5 Ga created new surfaces
at these times, such that the current unconsolidated regolith may have been accumulating
material, including impact glasses, for no more than ~ 2.5 billion years. A sample of regolith
from the same station as used for our study (Station 6) has an integrated 40Ar/36ArT model
closure age of 1.4 Ga [17]. Previous dating of Apollo 16 spherules is limited to four K-rich
particles that appear exotic to the site and yielded 40Ar/39Ar ages of 3.7-3.8 Ga [11].
Apollo 17
The Apollo 17 mission landed in the Taurus-Littrow valley on the rim of the Serenitatis
impact basin. The geology of the area and mission objectives were reviewed by Norman et al.
[9]. The valley floor is covered with mare basalt and bordered by highlands crustal massifs
thought to represent fault-bounded structures related to basin formation at 3.89 Ga. The
region is considered to be on the margin of the Procellarum-KREEP Terrane (PKT) [15], and
many of the impact-melt breccias carry a trace-element enriched signature of KREEP in their
compositions and clast populations. Despite this, anorthositic breccias from the surrounding
highland lithologies are not markedly enriched in incompatible trace elements, suggesting that
the KREEP was either excavated from depth and/or transported a significant distance laterally
as basin ejecta. Impact glasses found in Apollo 17 regolith have both mare and highlands
affinities with a broad range of compositions reflecting the lithologic and geochemical
diversity around the landing site [9, 18]. Twelve impact glasses selected to represent the range
of glass compositions found in Apollo 17 regolith sample 71501, collected in the central
valley, have 40Ar/39Ar ages ranging from 107-3740 Ma [18].

Methods and Results
Major and trace element compositions of 270 glassy particles separated from Apollo 16
regolith sample 66031 were measured by electron microprobe and laser ablation ICPMS,
respectively. A new putty mounting technique enabled subsequent recovery of entire
spherules for 40Ar/39Ar dating after geochemical analysis, and a subset of 30 of particles were
selected for dating by the method [8]. This was the first study to obtain comprehensive
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major+trace element compositions and 40Ar/39Ar ages on individual lunar regolith spherules.
Approximately 75% of the Apollo 16 spherules selected for 40Ar/39Ar dating had major and
trace element compositions similar to the local regolith [8], indicating a local provenance and
probable formation by relatively small (1-10 km diameter?) craters [9]. The remaining
particles were KREEP-rich and likely formed in a larger event(s) and transported a
considerable distance (≥1000 km?) to the Apollo 16 site [11]. In a separate study, we
measured major element and trace element compositions of ~200 particles from Apollo 17
regolith sample 78481 [9]. Here we consider the data for 50 impact glasses having either
highlands or mixed mare-highlands affinity; a larger subset of volcanic particles with mare
compositions is not discussed. For the Apollo 17 spherules, ‘chemical model ages’ were
calculated based on the U, Th, and Pb concentrations by assuming that all of the Pb was
produced by radioactive decay after the spherule formed [9]. This represents a new approach
for obtaining ages together with complementary major and trace element compositions of
individual regolith glasses.
Comparison of the major element compositions of the 66031 and 78481 impact glasses shows
that they were derived predominantly from feldspathic highlands lithologies (CaO/Al2O3
<0.7; Fig. 2), with a minor contribution from more mafic, probably mare material (CaO/Al2O3
>0.7) as indicated by the positive correlation of TiO2 with CaO/Al2O3 in these glasses (Fig.
3). The Apollo 16 glasses range to more aluminous (i.e., more feldspathic) compositions
compared to the Apollo 17 glasses (Fig. 2), reflecting compositional and lithological
differences of the highlands crust at these two sites [9].
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Fig. 2: Histogram of major element compositions in Apollo 16 (66031) and 17 (78481)
impact glasses. The value of CaO/Al2O3 = 0.7 (arrow) is used to distinguish glasses derived
from the basaltic mare vs. the anorthositic highlands crust of the Moon. The Apollo 16
glasses show a tail to higher Ce contents compared to those from the Apollo 17 sample.
Rare-earth elements (REE) and other incompatible trace elements such as K, U, and Th
associated with KREEP are concentrated on the lunar surface within the Procellarum-KREEP
Terrane (PKT) [15] and sampled at the Apollo 12 and 14 sites. In contrast, the lunar surface in
the vicinity of Apollo 16 is relatively poor in KREEP as this site is located ~1000 km away
from the PKT, and only a relatively small fraction of the samples collected at that site are
KREEP-rich breccias. In contrast, the Apollo 17 site is located near the eastern edge of the
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PKT and KREEP-rich impact melt breccias are relatively abundant at the site. Therefore, the
occurrence of Apollo 16 glasses with relatively high concentrations of KREEPy elements
such as Ce (Fig. 2) compared to the Apollo 17 glasses is somewhat surprising.
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Fig. 3: CaO/Al2O3 vs. TiO2 compositions in the Apollo 16 (66031) and 17 (78481) glasses.
Trends to higher TiO2 with increasing CaO/Al2O3 indicate mixing between feldspathic
highlands crust (low Ti) and mare-derived material (higher Ti) either during the impact that
produced the glass or in a pre-impact regolith. Mare basalts with a range of TiO2 contents
are implied by the various arrays.
Histograms showing the distribution of 40Ar/39Ar and U-Pb chemical ages of the Apollo 16
and 17 glasses compared to previous studies of Apollo 12 and 14 regolith glasses show
intriguing similarities and some notable differences (Fig. 4). Each of the spherule age records
show a pronounced spike in the number of samples younger than 800 Ma, with the Apollo 12,
16, and 17 glasses all having similar numbers of particles with ages ranging from 800 to
≥4000 Ma. In contrast, the Apollo 14 glasses show a pronounced peak in the age distribution
from around 2800 Ma to 4000 Ma. Although impact breccias dominate the Apollo 14 site,
KREEP-rich volcanic glasses are common in regolith from that location, raising the
possibility that the Apollo 14 age distribution also includes volcanic glasses. The ages of
these volcanic glasses are not known specifically, but igneous Apollo 14 basalts have ages of
~3.85 to 4.2 Ga [19] and the volcanic glasses are probably younger than this based on the
occurrence of the crystalline basalts as clasts in breccias whereas the glasses occur as loose
grains in the local regolith. Additional work linking the ages and compositions of individual
lunar glasses from the Apollo 12 and 14 sites is needed to resolve this uncertainty.

Discussion
Age distribution of lunar impact glasses and impact flux – uncertainties and potential biases
in the regolith glass record
The compiled age distribution of lunar glasses suggests a relatively sudden appearance of
these glasses at about 3700-3900 Ma, coincident with the predominant ages of crystalline
lunar impact breccias (Figs. 5, 7). The distribution then declines to a minimum between about
800-2300 Ma before rising sharply to near zero age. A similar pattern is seen when the data
are filtered to include only ages with low absolute uncertainties (Fig. 5), which also
minimises possible contributions from Apollo 14 volcanic glasses. A straightforward
interpretation of this age distribution might be that the impact flux declined from ~3.8 to 2.5
Ga, and then increased sharply over the past few hundred million years. Hartmann et al. [20]
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discuss a variety of datasets that suggest a spike in the impact rate ~500 Myr ago,
corresponding to an asteroid collision event that produced showers of L- and H- chondrite
meteorites. Swindle et al. [21] show a strongly bimodal distribution of 40Ar/39Ar ages in Hchondrite meteorites with an older population around 3.5-4.5 Ga and a younger population of
≤1 Ga with a maximum at ~400 Ma, which is similar in age to the impact melting event that
produced a profound thermal disturbance on the L-chondrite parent body [21]. Ages of
574±87 and 564±25 Ma have been reported for in lunar meteorite Dhofar 25 [5], which might
also represent the LH-chondrite shower, and exposure ages of lunar rocks associated with
small (≤1 km diameter) lunar craters range from <1 to 800 Ma [17]. Zellner et al. [22]
identified a cluster of ages at ~800 Ma obtained from lunar regolith glasses, and suggested
that this might also represent an episode of enhanced impact flux. Age spikes related to these
events may be weighted toward relatively small impacts (i.e., 1-10 km craters) [9] and
expressed preferentially in lunar regolith spherule data rather than in terrestrial impact craters
or crystalline lunar breccias, which form in larger impact events (≥ 20 km diameter craters).
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Fig. 4: Histograms of ages measured on individual spherules from Apollo 16 soil 66031 [Hui
et al., 2010] and Apollo 17 soil 78481 [9] compared to ages of Apollo 12 and 14 spherules
[6, 7]. The ages for 66031, Apollo 12, and Apollo 14 glasses were measured by the 40Ar/39Ar
method. The 78481ages are based on a ‘chemical age’ model that assumes measured Pb
concentrations represent accumulation from U-Th decay since the impact event that formed
the spherule [see Ref. 9 for details of the method].
Before this interpretation can be accepted, however, a number of factors that might bias the
glass record must be considered. For example, the sudden appearance of glass ages at ~3.9 Ga
might be due to the comprehensive resurfacing of the nearside of the Moon by ejecta from the
younger basin such as Imbrium and Serenitatis. All of the Apollo sites are situated within a
small area on the nearside close to these younger basins, so the older limit of regolith glass
ages may simply reflect resurfacing by deposition of fresh basin ejecta at ~3.9 Ga, on which
regolith could form and the glasses could accumulate. In this case the apparently sudden
appearance of abundant spherules would not reflect a unique Terminal Cataclysm but simply
the age of the surfaces created by the last lunar basins. While the apparent decline in ages
between 3500-3800 Ma in the aggregate dataset (Fig. 5) might reflect the tail of a declining
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# of spherules!

# of spherules!

heavy bombardment, it might also reflect contamination of the sample set by volcanic glasses
as discussed previously.

Fig. 5. Histogram and overlain ideogram (red line) showing (a) all 40Ar/39Ar ages of lunar
impact spherules, and (b) a subset of the data showing only ages with uncertainties ≤100Ma.
Mechanical gardening of the regolith might also bias the spherule age record as impacts may
have systematically destroyed older spherules, producing an artefact in the preserved age
distribution that favours young spherules. Over time, micrometeorite impacts into the lunar
regolith erode larger particles into microbreccias welded by small volumes of impact glass.
Such particles (often called ‘agglutinates’) are common in the lunar regolith and are not
included in dating studies due to the complicating effects of relict, undigested clasts and
inheritance of solar wind gases implanted into the lunar regolith. As the regolith samples used
for spherule-dating projects have so far been confined to uppermost surficial material,
gardening might be expected to be a significant process but the specific effects of this process
on spherule age distributions is difficult to quantify at this time.
The post-basin geological history of the Apollo sites could also influence the apparent age
distribution of lunar regolith glasses. Many of the landing sites were chosen close to relatively
young craters as natural ‘drill holes’ that excavated fresher samples and provided access to a
stratigraphic section within the ejecta. The Apollo 12 site was located on ejecta of Sharp
Crater, inferred to be ≤10 Ma [7], and the Apollo 14 site sampled ejecta from Cone Crater
which is inferred to be 25 Ma old based on exposure ages of coarse fragments separated from
the regolith [23]. Both Culler et al. [6] and Levine et al. [7] suggested that young impact
spherules could be created by the impacts that produced these craters, possibly accounting for
the young spike without the need to invoke an actual change in impact rate. These craters may
also have brought impact spherules from deeper in the regolith onto the surface. Cone Crater
is 370 m in diameter, and assuming evacuation depth of 0.1x the crater diameter, material
from as much as 37 m deep could have been excavated, which would potentially bring deeply
buried impact spherules to the surface. In contrast, Sharp Crater and an unnamed crater close
to the 66031 collection site could only have excavated material from a few metres depth to
the surface. This provides another possible explanation for the cluster of older ages in the
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Apollo 14 spherules (Fig. 4) if those spherules had been deeply buried since they were
deposited. At the Apollo 16 site, the 66031 regolith sample was collected near the base of
Stone Mountain where a landslide may have produced a thick deposit of reworked sediment,
potentially excavating older, previously buried spherules and producing a fresh surface on
which to accumulate younger spherules. Exposure histories of Apollo 16 regolith breccias
also suggest that the area was re-surfaced by moderate size craters at ~2.5 Ga [17]. Such
effects can be addressed by additional studies of spherule age and compositional populations
collected from diverse lunar regolith depths and environments.
Another potential bias in the lunar spherule record is the possible production of multiple
spherules in a single impact event. Using a combination of ages and major element data,
Delano et al. [11] showed that four high-potassium spherules from an Apollo 16 soil likely
were produced in a single, relatively large impact event and transported a considerable
distance (≥1000 km?) to the Apollo 16 site. The combination of ages and compositional data
on individual regolith glasses provides a potentially powerful approach to constraining the
contributions of multiple-spherule producing events that could bias the record. Our study of
the Apollo 16 glasses was the first to produce major element, trace element, and 40Ar/39Ar age
data on a suite of individual spherules. Assuming that glasses produced in a single impact are
compositionally homogeneous and have ages that are identical within analytical uncertainty,
the data can be compared statistically to identify pairs or groups of spherules that likely
formed in the same event. In addition, the major and trace element compositions of each
impact spherule can be compared with lunar soils to determine possible target locations.
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Figure 6. Plot of the probabilities that Apollo 16 spherule pairs have identical (within error)
compositions and formation ages (left), and the effect that removing potentially duplicate
spherules (grey patterns) has on the inferred age distribution (right). Probabilities were
calculated using the cumulative chi-squared distribution function CHIDIST within Microsoft
Excel (see Ref. 23 for details).
Fig. 6 shows a plot of the probability (calculated using a chi-squared approach) that pairs of
Apollo 16 impact spherules have statistically identical compositions and formation ages.
Unlikely pairs have low probability (<5%), while pairs likely to be related have a high
probability (P>50%) that their ages and compositions are the same within error. The age
distribution histograms show the effect of removing potentially duplicate impact spherules
(grey boxes). These results indicate that there are up to five duplicate impact spherules of
statistical significance in this sample, or about 25% of the population. Interestingly, none of
these pairs are from the 400 Ma spike, but are distributed more towards the older impact
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spherules in the 3.2-4.4 Ga peak. This may suggest that impacts contributing multiple
spherules to the Apollo 16 regolith have become rarer over time, possibly reflecting a change
in the impactor population such as average size of the impactors, velocity, or perhaps
composition (i.e. asteroid versus comet). If the five potential duplicates are removed, the
Apollo 16 age distribution appears more like an exponential increase from 4.4 Ga to the
present, much like that observed in the Apollo 12 and Apollo 17 records (Fig. 4).
Examination of the Apollo 17 spherule dataset suggests several clusters with overlapping ages
and compositions but a statistical analysis similar to that described above for Apollo 16
spherules is required.
Comparing the age distribution of lunar impact glasses with lunar meteorites and crystalline
melt breccias
The age distributions of various classes of lunar impactites record diverse stages of the impact
history of the Earth and Moon, and perhaps the inner Solar System. Crystalline melt breccias
have a sharp peak at 3.7-3.9 Ga (Fig. 7) reflecting their production predominantly during an
epoch of basin formation, which must have ceased rather abruptly after that time. Whether
this age distribution represents a short, sharp increase in the impact flux, or the end of longer
episode of late infall is a matter of current debate. Lunar meteorites and regolith glasses show
a longer tail between 2.5 and 4.0 Ga, with a small spike around 500-600 Ma (Fig. 7). These
types of samples appear to be recording smaller impact events, possibly the tail of a late
heavy bombardment that continued for another 1.5 billion years after cessation of the basinforming events. While some uncertainties over the meteorite ages and interpretation of the
regolith glass age distribution remain, the broad pattern of spherule ages is similar to that of
the lunar meteorites, suggesting that the potential biases did not completely obscure the
fundamental record of lunar impact history in these samples.
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Fig. 7. Age distributions of lunar crystalline melt breccias (top), breccia clasts from lunar
meteorites (middle) and lunar impact glasses (bottom).
The pattern of lunar impactite age distribution correlates broadly with some of the most
significant geological and biological transitions on Earth. For example, the oldest preserved
major terrains of continental crust are ~3850 Ma in age and the younger limit to the main
grouping of meteorite clast ages at 2.5 Ga corresponds with the Archean to Proterozoic
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transition during which the style of crustal evolution underwent a fundamental change. The
minima in lunar spherule ages occurs at about the same time as the Great Oxygenation Event
on Earth, and the sharp rise in regolith spherule ages at ~500 Ma (Figs. 5, 7) coincides with
the beginning of Phanerozoic Era, during which time hard-shelled organisms proliferated and
several major extinction events occurred, including at least one that appears closely related to
the impact of an asteroid-sized (10 km) meteorite. This raises the question of whether it might
be possible to correlate the detailed impact record from the Moon with the bio-tectonic
evolution of Earth, and whether extraterrestrial events such as those that generate Earthcrossing impactors might have played a significant role in shaping the habitability of
terrestrial planets. Additional studies of lunar spherule age distributions could better constrain
the timing of impact clusters on the Moon and possible relationships to the geological and
biological evolution of Earth.
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Summary: Lunar impact glasses offer the potential for providing compositional information
about local and remote areas of the Moon. We have studied over 500 lunar impact and volcanic
glasses from the Apollo 14, 16, and 17 landing sites and have obtained 40Ar/39Ar ages on a subset
of them. By themselves and when compared to the ages of other lunar impact samples, these
impact glass ages place constraints on the impact history in the Earth-Moon system. For
example, analyses of several glasses from different Apollo regoliths show distinguishing
geochemical signatures in glasses with ages ~3730 Ma and constrain the materials to specific
impact events in specific geological terrains, indicating a possible global lunar impact event.
More detailed interpretation of lunar impact glass geochemistry, together with the age, allows us
to better understand the global lunar impact record and how it might be applied to Earth.
Keywords: lunar impact glasses, Moon, impact rate, Apollo

Introduction
Lunar impact glasses, droplets of melt formed during impact events then quenched during
ballistic flight, offer the potential for providing compositional information about local and
remote areas of the Moon [1, 2, 3]. We have studied over 500 lunar impact and volcanic glasses
from the Apollo 14, 16, and 17 landing sites and have obtained 40Ar/39Ar ages on a subset of
them. These ages place constraints on the impact history in the Earth-Moon system, allowing us
to better understand the global lunar impact record and how it might be applied to Earth.
Studies of the lunar impact flux are important (and on-going) because the Moon provides the
clearest and most complete history available concerning impact events that have taken place in
the inner Solar System since its formation ~4.5 billion years (Ga) ago. If properly interpreted, the
Moon’s impact record can be used to gain insights into how the Earth has been influenced by
impacting events over billions of years. However, the timing of these events on the Moon is not
well understood. As a result, the National Academy reported that interpreting this time-varying
impact flux is one of NASA’s top science priorities [4].
Investigators have reported 40Ar/39Ar ages on lunar rock fragments [e.g., 5] or melt clasts in
meteorites [e.g., 6] in order to show that there is no convincing evidence in the lunar melt rock
record for basin-forming impacts significantly older than 3.9 Ga, the timing of the purported
lunar cataclysm [7]. Others have looked at lunar impact glasses from one landing site and
estimated the lunar impact flux at that site [8, 9]. However, since the samples were collected at
one site, a reliable interpretation of the global lunar impact flux cannot be made. Our samples
come from three widely-separated landing sites and their data are interpreted by integrating
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geochemistry and age. In this way, multiple impact samples formed at the same time in the same
terrain can be removed from the data set so that the impact flux, whether local or global, is not
artificially inflated.
Impact glasses have a wide compositional range indicating their local, regional, and global
provenance, which is important for interpreting isotopic ages of individual impact glasses and
whether or not “spikes” in the impact record are local or global. This paper describes the
different data sets and compares the similarities and differences recorded in lunar glasses from
the Apollo 12, 14, 16, and 17 landing sites.
The Lunar Impact Record
Understanding the time-varying impact flux in the Earth-Moon system allows us to determine
the occurrence of terrestrial impact events whose markers are no longer visible, as well as
speculate as to when conditions became favorable for life on Earth. Since they are so close
together in space, the Moon serves as a good proxy for understanding impact events on Earth.
The timing of impacts on the Moon over the last 4.5 billion years (Ga), however, is not well
understood and has been a topic of enduring interest and persistent uncertainties [e.g., 6, 7, 8,
10]. The chemical and isotopic memories contained within lunar impact glasses [e.g., 3, 11, 12]
and crystalline impact melts [e.g., 6, 13, 14, 15] from the current Apollo and lunar meteorite
inventories have the potential to provide information in sufficient quantity and with sufficient
accuracy to better constrain models for the time-dependent flux of impactors in the inner solar
system. Important questions to be answered include determining the form of the large-impact
distribution with respect to time (e.g., smooth decline versus cataclysmic spike), whether there is
periodicity in Earth-Moon cratering history [e,g. 16], and the applicability of the lunar record to
other planets. Of great interest to astrobiology and the study of the origin of life is the impact
flux prior to ~3.7 Ga ago, and specifically, whether or not early life, if it existed on Earth before
4 Ga ago, may have been destroyed [e.g., 17-20] during these early impact events. Fig. 1
summarizes some of these ideas.
Previous Studies
Two groups that have investigated lunar impact glasses from one Apollo landing site each
interpreted the data as representing a global impact flux. Using Apollo 14 glass spherules, Culler
et al. (2000) argued that over the past ~3.5 Ga, the cratering rate decreased by a factor of 2-3.
Their histogram does show spikes in the time interval attributed to the late heavy bombardment
(LHB), or the purported “lunar cataclysm”, but the data set may unfortunately be confounded by
the possibility of volcanic glasses composing a significant fraction of the “impacts” (Fig. 2a).
Therefore, these data should be used cautiously. Levine et al. (2005) showed that very few
Apollo 12 impact glass spherules have old (>3200 Ma) ages and that many have young ages
(Fig. 2b). Both groups propose that there has been an increase in the impact flux in the inner
Solar System in the past 500 Ma, based on their lunar impact glass data. However, note that these
investigators were looking at just one site each, and it is unclear whether or not these data can be
used to infer a global flux. Additionally, this is not necessarily the only interpretation; nearby
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Fig. 1 Impact rate vs. time, with the purported “lunar cataclysm” identified at 3.9 Ga. The
“smooth decline” is expected from the sweep-up of disk debris by growing planetesimals.
Earliest evidence for life is from Schidlowski (1988) Nature 333, 313. (Modified from Zellner’s
Ph.D. thesis, Figure 2.2)

a.

b.

Fig. 2 Relative probability plots of (a) ages of Apollo 14 lunar glasses from Culler et al. (2000),
with possible volcanic events circled in red, and (b) ages of Apollo 12 lunar impact glasses from
Levine et al. (2005). Note that in both sets of data, old impacts are rare. Additionally, the
younger ages can be interpreted as reflecting an increase in the recent (<500 Ma) impact flux,
though that is not necessarily the only interpretation.
craters have young ages and older glasses are more likely to have been destroyed by aeons of
lunar bombardment.
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This Study
Lunar impact glasses (Fig. 3) allow us to explore the Moon geochemically since they have
compositions that represent the regolith. They are 150 – 400 µm in diameter, leaving little room
for contamination, and homogeneous; numerous, so represent a large number of impact events;
and related to materials at impact site and so allow for geochemical exploration of the Moon. We
have been looking at regolith samples from three Apollo landing sites (Apollo 14, Apollo 16, and
Apollo 17) and have identified over 500 lunar impact and volcanic glasses.
By looking at samples from these widely-separated landing sites (hundreds of kilometers), we
can separate lunar impact glasses in both time and space. Over 500 impact glasses from the
Apollo 14 (Fra Mauro), 16 (Descartes Highlands), and 17 (Taurus-Littrow) landing sites have
been compositionally analyzed by electron microprobe, and there is wide compositional variation
that reflects the composition of the lunar regolith. Glasses with local compositions and the same
age could represent one local impact event, while glasses with different compositions and the
same age could represent many global impact events.

Fig.3 Variety of lunar impact glasses. Colors represent compositional differences, while shapes
reflect not only formation conditions but also exposure to impacts after formation, as in the case
of glass shards (middle image).

Analytical Procedures
Impact glasses have been hand-picked from Apollo regolith samples 14259,624 (Apollo 14),
64501,225 (Apollo 16), 66041,127 (Apollo 16), and 71501,262 (Apollo 17) with the aid of a pair
of tweezers and a binocular microscope. Size fractions range from >90 µm to >120 µm,
depending on the soil sample. Each piece was individually mounted in aluminum tubing with
Crystalbond adhesive (Aremco Products, Inc.), then carefully ground and polished to produce a
smooth planar surface. Each glass was chemically analyzed for Si, Ti, Al, Cr, Fe, Mn, Mg, Ca,
Na, and K using a JEOL 733 electron microprobe in the Department of Earth and Environmental
Sciences at Rensselaer Polytechnic Institute in Troy, NY. Five X-ray spectrometers were tuned
and calibrated for each element analyzed in the glass sample. A 15-keV electron beam with a
specimen current of 50 nAmps was used. Count-times of 200 seconds were used for Na and K,
while count-times of 40 seconds were used for the other elements. Backgrounds were collected
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for every element on every analysis, and uncertainties in the measurements were usually < 3% of
the amount present. In the absence of ferromagnetic resonance intensity (FRI) [21], high Mg/Al
ratios and high Cr2O3 values were used to distinguish volcanic glasses from impact glasses [22].
Additionally, lunar glass working standards were analyzed multiple times to assess the analytical
precision of the electron microprobe (as described in [2]).
A subset of the glasses (19%) that have been geochemically analyzed by electron microprobe
were selected for isotopic dating by the laser step-heating 40Ar/39Ar method to determine the age
of the impact event that produced each piece of impact glass. Samples were removed from the
Crystalbond adhesive and cleaned in acetone to remove organics from the surface. They were
then placed in aluminum sample-holders, transferred to the geochronology facility at the
University of Arizona, and irradiated for ~300 hours in a nuclear reactor along with MMhb-1
hornblende and CaF2 salt, in two separate irradiations. The hornblende is used to determine the
neutron fluence in the reactor, while the CaF2 is used to correct for reactor-produced
interferences. Samples were analyzed in the noble gas mass spectrometry laboratory of the
University of Arizona, and each sample was degassed in a series of temperature extractions using
a continuous Ar-ion laser heating system. In the first heating step, a 5-Amp beam was passed
over the sample. The amperage was increased incrementally until 40Ar counts from the sample
peaked, and then decreased to background levels. The isotopic composition of the released Ar
was measured with a VG5400 mass spectrometer. Data corrections included system blanks,
radioactive decay, reactor-induced interferences, and cosmic ray spallation. Three-isotope plots
were used to determine the 40Ar/36Ar ratio for the trapped solar wind within each sample, and
that contribution was subtracted [3]. Since some samples contained small amounts of K (from <
1 ng to a few hundred ng), measuring Ar can be difficult. Temperature extraction steps were
therefore large in order to maximize the amount of Ar released at each step. The ages we have
reported [e.g., 3, 11, 12] were derived from plateaus and the uncertainties in those ages were
calculated as weighted averages based on the amount of 39Ar released at each step. Several
spherules of Apollo 15 volcanic green glass from 15426, with a well-defined 40Ar/39Ar age of
~3.340 Ga [e.g., 23] were used as isotopic working standards. The analyses of these single
spherules were typically within 5% of the accepted age.
Fig. 4 shows plateau plots for four glasses that are compositionally different from each other.
Determining ages for these glasses can be challenging because the glasses are very small and in
some cases may not contain a lot of K or Ar. That makes it difficult to obtain a “plateau”,
meaning that all extracted Ar at each laser heating step “matches” the step on either side of it.
Usually, less Ar means fewer steps resulting in an age with a higher uncertainty, and sometimes
ages cannot be determined at all. In order to get an age, Ar levels have to be above the
background, which may require higher heating steps.

Discussion
Of the 92 glasses dated so far, reliable ages (plateaus with steps that agree and yield small
uncertainties) for 65 impact glasses have been obtained, enough to get an idea of the impact flux
but not enough to definitively determine what it looks like. However, combining chemical and
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Fig. 4. L panels: Two glasses, each with a nice plateau, with many steps. R upper panel: This
glass shows an age with a larger uncertainty because fewer steps were obtained. R lower panel:
This glass gives a complicated age! In fact, it gives no age and so does not inform us of the
impact event that created it.
isotopic information on these impact glasses [e.g., 3, 11, 12] permits more substantive
interpretations than would be possible from either data set alone. Orbital data [e.g., 2] have been
used to show that impact glass composition(s) most often represent regolith composition(s). The
compositions and shapes of lunar impact glasses can indicate their original geology, often several
hundreds of kilometers away from the site where they were collected by the Apollo astronauts
[e.g., 3]. In this way, “exotic” and “local” regolith compositions can be determined [2, 3] in an
effort to distinguish among impact events. This combination of geochemistry and geochronology
thus improves the interpretation of the impact record offered by other authors [e.g., 6, 8].
Using geochemical and isotopic data together, we can determine the provenance of the impact
events and the number of impact events at that location, as well as the age of the impact event. If
only isotopic ages (i.e., no compositional information) were used (as in Culler et al. 2000),
glasses with the same ages could be interpreted as representing many distinct impact events
somewhere on the Moon, superficially inflating the impact flux. Additionally, there would be no
information to determine whether those events were small local events (as when impact glasses
have compositions typical of the local regolith) or large distant events (as when compositions are
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atypical of the local regolith). Combined with geochemical data, we can determine whether or
not glasses with the same ages were formed during the same, or different, events.
Fig. 5 shows the compositions (using ratios of refractory elements) and ages of the oldest glasses
(≥ 3300 Ma) that have been analyzed by our group. It can be seen that four of the glasses (blue
ellipse) have the same composition and the same age within uncertainties and therefore represent
one impact event and not four [3]. These glasses are high in KREEP and therefore are exotic to
the Apollo 16 landing site. Fig. 5 also shows three impact glasses (red ellipse), each of which
has a similar age within uncertainties and a similar composition, which is also atypical of the
Apollo site regolith in which they were found. These three glasses are also high in KREEP but
their impact site(s) is(are) different from that of the previously-mentioned four glasses; the ages
of all seven glasses, within uncertainties, are the same. Questions that need to be addressed to
properly interpret these data include:
1. Were the glasses formed in the same place at the same time? Where? This has
implications for the size of the impactor.
2. Were the glasses formed in a different place at the same time? Where? This has
implications for the numbers and sizes of impactors.
3. If the glasses were formed in the same place at the same time, where was it and how
large was the impactor to transport the glasses to three different Apollo landing sites?

Fig. 5. Several glasses from the Apollo 14, 16, and 17 landing sites with ages > 3300 Ma. The
blue ellipse encompasses four glasses from the same landing site with the same age produced in
one impact event. The red ellipse encompasses three glasses from three different landing sites;
these glasses could represent three different impact events, each of which produced one glass, or
one impact event that produced three glasses.
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Results
A relative probability plot of 65 lunar impact glasses, with well-defined ages [3, 11, 12, and
unpublished data] is shown in Fig. 6; narrow spikes show precisely-determined ages, while low
broad humps show poorly-determined ages. Samples with the same composition and the same
age have been removed from the data set [3, 11], using just one sample to represent the impact
that formed them. The age range obtained from the lunar impact glasses is large, and we can see
some definite periods where the rate of impacts was high and periods where the rate of impacts
was low. For example, a peak with an age ~800 Ma is prominent [11], as is a lull from ~3000 –
3500 Ma. Additionally, many of our samples show a young age, though an “increase” in the
recent impact flux [8, 9] is not obvious. Ages consistent with the break-up of the L-chondrite
parent body at ~500 Ma [e.g., 24] are apparent. Ages coincident with end of the purported late
heavy bombardment can also be seen, but no glasses have enough K2O to give believable ages
>3900 Ma. One possible explanation for this is that the impact glasses are tiny and may not have
survived both physically or isotopically – their Ar memory is gone. Recall that it is the Ar
isotopic ratio that gives the age; the more Ar there is, the better defined is the age.

Fig. 6. Relative probability plot of 65 lunar impact glass ages for the Apollo 14, 16, and 17
samples in this study. Geochemically-similar samples have been separated from the data set.
Each age is represented by a Gaussian distribution of unit area, so precisely determined ages
appear as tall spikes and poorly determined ages appear as low, broad humps. Colored lines
represent each sample, while the dark blue line is the average of all of the samples together.
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More interesting, however, is to compare the lunar impact glass record to the record of other
impact samples to see if the impact rate on the Moon (as represented by these samples) is
reflected in the impact rate on other planetary bodies. Presented in Fig. 7 are graphs of a modest
data set of lunar impact glass ages (reprint of Fig. 6) and meteorite ages [from 24 and references
therein] plotted on the same scale. Some overlaps between the data sets are obvious, such as the
500 Ma break-up of the L-chondrite parent body in the Asteroid Belt and the impacts between
3500 Ma and 4000 Ma, possibly representing the tail end of the purported LHB. However,
differences are also seen. For example, the lunar impact glasses show an event around 2800 Ma,
while the meteorites do not. Moreover, well-defined ages older than 4000 Ma and the final
sweep up of early solar-system-forming debris at > 4200 Ma are not seen in the lunar impact
glass record. Additional comparisons between these data sets, along with comparisons to ages of
other lunar samples [e.g., 25] are currently in progress.

Conclusions
Lunar impact glasses are powerful tools that can be used to decipher the time-dependent impact
flux in the Earth-Moon system. In this study, results identified geochemical signatures for 3730Ma glasses from the same landing site and a separate geochemical group of approximately the
same age from three different landing sites. These data support the idea of a large global lunar
impact event at ~3730 Ma (Delano et al. 2007). The 40Ar/39Ar study also identified glasses with
ages that are consistent with the break-up of the L-chondrite parent body at ~500 Ma, though the
recent (<500 Ma) increase in impact events reported by others is not obvious in these data.
Additional ages that are consistent with a lull (i.e., no impacts) from ~3000 – 3500 Ma were also
found. Investigations to reconcile lunar impact glass ages with ages of other impact samples,
such as meteorites and breccias, are ongoing.
An integrated approach using geochemistry and age together allows for a more substantive
interpretation of the impact rate on the Moon, improving the interpretation of the impact record
offered by other authors. Interpreting these data will help us continue to understand the impact
processing of the lunar surface and the bombardment history in the Earth-Moon system so that
we can address important issues related to the impact distribution with respect to time and
whether or not life on Earth may have been stymied by impact events.
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Fig. 7. Relative probability plots of the lunar impact glass ages (top) and the asteroid meteorite
ages (bottom). There exist similarities and differences in the data sets, such as evidence for
impacts around 500 Ma and the lack of impacts in the Asteroid Belt around 2800 Ma.
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Summary: Sugars of extraterrestrial origin have been detected in the interstellar medium and
found in meteorites. This paper reports on the results of experiments wherein simple sugars
have been subjected to impacts, simulating the temperature, pressure and velocity regimes of
impacting comets, asteroids, or meteorites. Chemical changes in the sugars have occurred,
though it is unclear how the molecules are changing.
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Introduction
Detections of biologically-relevant compounds in molecular clouds have shown that they can
form easily in space, with subsequent delivery to Earth or other planets by comets,
meteorites, asteroids, and interplanetary dust particles. Almost 160 of these molecules have
been detected in situ by various investigators (compiled in Ref. 1), and others have modeled
how these materials are formed and incorporated into interstellar ice and grain mantles [e.g.,
2, 3, 4, 5, 6, 7, and 8] and comets [e.g., 9, 10, 11]. In addition, extraterrestrial fullerenes and
amino acids, thought to have survived the impacts that delivered them, have been found in
Cretaceous/Tertiary sediments [12, 13].
Meteorites are some of the most intensively studied of these extraterrestrial delivery vehicles,
and carbonaceous chondrites in particular are of special interest to studies of the origin of life
because these meteorites contain carbon-based compounds, such as amino acids [e.g., 14, 15]
and sugars [16, 17], two essential constituents of terrestrial organisms [e.g., 18].
Dihydroxyacetone, sugar acids, and sugar alcohols have been identified in the Murchison and
Murray meteorites [16, 17], and, based on comparisons to laboratory analyses of mass spectra
of simple sugars, similar compounds exist in Comet Halley [19]. While shock experiments
have already been carried out to investigate the effects of pressure and temperature on the
chemistry of amino acids [e.g., 20, 21] and polycyclic aromatic hydrocarbons (PAHs) [22,
23] with relevance to their delivery to Earth by comets and asteroids, to date, no experiments
regarding the impact delivery and preservation of sugars have been done.
Detections of Extraterrestrial Sugars
Glycolaldehyde (GLA), a simple sugar with two carbon atoms, was observed in the
Sagittarius (Sgr) B2(N) cloud (Fig. 1) with the 12-m Arizona Radio Observatory [24, 25, 26].
Though the initial observation of GLA was questioned, its presence was later confirmed [27].
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After the detection of GLA in this cloud, Hollis, Lovas and Jewell (Ref. 24) suggested that
GLA could be synthesized via the polymerization of formaldehyde, a complex molecule that
has been detected in this cloud as well as in other clouds and comets. They also suggested
that this reaction could occur on grain surfaces or in the gas phase. In later laboratory
experiments, it was shown that GLA is likely to form inside the bulk interiors of icy grain
mantles that undergo UV photoprocessing [e.g., 28, 29, 30]. These grains can be incorporated
into planetesimals in planet-forming systems and the subsequent delivery of this molecule by
comets and/or meteorites to Earth (and Earth-like planets) is not unlikely. Its presence in
space, while not ubiquitous, is an important clue for understanding the chemical routes that
can lead to the formation of other molecules, both simple and complex.
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Fig. 1: a) Structure of glycolaldehyde and the dimers that exist in solution. b) Radio image of
Sgr B2(N) from the Very Large Array (VLA) telescopes in Socorro, NM, showing the
abundance of H. The cloud is three light years across and temperatures range from 40 – 300
K. In this image, red indicates stronger radio emission and blue indicated weaker radio
emission. (Image Credit: NRAO/AUI; http://images.nrao.edu/55)
Beginning in 2001, analyses of the Murchison and Murray meteorites (Fig. 2) showed that
they contained a wide variety of organic compounds [16, 17]. The compounds identified
include terrestrial and non-terrestrial amino acids, sugar alcohols, sugar monoacids, sugar
diacids and deoxysugar acids (or “saccharinic” acids), as well as dihydroxyacetone (DHA),
the second–simplest sugar molecule with three carbon atoms.
In 2004, a search for DHA in Sgr B2(N) commenced [31], and it was assumed that its
abundance in the hot core of this interstellar molecular cloud may be comparable to the
abundance of glycolaldehyde [24, 25, 26]. Searches for DHA at submillimeter wavelengths,
however, resulted in mixed success: Widicus, Weaver and Blake [32] reported detecting nine
possible DHA emission lines in Sagittarius B2(N), while others [33] reported that no
plausible emission of DHA was detected at 97% of the frequencies, thereby suggesting that
dihydroxyacetone is actually less abundant than glycolaldehyde.
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Fig. 2: (L) The Murchison meteorite fall occurred on September 28, 1969 over Murchison,
Australia. Classified as a carbonaceous chondrite, type II (CM2), this meteorite is of possible
cometary origin due to its high water content (12%). More than 92 different amino acids
have been identified within the Murchison meteorite to date, including 19 that are found on
Earth. (R) The Murray meteorite is a carbonaceous chondrite that fell near Murray,
Kentucky, in 1950. As many as 70 different kinds of amino acids have been found in the
Murray meteorite. (Photo credits: Murchison: Chip Clark, Smithsonian Institution; Murray:
Linda Welzenbach, Smithsonian Institution)
Previous Impact Studies
Studies have shown that extreme temperatures (up to 40,000K) should be expected in highvelocity impacts and many scientists have thought that the extreme heat would cause a
complete disintegration of any organic molecules contained in the impacting object [34].
However, time and again, simulated impact experiments support the idea that significant
amounts of organic material can survive natural impact processes and that secondary material
can be formed during the high temperature and pressure of the impact event.
Amino acids
Experiments at the Johnson Space Center ballistic facility were conducted to study shock
impact effects on amino acids mixed with different types of meteorite powders (Allende and
Murchison). The amino acid mixtures were subjected to pressures ranging from 3.5 to 32
GPa. It was noted that this was a reasonable upper limit for understanding the shock behavior
of organic matter during early solar system bombardment. Results showed destruction of
parent amino acids, racemization of amino acids, and formation of secondary amino acids,
including alanine, β-alanine, and glycine [21].
Other experiments were performed to determine the feasibility of the delivery of organic
materials by comet impacts in the presence of water. Near-saturated aqueous solutions of five
different amino acids were subjected to impacting conditions. After each experiment, they
observed that a large fraction of the amino acids had survived. These experiments obtained
pressures ranging from 5.1 to 21 GPa, similar to pressures experienced by actual impacting
bodies. Peterson, Horz and Chang (Ref. 21) concluded that pressure has a greater influence
than temperature in determining reaction pathways in impact events. High pressures suppress
deamination, decarboxylation and other decomposition reactions, all of which are reaction

Proceedings from 11th Australian Space Science Conference, 2011 						

Page 119

pathways usually seen in high temperature conditions. Instead, higher molecular weight
compounds, including amino acid dipeptides, were formed [20].
Polycyclic aromatic hydrocarbons (PAHs)
Using flat plate experiments for PAH and silicate mineral mixtures, it has been shown that,
up to certain pressures, PAHs in both a hydrous and a non-hydrous mineral matrix survived,
unaffected by volatiles discharged from the hydrous minerals, or formed subsequent to the
impact event. Though pressures of approximately 30 GPa caused 95% of the starting PAHs
to degrade into soot-like material, Mimura and Toyama [23] reported that secondary PAHs
(analyzed by GC/MS) were produced at high pressures, depending on the molecular weight
of the product. They concluded that corresponding impact velocities would allow for the
survival of PAHs if Earth’s atmosphere or its oceans, both of which contribute to limiting
shock pressure, are taken into account. Moreover, PAHs may have survived in the ejecta
material, since this material generally suffers relatively low shock pressure [23].
Other Materials
Impacting different kinds of materials, either with projectiles or with laser pulses, has
provided insight about the structural integrity of composites, and about the survival rate of
microorganisms and biomolecules. In one study, microorganisms were fired at a target of
plasticene modeling clay at velocities ranging from 1-3 km/sec. It was found that the
microbes survived and could reproduce [39]. Similarly, laser shock waves were pulsed into
rocks embedded with microbes, with pressures ranging from 5-50 GPa [35]. In most of these
experiments, a high percentage of microbes survived; B. subtilis spores had a 60% survival
rate; D. radiodurans had a 75% survival rate; and Chroococcidiopsis (cyanobacteria) had a
67% survival rate [35, 39]. Finally, laboratory simulations of shocks created with a highenergy laser demonstrated that the efficacy of organic production depends on the molecular,
not just the elemental composition of the shocked gas [36]. In a methane-rich mixture that
simulates a low-temperature equilibrium mixture of cometary material, hydrogen cyanide and
acetylene were produced with yields of 5 × 1017 molecules per joule. Repeated shocking of
the methane-rich mixture produced amine groups, suggesting that the synthesis of amino
acids in cometary material is possible [36].
This Study
Here we describe a study that will focus on understanding how glycolaldehyde, one of the
simplest sugars, reacts under the extreme pressures and temperatures of simulated terrestrial
impact events [38]. Glycolaldehyde is reactive and can form various kinds of complex
organic compounds. It can react to form larger carbohydrates, such as ribose and glucose,
through sequential addition of formaldehyde (H2CO, whose protenated form, H2COH+, has
been detected toward the galactic center [37]). It may therefore be an important ingredient for
starting life on the early Earth. Its presence in space, while not ubiquitous, is an important
clue for understanding the chemical routes that can lead to the formation of other molecules,
both simple and complex.

Experimental Procedures
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Shock Experiments: All experiments were carried out at the NASA Ames Vertical Gun
Range (NASA AVGR). In February 2011, three experiments that were designed to determine
the potential for the survivability of simple sugars were conducted using the light-gas gun
facility at the NASA AVGR. A sample of neat GLA was impacted by an inert aluminum
spherical projectile (1/4” diameter) traveling at ~5 km/sec. Each sample was contained in its
own stainless steel and aluminum target assembly, in which a stainless steel plug was pressed
upon the sugar sample during impact by the projectile (Fig. 3).

Fig. 3: The target assembly, from left to right: aluminum sample holder, stainless steel plug
and stainless steel bottom. The disks are three inches in diamter, while the plug is one inch in
diameter. When the plug was loaded into the top aluminum disk, a well approximately 0.1cm
deep was created. The sugar samples were loaded in this well and the stainless steel bottom
disk was screwed onto the aluminum sample holder with stainless steel flat-head screws.
(Photo credit: NASA AVGR)

Silylation Procedure: Approximately 6 mg of sample was added to a small glass vial. The
sample was then dissolved in 2 mL of THF, using sonication to ensure complete dissolution.
BSTFA (N,O-bis(trimethylsilyl) trifluoroacetamide) was added to the vial and the vial was
sealed to prevent reactions with water and oxygen in the air. The vial was placed in a 55 °C
water bath for 35 minutes. It was removed from the water bath and left to cool to room
temperature. One mL of the sample was removed with a micropipette and added to a 2 mL
GCMS vial. Two µL of decane was added as an internal standard and then the sample was
analyzed using GC/MS.
Gas Chromatography/Mass Spectrometry Analysis: An HP 6890 GC coupled to a HP 5973
MS equipped with a HP-5MS column (non polar, 5% phenyl-dimethlpolysiloxane) was used
for analysis. The column temperature was set at 50 °C and held for 10 minutes and then
ramped at 10°C/minute until it reached 250°C and then held for 15 min.

Results and Discussion
In order to understand GLA in its natural state and to optimize the reaction conditions,
several samples of unshocked GLA were analyzed with GC/MS. These experiments were
designed to serve as controls to establish baseline reactivity and to assess the analytical
capabilities of the available instrumentation. It was found that analysis of the compounds was
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very difficult without derivatizing the samples as trimethylsilyl ethers. Silylation of the
samples had several benefits. First, the derivatization reactions “lock” the compounds and
greatly decrease the rate of further reactions. Second, silylation increased the detection limit,
allowing very small amounts of the shocked samples (less than 10 mg) to be analyzed.
In solution, GLA exists predominantly as a dimer in a mixture of five and six-membered
cyclic molecules. After silylation, the different dimers can easily be distinguished by analysis
of the mass spectra [39]. Under the conditions of the experiments described, three peaks can
be seen in the GC of the unshocked glycolaldehyde corresponding to the mono- and disilylated six-membered ring dimers and the disilylated five-membered ring dimer (Fig. 4a
shows the GC of the unshocked GLA).
Samples of solid GLA were then subjected to the impact conditions at the NASA AVGR.
The GLA samples were recovered from the target assembly after impact, and it was seen that
there was little visible change in the color or appearance of the GLA samples. Temperature
tape on the target assemblies indicated that there was no measureable increase in temperature
after the impact of the projectile. Based on these observations, and comparison to later
experiments (to be published separately), we estimate that the samples experienced pressures
of less than 5 GPa. See Table 1 for a summary of the conditions of the experiments.
Table 1: Experimental parameters of GLA experiments conducted at the NASA AVGR.

Approximate mass
of sugar in target
(mg)
Velocity (km/sec)

GLA2

GLA3

GLA4

87.7

44.5

40.2

5.49

5.3

5.37

When the targets were opened after the shock experiment, samples were taken from different
areas of the target assembly and analyzed separately. For sample 2 (GLA2), three different
regions were sampled: sample from the top of the target assembly, sample from the bottom of
the target assembly, and material that was recovered from the edges of the sample.
The unshocked GLA (Fig. 4a) has three peaks corresponding to the mono- and disilylated
six-membered-ring dimers of GLA (17.7 and 19.1 min respectively) and the disilylated fivemembered-ring dimer (19.2 minutes) [39]. Fig. 4b-d shows the GC traces of the three
silylated samples recovered from GLA2, with an unshocked sample of GLA shown for
comparison. The samples recovered from the top and the bottom of the target are mostly
unreacted GLA as evidenced by peaks that correspond to the unshocked GLA (17.7, 19.1 and
19.2 minutes). However, when the spectra are expanded (see inserts on Fig. 4b and 4c),
several new peaks can be seen. An additional peak at 18.5 minutes can also be seen on the
top sample. Analysis of the mass spectra suggests that trimethylsilyl groups are present in the
new compounds, and structural identification of the newly created compounds is currently in
progress.
The largest change can be seen in the material recovered from the margins of the target
assembly. It is thought that this is the area that experienced the greatest heat and pressure
changes. The appearance of the sample recovered from this area ranged from light tan to
white in color. The GC of the material recovered from the margins shows the appearance of
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several new compounds at retention times of 19.5, 20.3, 21.5 and a broad peak between 22.5
and 23.5 minutes.
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Fig. 4: Stacked plots of the GCs of GLA, sample #2. a) Unshocked GLA. b) GLA2 recovered
from the top of the target after opening; c) GLA2 recovered from the bottom of the target
after opening; and d) GLA2 in ejecta recovered from the target area. In b and c, inserts show
the expanded GC spectra from 21 to 26 minutes.
A summary of the results of all of the experiments can be seen in Table 2. In several of the
shocked samples, peaks are showing up at the same retention times. This suggests that the
same compounds are being produced in all of the samples.
Table 2: Summary of results from the different shocked GLA samples. Where the sample was
recovered is noted in parentheses.
Retention Time (min)
18.47
21.33
21.49 22.5-23.4 26.59
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In order to see if any of the new peaks corresponded to known sugars or other possible
decomposition compounds, a library of silylated compounds including tetroses (4-C sugars),
pentoses (5-C sugars) and hexoses (6-C sugars) was created. The retention times and mass
spectra of the known compounds were determined and compared to the new peaks that
appeared in the shocked samples. None of the retention times or mass spectra from these
silylated compounds matched those found for the new compounds in the GC/MS spectra of
the shocked sugars.
Shown in Fig. 5b is the GC spectrum of GLA3, taken from the center of the impacted target.
This sample shows a large number of new peaks in addition to the peaks from the five- and
six-membered ring dimers. Fig. 5c shows the spectrum of silylated threose, a simple fourcarbon sugar. The two peaks arise from the alpha- and beta-anomers of the cyclic
threofuranose that exist in solution. The retention time of the threose is several minutes later
than the new peaks that appear in the shocked GLA3 sample. Because retention times in GC
spectra are proportional to boiling points, it is inferred that the new compounds have molar
masses comparable with the starting GLA, or have fewer polar groups such as hydroxy (OH)
or ether linkages. Further work with infrared spectroscopy and nuclear magnetic resonance is
currently underway to test these hypotheses.
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Fig. 5: Stacked plots of the GCs of GLA3. a) unshocked silylated GLA; b) shocked silylated
GLA3 from the center of the plug; c) silylated threose, a 4-carbon sugar.

Conclusions
These experiments have shown that simple sugars can change at some level during an impact,
though further studies are needed to better understand the chemical structure of the new
compounds. The delivery, preservation, and/or formation of these simple and complex
compounds is exciting in the context of the origin of life. If we can better understand how
organic molecules are affected during their delivery to Earth (or other planetary bodies), we
might be able to better understand their role in the origin of life, or in the case of these
molecules, their role in forming more complex molecules required for life.
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Summary: We explore the origin of a ∼280 m wide, heavily eroded circular depression
in Palm Valley, Northern Territory, Australia using gravity, morphological, and mineralogical
data collected from a field survey in September 2009. From the analysis of the survey, we
debate probable formation processes, namely erosion and impact, as no evidence of volcanism
is found in the region or reported in the literature. We argue that the depression was not formed
by erosion and consider an impact origin, although we acknowledge that diagnostics required
to identify it as such (e.g. meteorite fragments, shatter cones, shocked quartz) are lacking,
leaving the formation process uncertain. We encourage further discussion of the depression’s
origin and stress a need to develop recognition criteria that can help identify small, ancient
impact craters. We also encourage systematic searches for impact craters in Central Australia
as it is probable that many more remain to be discovered.
Keywords:

Putative impact craters, Central Australia

Introduction
Unusual circular depressions can result from a number of geologic processes, including
volcanism, erosion/collapse, and impact cratering. The identification of those formed by
impacts is useful in providing data necessary to constrain models of impact physics, rock
and debris mechanics, crater population distributions, and estimates of the meteoroid influx
[1][2][3], especially regarding smaller meteoroids (< 20 m) [4]. The ancient, arid deserts of
Central Australia, being Mesozoic or greater in age [5][6], provide good conditions for the
preservation of impact structures. Of the 28 confirmed craters in Australia to date, with an
additional 14 probable or proposed structures awaiting confirmation [7][8][9], only five are
located in the Central Australian region (Gosse’s Bluff, Henbury, Boxhole, Kelly West, and
Amelia Creek). Of these five, only two have ages < 140 Ma (Boxhole and Henbury), both of
which are only a few thousand years old [7]. Current estimates of the meteoroid influx rate
[10] suggest more craters remain to be discovered in Central Australia.
Publicly accessible high-resolution mapping technology, such as Google Earth, is making
the search for these craters substantially easier. But it is difficult to discriminate between
circular features that are formed by terrestrial processes and those formed by impacts using
satellite imagery alone. To identify an impact origin, French and Koeberl [11] provide a useful
treatise on the convincing and unconvincing evidence for impact structures. They list eight
Class A diagnostic indicators that are formed only from impact events (such as meteorites,
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Table 1: Shock-produced deformation effects: diagnostic (Class A) and non-diagnostic
(Class B) indicators, taken from French & Koeberl [11].
Class A (Diagnostic) Indicators
Preserved meteorite fragments
Chemical and isotopic projectile signatures
Shatter cones
High-pressure (diaplectic) mineral glasses
High-pressure mineral phases
High-temperature glasses and melts
Planar fractures (PFs) in quartz
Planar deformation features (PDFs) in quartz

Class B (non-Diagnostic) Indicators
Circular morphology
Circular structural deformation
Circular geophysical anomalies
Fracturing and brecciation
Kink banding in micas
Mosaicism in crystals
Pseudotachylite/breccias
Igneous rocks and glasses
Spherules and microspherules
Other problematic criteria

Fig. 1: A Google Maps image (2009) of the Palm Valley depression, showing its location in
the Northern Territory. The white arrow indicates the outflow channel to the southeast.

shatter cones, and shocked quartz) and ten Class B non-diagnostic indicators that are caused
by impact events as well as other geologic processes (Table 1).
It is difficult to identify diagnostic criteria for small (D < 500 m) impact structures, as
diagnostics such as shocked quartz, high pressure melt, and shatter cones require a minimum
pressure that is not generally achieved, whilst other diagnostics, such as meteorite fragments
and ejecta, may be destroyed, degraded, or obscured by erosion, particularly for older impacts.
This paper presents results of a preliminary field survey that explores the origins of a small
∼280 m wide depression (24◦ 03 05 S, 132◦ 42 33 E, Fig. 1) located in Palm Valley,
Northern Territory, Australia identified using Google Earth. This study utilises the French and
Koeberl criteria for diagnosing impact craters but emphasises the need to identify convincing
criteria for small, eroded craters.
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I. Geologic History of Palm Valley
Palm Valley lies ∼125 km southwest of Alice Springs in the Krichauff Ranges within the
Finke Gorge National Park, 13 km southwest of Hermannsburg. The region is dominated by
an extensive outcropping of Devonian Hermannsburg Sandstone, a major unit of the Pertnjara
Group. The Pertnjara Group is the youngest depositional section of the Amadeus Basin, an
extensive intracratonic sedimentary basin of Neoproterozoic to Palaeozoic age extending over
Central Australia, covering an area of ∼170,000 km2 [12].
The Hermannsburg Sandstone is indurated, poorly sorted lithic-felspathic quartz sandstone
with Wentworth grain sizes ranging from fine (125-250 µm) to very course (1-2 mm) that is
deposited in fining upward cycles to a thickness of 1.3 km. At outcroppings, cream calcrete
capping can be commonly observed, as well as joint/fracture lines with calcrete joint infilling.
Iron staining is also a predominant feature of this unit, giving it a characteristic red to
brown colour [13][14]. Deposition of Hermannsburg Sandstone began in the Middle to Upper
Devonian during the Pertnjara Movement event and continued until the Late Devonian Alice
Springs Orogeny. This coincides with broad folding of the entire sequence and the start of
deposition of the overlying Brewer Conglomerate. The depositional environment is thought
to be that of an extensive braid-plain river system, inferred using composition, grain size, and
lack of siltstone lens as evidence [15]. Furthermore, the lack of coarse scale detritus indicates
low relief and/or distant source rock.
Palm Valley lies in the Finke Gorge system, part of the ephemeral Finke River. The antiquity
of the river is argued to range from 300-400 Ma on the basis of deeply incised meanders
[16]. These meanders form only on moderately level plains, suggesting they predate the uplift
on the James Ranges, which are associated with the Alice Springs orogeny. However, large
portions of the southern section of the river were inundated by an inland sea during the
Mesozoic and so are certainly younger [17]. In either case projected erosion rates for the
river system are extraordinarily low.

II. Site Survey
A geophysical and topographical survey of the depression was conducted on 8-9 September
2009. The depression’s floor was topographically mapped and gravity and magnetic data were
collected. Unfortunately, the contrast in magnetic susceptibility between the sedimentary infill
and the sandstone was insufficient to provide a significant response, so the results of the
magnetics will not be discussed further. The gravity and topography surveys were conducted
on a grid with an origin point peg (0, 0) at 24◦ 03 5.0 S, 132◦ 42 33 E with a baseline
established in a 230◦ SW/50◦ NE orientation from the origin point with a spacing of 20 m
between points. From each point in the baseline, five points in a 320◦ NW orientation and one
in a 140◦ SE orientation were established with a 20 m line spacing to complete the total grid.
The final grid was 80 m by 120 m with a total of 30 grid points, which covered a majority of
the depressions floor (see Fig. 2) but did not encompass the entire feature or extend beyond
the rim at any location, given our time constraints.
The gravity data were acquired using a Scintrex CG-3 gravitometer with base station
readings made every hour to correct for instrument drift. Drift, latitude, free air and Bouguer
corrections were performed on the data using the dumpy-level topography for the free air and
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Bouguer corrections. For the latter correction, we used a Bouguer density of 2400 kg m−3 .
Modelling of the geophysical data was performed with the Encom software ModelVision 8.0,
with the variable density structures discussed in Section IV.
A geological survey, including fault mapping, was performed on the depression’s walls. 15
strike and dip measurements (SD) were made along the depression’s edge and rock samples
(SV) were obtained at seven localities on the depression’s outer edge, all of which are marked
in Fig. 2. Measurements taken were predominantly of the numerous near-vertical fractures
found along the top of the depression edge, as well as the bedding planes of the sandstone
unit hosting the depression.

Fig. 2: Map of the depression’s floor showing grid points from which gravity data were
taken and points on the depression’s edge from which strike and dip measurements and rock
samples were taken. Image taken from Google Earth. North is to the top.
The rock samples obtained were cut and polished into thin sections and examined for
evidence of shocked quartz, as discussed in Section V. A cursory naked eye search of the
area did not reveal any shatter cones near the wall’s edge, although none were expected for
a crater of this size. No obvious meteorite fragments were visible, although we did not use
a metal detector or other equipment to search the area.

III. Morphology
In terms of morphology, impact craters are generally divided into two categories: simple
and complex, with simple craters (D < 3.2 km) exhibiting a distinct bowl-shape with a high
depth-to-diameter ratio (∼1:5), while complex craters (D > 3.2 km) exhibit a considerably
flatter basin and feature a central uplift, with a much lower depth-to-diameter ratio (∼10:1
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or more) [18][10]. With a diameter of ∼280 m, an impact origin would classify the Palm
Valley depression as a simple crater.
The Palm Valley depression exhibits a large, steep semicircular escarpment on the north
side and a shallow wall on the south side with an outflow channel that has excised the
depression’s wall on the southeast corner. No corresponding inflow channel exists, which
indicates the outflow channel was formed from the drainage of water during rainfall events.
This is supported by the depression’s topographical relief, which slopes towards this outflow
channel (more recent Google Maps images after a wetter-than-normal season more clearly
show the water outflow channel). A large number of planar cracks and foliations are observed
on the depression’s wall, tangential to the strike of scarp, dipping near vertical (e.g. Fig. 3).
The depression appears to be heavily eroded, with the outer wall exhibiting large variations
in relief (> 40 m) ascribed to differential erosion.
The height of the wall is lower on the southern side and the circularity of the depression is
broken by the large slumping of rock to the east. This has not been transported, suggesting
the products of collapse are ineffectively removed. Additionally, the outflow channel is small,
resulting in difficulties in mass transport models of eroded material. The existing Finke Gorge
system demonstrates similar erosional features to those of the Palm Valley depression in terms
of ultimate relief and rim or bank slope. However, no inflow channel is observed and the
northern side of the depression reveals an otherwise steeply sided wall. The depression is
also uniquely circular in symmetry, which is distinct from other erosional escarpments in the
Finke Gorge system.

Fig. 3: A steeply dipping planar crack on the depression’s edge, orientated tangential to
trend of scarp.
An erosional origin to this depression may be argued largely from its location in an existing
gorge system and the similarities in slope and height in the steep-sided depression’s walls with
those of the adjoining gorge system. On the other hand, the single outflow channel, sloping
relief towards this channel, the apparent lack of buried fluvial channels, and the sub-parallel
tangential fractures observed on the rim of the depression argue against an erosional origin.
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In summation, the symmetrical circular, bowl-shaped morphology of the depression with
a single outflow channel and no corresponding inflow channel is consistent with a meteorite
impact. However, Class A diagnostic criteria are lacking. No meteorite fragments were recovered and no shatter cones were observed near the depression’s edge. If the depression were
the result of an impact, its morphology suggests the well-defined northern wall indicates the
direction of the ejecta is to the north. No ejecta blanket is observed, although a northerly
blanket would be scoured by the Palm Valley gorge system. Additionally, there is also no
clearly defined uplift on the edge of the depression, indicative of a crater rim.

IV. Gravity
We produce a number of data-free profiles of generic structures in order to compare to their
modelled responses with those observed from the surveyed lines. The two most probable
formation mechanisms for the depression are either erosional or impact (no evidence of
volcanism is found in the region and none is reported in the literature). Both processes have
fairly different implications for subsurface structure and gravity response of the depressions
floor. To accomplish this, we model gravity responses of the subsurface structure for a generic
buried fluvial channel, a section across a generic buried oxbow lake, and simulated simple
impact craters, with both 2 and 4 layers (Fig. 4). It should be noted that these profiles are not
systematic, but rather indicative of the response of these subsurface structures for the given
density contrasts.

Fig. 4: Generic profiles and associated responses (blue line) of (A) 2-layer simple crater,
(B) 4-layer simple crater, (C) fluvial channel, and (D) oxbow lake.
Subsurface modelling of Bouguer anomaly data was undertaken on Lines 2, 3 and 4,
the latter of which can be seen in Fig. 5. Initially, a two-layer model of the subsurface
was attempted, comprising a basement layer of sandstone (ρ = 2400 kg m−3 ) overlain by a
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sediment layer (ρ = 1600-1700 kg m−3 ) with a thickness ranging from 1 to 12 m. Although the
modelled response fits the observed response reasonably well, the density of the sandstone and
sediments is somewhat low since a fractured intermediate sandstone layer was not included. As
a result, a third layer was added to the model, primarily representing breccia infill (assuming
an impact origin), with a density of 2250 kg m−3 and an average thickness of roughly 5−10 m,
formed when the walls of the hypothetical transient crater collapsed and came to rest between
the two modelled layers. The newly modelled responses fit the observed responses with a
high degree of accuracy and the structure conforms more closely to the expected structure of
a simple impact crater than an oxbow lake or fluvial channel. However, the layer of breccia
fill added to the models could also be from processes not associated with the collapse of the
transient crater wall, such as general fill from its surroundings over long periods of time.

Fig. 5: Subsurface profile of Line 4 utilising Bouguer anomaly data, modelled with 3 layers
(with D being the rock density). Shown are the reduced data (black lines), the modelled
profile (blue), and the regional response (pink). Profiles from other lines, in both 2 and 3
layers, show a similar trend.
One plausible explanation of the Palm Valley depression is erosion and/or collapse. Such
a process would be expected given the deeply dissected and eroded terrain of the region. An
erosional origin of the Palm Valley depression implies a deep, buried fluvial channel proximal
to the depression’s wall. Given its circular shape, this channel should have been apparent twice
on a transecting gravity profile, representing both an inflow and outflow channel. However,
the response expected from a buried channel is not seen (Fig. 5).
No volcanics were observed near the depression and none are reported from the region in
the literature. Additionally, the gravity response in Fig. 5 precludes the presence of volcanics
at depth.
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V. Mineralogy
The presence of planar fractures (PFs) or planar deformation features (PDFs) in quartz
grains could prove an impact origin. However, at ∼280 m in diameter, the average peak
pressure at the rim resulting from an impact should not have exceeded 7.5 GPa, the limit
required for the formation of PDFs [18]. Non-linearities in the propagation of the shock front
could have lead to focussed stress at the grain scale, and thus shock deformation features
could be found in a very small number of grains where, locally, the grain-scale pressure
exceeded 7.5 GPa. Low-level shock waves (possibly < 5 GPa, but definitely < 10 GPa) can
form PFs in a small percentage of grains, but these features are not ubiquitous.
Microscopic analysis of the thin sections shows the rock consists predominantly of quartz
(∼45%) and plagioclase feldspar (∼38%) mineral grains, ∼2-3% microcline, and the remainder consisting of opaque minerals, in particular hematite. Although individual grains are
well rounded, the rock is poorly sorted, with sizes ranging from 10-200 µm. Iron staining of
mineral grains is readily observable under plain polarised light as an orange to red halo around
individual grains, giving the rock a red to red-brown hue when viewed macroscopically. Out
of seven thin sections, four quartz grains revealed fracture features (Fig. 6) that appear subparallel, regular, and planar. These are unlikely to be Boehm lamellae as the porosity of the
rock is quite high, precluded the high-strain tectonism generally associated with such features,
and the unit is tectonically undeformed, situated in a stable shield.

Fig. 6: Fracture features found in quartz grains, shown in cross-polarised light. These
images show truncation of the fractures by the cement, suggesting they may be older than
the cement and not related to this impact. The grains (∼0.5 mm in width) were taken from
PV1 (A) and PV2 (B). See Fig. 2 for PV locations.
The thin sections do not show PDFs and the fracture features could have been formed by
terrestrial processes, such as cracking during diagenesis. Radiating fractures from a local focus
of pressure (e.g. adjacent grain boundary) are observed, which are reminiscent of concussion
fractures produced by low-pressure shock waves [11]. Concussion fractures have been used to
support an impact origin in other structures [19][20][21] but are not in themselves a diagnostic.
However, the fracture features terminate at the grain boundaries and do not cross into the
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cement overgrowths, indicating the cement post-dates the fractures. This suggests the fractures
are a feature of the original rock that contained the quartz. Inclusions are also abundant in
the rounded interiors of the grains and are absent in the clear overgrowths. Therefore, it is
unlikely that these fractures are related to this impact.
No evidence of melt is found in the thin sections and none is expected given the small size
of the depression.

VI. Age Estimate
Given the low erosion rate of the Finke River system, the heavily eroded nature of the
depression suggests that if it is of impact origin, it is quite old. It is difficult to constrain the
depressions age with certainty, as the average erosion rate over the lifetime of the river system
has probably varied significantly, and is currently very low. The deeply incised meanders of
the Finke River system would have been created at a time of significant regional uplift.
Fission track data [22] date the last significant uplift in the Amadeus Basin region to between
150-450 Ma. Assuming the Palm Valley Gorge system, with typical relief of ∼60 m, has
conservatively eroded over a 150-450 Myr time period, the erosion rate would be between
0.13-0.40 m Myr−1 . Assuming the depression is a crater, a scaling relationship between the
rim height relative to the level of the surrounding plains (hrim ) and the crater diameter (D),
in meters [18], is given as
hrim = 0.036 D1.014

(1)

With an approximate diameter of 280 m, hrim is approximately 11 m. Given the differential
erosion of the rim (non-existent at the southern outflow, to almost uneroded to the north,
which drops sharply to a gorge), calculating the average amount of erosion on the rim is
again difficult. If we assume the southern (completely eroded) rim has eroded down from
11 m elevation, the estimated erosion rates provide an age of 27-85 Ma. This sort of estimate
is obviously fraught with enormous uncertainties, and until exposure ages are calculated, the
age may date from 10 to 100 Ma or more.

VII. Discussion
An erosional origin of the depression is argued against based on its morphology and the
gravity data. However, we recognise that no Class A diagnostic indicators are found. Shatter
cones, PDFs, and high pressure glass or melt are not expected given the depression’s small
size. Although radiating fractures from local foci of pressure are observed in the quartz
grains (similar to concussion fractures produced by low-pressure shock waves), they are not
considered shocked quartz and are insufficient as a diagnostic.
With the exception of meteorite fragments, most of the diagnostics required to identify
impact structures [11] are biased toward larger impacts (D > 500 m). Applying these same
diagnostic criteria to smaller impacts, especially those that are quite old, is inadequate. Very
small craters (D < 300 m), which should outnumber larger impacts, are generally unable to
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produce most diagnostic indicators (e.g. shatter cones, shocked quartz, high pressure glass
or melt, etc), relying almost solely on the presence of meteorite fragments to confirm an
impact origin. For example, shatter cones at Wolfe Creek crater (D ≈ 880 m) are rare [23]
and none were found at Henbury (150 m), Dalgaranga (20 m), Boxhole (170 m), Veevers
(80 m), or the probable Hickman crater (270 m). Additionally, the energy from smaller impacts
is generally insufficient to produce PDFs in shocked grains. None were found at Henbury,
Boxhole, Veevers, Dalgaranga, or Hickman and were rare (∼2-3%) in samples from Wolfe
Creek [23].
The single diagnostic concluding an impact origin for Boxhole, Dalgaranga, Henbury,
and Veevers is the presence of meteorite fragments, which exist primarily because of their
geologically young ages (< 0.5 Ma) [24][25]. For older craters (> 0.5 Ma), meteorite
fragments would have mostly or completely eroded away leaving no other diagnostics.
These limited diagnostics highlight a need for developing recognition criteria to help
identify small, ancient impact craters where Class A indicators would either not have been
present due to their small size or would have been erased by the passage of time. We
also encourage systematic searches for impact structures in Central Australia, as our current
knowledge of the meteoroid influx rate combined with the relatively low number of confirmed
impact structures and the antiquity of the Central Australian landscape suggests many more
craters remain to be discovered.

VIII. Conclusion
Morphological, geophysical, and mineralogical data from a survey suggests the Palm Valley
depression was not formed by erosional processes. The authors consider an impact origin as
a preferred explanation. The lack of diagnostics preclude a positive identification as a crater,
although its small size and antiquity may be the reason behind this. We encourage further
discussion about the depression’s origins and the development of diagnostic indicators for
small, eroded craters in general.
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Summary: The TIGER HF radars operated by La Trobe University detect backscatter
from dynamic structures in the ionosphere as well as ground and sea scatter via ionospheric
reflection. They are part of an international network of HF radars known as SuperDARN. The
next generation of the TIGER radar is currently under development by the Department of
Electronic Engineering at La Trobe and will be operational in mid 2012. The radar features
numerous technological advancements, including superior signal to noise ratio of up to 60
dB providing increased radar range, an extended azimuthal field of view, and great flexibility
in the signal processing. The radar is the first of its kind within the research community,
being an all digital system based around a FPGA. This paper provides an overview of the
new radar architecture, highlights some of the capabilities and discusses a novel concept in
which the transmit and receive path phase delays of each transceiver are measured and then
compensated to within 0.1◦ of accuracy using an efficient algorithm within the FPGA. The
calibration process ensures correct beam-forming and enables the TIGER radar to determine
backscatter angle of arrival more accurately without dependance on the virtual height models,
representing a significant advancement over existing radars.
In this paper, a technique is presented where ground scatter data over a range of frequencies
from 8 to 18 MHz is analysed in real-time to determine the MUF for any ground range. With
accurate and reliable angle of arrival measurements it will be possible to calculate the vertical
critical frequency or foF2 at a large number of points within the radar field of view. With the
enhanced field of view, a single radar of this type has the potential to provide the same data
as a regional group of ionosondes for the determination of foF2, a key ionospheric parameter.
Additionaly, the new generation of TIGER radars will provide a high degree of logistical and
operational flexibility being able to operate over sea as well as land.
Keywords: HF radar, maximum usable frequency, vertical critical frequency, phase calibration, SuperDARN

I. Introduction
Space weather is concerned with variations in the near-earth environment, particularly
changes in solar wind conditions, and its effects on the ionosphere, magnetosphere and
geomagnetic field. Space weather impacts on many terrestrial activities including HF communications, GPS navigation, aeromagnetic surveys, the operation of power stations, long
distance pipelines, as well as satellite and space operations[15]. Real-time monitoring of
space weather conditions, and the response of the ionosphere and geomagnetic field, is of
critical importance to these industries.
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Real-time monitoring of ionospheric conditions is of particular importance to HF communications. Critical users of HF communications include defence, commercial airlines, the
SES (State Emergency Service), ACMA (Australian Communications and Media Authority) and Maritime fleets. The ionosphere is also an integral part of the strongly coupled
ionosphere/magnetosphere/solar-wind system. Conditions in the ionosphere can vary greatly
with changing space-weather conditions, over short time scales of just a few minutes up to
the longer time scales associated with the eleven year solar cycle.
A key ionospheric parameter of interest to HF communicators is the Maximum Usable
Frequency (MUF) associated with a particular HF circuit. The MUF is the maximum frequency supported by the ionosphere for an oblique propagation circuit associated with a
particular ground range and geographic location. Closely related to the MUF is the vertical
critical frequency for the F2-region, or foF2, which is the maximum frequency of vertically
incident radio signals reflected by the ionosphere at a particular geographic location. The
foF2 parameter is used in the fitting of historical averaged maps of ionospheric data to current
conditions. It is also a key parameter of interest in ionospheric research.
A network of ionosondes across the Australasian region are currently used to measure foF2
in real-time. Historical ionospheric maps and propagation models are then used to determine
MUFs for particular HF circuits[25]. Geographical coverage of foF2 data is limited by the
number of ionosondes operating within a given area. Over many regions of Australia and over
the oceans, geographical foF2 coverage is quite sparse, requiring a high degree of interpolation
in the use of foF2 data. Due to the spatial variation of ionospheric conditions this can lead
to significant errors.
In this paper we describe a technique which has been developed using the existing TIGER
HF radars (Tasman International Geospace Environment Radars) to determine MUF and foF2
values in real-time over the radar field of view. The new generation of digital radars currently
under development will be ideally suited to furthering this new technique.
The paper is structured in the following order. Section II provides a brief overview of SuperDARN (Super Dual Auroral Radar Network) and highlights several key scientific challenges
which the network aims to explore. In Section III a thorough overview of TIGER-3 is provided
in five subsections (A-E), covering antenna and matching, field of view, transceiver, field
programmable gate array and angle of arrival determination. In Section IV methods for the
determination of MUF and foF2 using SuperDARN are presented, followed by experimental
results in Section V. In Section VI the possibilities of TIGER in the near future are explored.
Section VII concludes the paper and acknowledges all relevant parties.

II. SuperDARN
SuperDARN is a global network of similar HF radars used to study the effects of space
weather on the Earth’s upper atmosphere and magnetosphere. SuperDARN covers a vast
amount of the high latitude ionosphere and has, in recent years, expanded to cover a large
portion of mid-latitudes in the northern hemisphere. The latest report shows that there is
a total of 27 coherent HF radars, 18 in the northern hemisphere and 9 in the southern
hemisphere, operated by more than a dozen countries [16]. Furthermore, funding has been
approved for the development of several new radars in Russia, China, USA and Australia.
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TIGER is the Australian consortium within SuperDARN which presently operates two radars,
located in Bruny Island, Tasmania and Invercargill, New Zealand [7]. The New Zealand radar
is also known as the Unwin radar. SuperDARN provides vital information for the study of
complex processes which occur in the Earth’s magnetosphere, ionosphere and atmosphere.
The fundamental radar functionality has been described in numerous papers [3, 12, 11]. In
summary, HF radio waves undergo coherent backscatter from field aligned decameter-scale
irregularities when the orthogonality condition with the Earth’s magnetic field is achieved. A
small amount of this backscatter is detected by the radar receivers [3]. At F region heights, the
Doppler shift of the backscattered signal measured by the radar is directly related to the plasma
convection velocity and the ionospheric electric field [27]. The radars typically operate in
pairs as fixed frequency sounders, generally operating in the 8-18 MHz band. Their locations
are strategically chosen so that individual radiation footprints overlap a common area. This
characteristic allows Doppler information found in the backscattered signals to be combined,
producing two dimensional maps of plasma convection and convection electric fields [11].
The radars also provide ground scatter returns, for which the Doppler shifts yield sensitive
information on motions in the ionosphere or at the ground reflection point, for example, sea
state conditions.
The primary data products of the SuperDARN radars are the power (signal to noise ratio),
line-of-sight velocity calculated from the Doppler shift between transmitted and received
signals and the Doppler shift spectral width of the received backscatter [3]. Backscatter
originating from the ionosphere is differentiated from ground backscatter by analysing the
Doppler velocity and spectral width.
The current SuperDARN radars make use of a linear array of 16 horizontally polarised
antennas to create a narrow, steerable beam enabling effective power utilisation. The beam is
steered approximately (±)26◦ of the boresite in steps of approximately 3◦ giving a large field
of view. The radar is pulsed, using the same antennas to both transmit and receive. The main
array uses both transmit and receive capabilities while an auxiliary array of 4 antennas situated
approximately 100m behind the main array, receives only. The auxiliary array facilitates
calculation of the echo elevation angle. A multi-pulse sounding sequence is employed to
unambiguously determine the range and Doppler velocity of the ionospheric irregularities
out to ranges in excess of 3000 km [22]. All SuperDARN radars operate continuously using
a variety of sounding modes. While minor hardware differences exist between the various
radars, each is controlled with a common set of software that produces identical data products.
This in turn enables simple analysis of data obtained from the entire SuperDARN network.
The primary goal of this paper is to present the novel capabilities of the next generation of
Over The Horizon (OTH) radar and how this will assist in calculating foF2. The large area of
coverage that can be possible with the new generation of TIGER radars potentially provides
a cost effective alternative to ionosondes for the determination of foF2, a key ionospheric
parameter. The increased azimuthal field of view and extra range, along with reliable angle-ofarrival measurements make their use for the determination of MUF and foF2 by the techniques
described in this paper particularly attractive.
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III. Buckland Park Radar - TIGER-3
In the last decade SuperDARN has been enhanced with numerous technological innovations
in both hardware and software. Following the success of Bruny, the first mid-latitude radar,
the Wallops Island radar was constructed in mid 2005 and featured two notable innovations.
It utilised a new phasing matrix that allowed the radar to steer the main beam in directions
outside the nominal field of view, but with a corresponding degradation of signal to noise
ratio. The second innovation was that the Wallops radar made use of a Twin-Terminated
Folded Dipole (TTFD) antenna with a corner reflector, rather than the log-periodic antennas
that were employed in previous radars within the network. The new antenna greatly reduced
the hardware installation cost and significantly improved the radiation directivity across the
utilised frequency band.
The Kodiak Island radar, operated by University of Alaska Fairbanks, was upgraded with
a new digital receiver system in May 2008. Each antenna in the radar array was then treated
as an independent sensor, rather than treating the entire array as a single sensor. The new
receiver system also allowed for the detection of echo signals along another 19 unique baseline
separations beside the existing 16. Along with the digital receivers, a digital up converter
system was installed allowing transmit beams to be broadened which in turn illuminated a
larger azimuth. With the above enhancements radar images produced were of significantly
higher resolution than those from standard beam-forming techniques [20].
Although the TIGER consortium has operated the Bruny Island and Unwin radars since
1999 and 2004 respectively, the majority of the hardware and software was based on the
original Co-operative UK Twin Auroral Sounding System (CUTLASS) designs by the University of Leicester. For the past decade, the Department of Electronic Engineering at La
Trobe University has been involved in various proof of concept designs for an all digital
radar [26, 19]. In 2008 La Trobe University, the University of Newcastle and the University
of Adelaide were the recipients of Australian Research Council Linkeage Infrastructure,
Equipment and Facilities (ARC LIEF) grant which has enabled the development of the next
generation of over the horizon radar, TIGER-3. The radar will be located at the Buckland Park
Field Station & Observatory near Adelaide (34.4◦ S, 138.3◦ E geographic). This will be an
important addition to covering the mid-latitudes in the southern hemisphere with SuperDARN
OTH radars, complementing existing mid-latitude radars in the Northern Hemisphere. The
radar will feature many novel developments, some of which are briefly discussed in the
following subsections.

A. Antenna and matching
TIGER-3 will utilise an array of TTFD antennas, spaced at 14m, which have been further
optimised since the initial Wallops design. A thorough analysis and description of the antenna
is given in [6]. The TTFD has a nominal impedance of 1800Ω which varies significantly in
both the real and imaginary domain across the desired HF band but also across the array,
particularly at the ends of the array. Traditionally, a toroidal transformer has been used for
antenna matching. However, the toroidal transformer incurs a significant power transfer loss,
and is not very effective at matching the imaginary impedance component of the antenna.
For this reason, unlike its predecessors, TIGER-3 does not use a toroid based transformer.
A custom designed LC matching network has been designed which offers more flexibility,
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plus the ability to match each antenna individually for optimum performance. Furthermore,
the antenna system impedance does not need to be a n2 multiple of 50Ω as is the case with a
matching transformer, and hence the antennas have been optimised to a nominal impedance
that minimises the voltage standing wave ratio variation across the band. More details can
be found in [5]. The TIGER-3 antenna array layout has been altered (see Figure 1) from the
standard SuperDARN radars (Figure 2)in order to assist with Angle of Arrival determination
and phase compensation which are discussed below.

Fig. 1: TIGER-3 antenna array layout

Fig. 2: Typical SuperDARN antenna layout

B. Field of View
The significantly improved performance of the TIGER-3 hardware provides an expanded
instrument range of more than 5000 km. The 16-element TTFD antenna design has the capability to beam-form over (±)45◦ because the mutual coupling between adjacent antennas is
significantly reduced. The antenna elements can therefore be placed closer together, expanding
the field of view of the TIGER-3 radar, as shown in Figure 3. Existing SuperDARN analogue
hardware cannot easily make use of this capability. The TIGER-3 digital system allows a
more arbitrary placement of beam direction because it does not utilise a fixed phasing matrix,
but rather a Direct Digital Synthesis (DDS) unit. The properties of the this firmware unit
allow the radar to place the beam across the FoV, supported by the antenna array, in any
desired step size. The DDS unit is discussed further in Section III-D.
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Fig. 3: TIGER radar fields of view
C. Transceiver
Like the Kodiak radar, TIGER-3 also utilises one receiver per antenna. Each transceiver is
a self contained unit with all circuitry necessary for transmit and receive operation, including:
power supply, RF signal generation; pulse shaping; automatic gain control; power amplification; high power switching; filtering; low noise amplification; in-phase and quadrature Doppler
signal reception; and importantly for beam-forming, accurate phase control. Performing phasing in the transceiver eliminates the requirement for a separate phasing matrix, as well as
providing much finer beam-forming control. Most current SuperDARN transmitters consists
of a three stage amplification chain, a pre-driver, driver and power amplifier which effectively
amplify a 300 mV peak-peak input signal up to 600 V peak-peak. While there are some minor
hardware changes, the driver and power amplifier designs are both based on the Motorola
Semiconductor EB104 and AN758 models respectively [10].
The new TIGER-3 power amplifier consists of a three stage 2.5 kW single board-solid
state amplifier. The first stage is based on the mini-circuits HELA-10 linear power amplifier
driving the second stage which contains a pair of MRF151G RF power field-effect transistors.
The culminated power of the first two stages are enough to drive 4 pairs of VRF151G8 power
vertical MOSFETS of the final output stage. While the first stage is in a symmetric ClassAB configuration, the latter two are both of Class-C push/pull topology. All three stages are
balanced, including isolated balanced coupling between stages. The amplifier is fed from a
0.24 F distributed capacitor bank which allows for 2.5 kW pulse operation at up to a 6.5%
duty cycle. Average system efficiency is at least 50% across the 8-18 MHz band. Overall,
the new amplifier has a 50 dB end-to-end gain and has a significantly more stable output
across the band. The output power varies less than 1 dB between 8 to 18 MHz, which is a
significant improvement on the current SuperDARN amplifiers.
The analogue receiver board filters unwanted noise from the received signal below 8 MHz
with an LC filter. The received signal then undergoes several stages of amplification/filtering
whilst maintaining a signal-to-noise (SNR) ratio of greater than 96 dB at the input of the
analogue-to-digital (ADC) converter. The TIGER-3 transceivers sample at RF using a 16
bit Analogue to Digital Converter (ADC) with a sampling rate of 125 MHz. The standard
SuperDARN data set only requires a sampling rate of 12 kHz or less. By averaging and down
sampling the signal an additional 7 bits of resolution can be obtained. Each bit of signal
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represents an improvement in performance of 6 dB. This represents an SNR improvement
through Digital Signal Processing (DSP) in the order of 40 dB.
Analog paths cause phase delays inside the transmitters and receivers which vary with
frequency, temperature and drift with time (component degradation). In current SuperDARN
radars this is an evident problem and can cause inaccuracies during beam-forming, angle of
arrival data analysis and indirectly, system clocking as shown in [8, 24, 21]. The situation
becomes even more evident with the deployment of the third and ‘all digital’ TIGER radar
in 2011. Having a multiple receiver system means that all analog paths must have matched
phase shifts for correct data interpretation. Figure 4 indicates various phase delays in the
digital TIGER transceiver.

Fig. 4: Transceiver phase variables
In practice, the Tx and Rx signals incorporate phase delays (φdelay ) through their analog
paths shown in Figure 4, and take the form of:
YT x (t) = A cos(ωt + φBeam + φdelay ),
φdelay = φT x + φST x + φF ilt

(1)

YRx (t) = B cos(ωt + φBeam + φpropagation + φdelay ),
φdelay = φF ilt + φSRx + φRx

(2)

In order to resolve the ambiguities posed by multi-transceiver phase variabilities each
transceiver will utilise two additional 14-bit ADC’s alongside the main receiver 16-bit ADC,
with all sampling signals at rate of 125 Msps.

Fig. 5: Phase calibration (left) - Phase misalignment in 4 transceivers, (right) - phase correction
in 4 transceivers
These in turn are utilised to sample and measure transmitting and receiving signal phase
differentials. The proposed algorithm aims to compute the phase difference, ∆φ , between an
sinusoidal wave with unknown amplitude and phase components and a known reference wave
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generated by a DDS core within the FPGA(see Section III-D below). Given that Aref sin(ωt)
and Aref cos(ωt) are our reference signals and Atest sin(ωt + φ) is our test signal with
unknown attributes, we can easily extract the phase difference by applying the product to
sum trigonometric law. The resultant signals will have the following form:

Aref Atest
(cos(∆φ ) − cos(2ωt + ∆φ ))
2

(3)

Aref Atest
(sin(∆φ ) − sin(2ωt + ∆φ ))
2

(4)

By applying a low pass filter to (3) and (4) we can eliminate the harmonic frequency
component 2ω. The CORDIC (COordinate Rotation DIgital Computer) algorithm is then
utilised to efficiently compute the inverse tangent between the two signals resulting in ∆φ
regardless of the measured and reference signal amplitudes as shown in (5). Due to the
large bandwidth and constantly changing operating frequency the hardware response has to
be extremely quick to ensure the system is calibrated almost in real time. Once the phase
difference is computed it can be used to offset the DDS by ∆φ ensuring the transmit and
receive paths are compensated for that particular operating frequency.


Aref Atest sin(∆φ )
−1
(5)
∆φ = tan
Aref Atest cos(∆φ )
The internal phase calibration built into each transceiver can eliminate differences between
the various receivers which would otherwise taint the phase lag measurements. The results
of the phase measurement and compensation are shown in Figure 5.

D. Field Programmable Gate Array
The field-programmable gate array (FPGA) is a semiconductor device that can be programmed after manufacturing. It is not restricted to any predetermined hardware function and
allows users to program product features, functions, and reconfigure hardware for specific
applications even after the product has been installed. It is precisely for these reasons that the
FPGA is the central processing unit of the TIGER-3 radar and is utilised in both the transceiver
and hardware server/timing operations in synchronising the multi-transceiver system [18].
The device contains several DDS units for signal generation and phasing control, and the
high performance Digital Signal Processing (DSP) hardware for transmit and receive signal
processing and control. Each transceiver acts under the direction of the Hardware Server,
receiving commands via the Control Network, timing via the Specific Timing Control signals
and supplying receive data and operational information such as voltage standing wave ratio
and Rx signal level to the Main Computer. Each transceiver is responsible for its own RF
and pulse sequence generation, however, for a phase radar to work the RF carrier signals at
each antenna must be of identical frequency with accurately controlled phase delay. This is
achieved by supplying a common clock to each transceiver to drive its Direct Digital Synthesis
(DDS) unit for RF signal generation. It is also important that the each transceiver starts a
pulse sequence at the same time which is accomplished via provision of a common start
signal. A digital down converter (DDC) is implemented in order to extract the in phase and
quadrature (I & Q) signals obtained. A novel digitally based automatic gain control mechanism
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for HF transceivers, along with a pulse shaping mechanism to suit are implemented. Output
transmit pulses need to have a smooth envelope, in order to maintain a well-behaved frequency
spectrum. This is addressed with a low resource cost quadratic envelope within the FPGA
and allows the envelope shape to be easily modified for appropriate spectrum performance
[2].

E. Angle of Arrival determination
In the existing SuperDARN radars the Angle of Arrival (AoA) cannot be determined
precisely due to the aspects discussed in Section III-C but also due to the 2π ambiguity
(AoA aliasing effect) that results from the rear array being placed more than one wavelength
behind the main array [17]. In the existing radars it is assumed that only a restricted range
of propagation modes can return scatter to the radar due to their limited range, and thus
the range of the returned signal is as part of the AoA estimation. With TIGER-3, however,
the greatly enhanced range, and hence propagation modes supported, necessitates a precise
AoA measurement without 2π ambiguity effects. This is facilitated by moving one of the
rear array antennas to the front of the main array. The TIGER-3 footprint thus consists of
a single antenna (Point Antenna), in front of a 16 element main array, with a three element
rear array as shown in Figure 1. Provided that the difference in distances between the front
antenna and the main array, and the main array and the rear array is less than the smallest
wavelength used by the radar, the AoA can be determined without ambiguity.
Another requirement for the calculation of the AoA is the accurate measurement of phase
lag (of the received signal) between the front antenna and main array, and the main and
rear arrays. The internal phase calibration built into each transceiver can eliminate differences between the various receivers which would otherwise introduce an error in the phase
lag measurements. However, the special antenna matching filters included in the TIGER3 antenna design each have a frequency and temperature dependant phase response which,
if not corrected for, will corrupt any phase lag measurements, as well as affecting beamforming in the main array. Fortunately, the FPGA hardware transceiver design can easily and
accurately compensate for any differential phase delays, provided they are known. This is
achieved by performing a regular system phase calibration, where each antenna (transceiver)
in turn, transmits to, and receives from, a known point in the system. From this the unwanted
differential phase delay of each antenna, in transmit, and receive mode, can be precisely
calculated and that value subsequently used for compensation during normal operation.

IV. Ground Scatter Power and Skip Distance
The methods described here for determining MUF and foF2 vertical critical frequencies
are based on the techniques developed by [14] using the Kodiak SuperDARN radar. Power
vs range profiles of ground backscatter were obtained at a number of well spaced frequencies
for each of the 16 azimuthal beam directions. Figure 6 shows the frequencies used in this
study. Time averaging of power profiles was over short time intervals to achieve high time
resolution. We use the minimum scan time of 3 s per profile, or 1-minute per frequency to
scan over all 16 azimuthal beam directions.
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The standard SuperDARN ground scatter condition is, ||V | − ∆V | < 30 ms−1 and
|W − ∆W | < 35 ms−1 where V is the velocity, W is the spectral width and ∆V and ∆W
are the uncertainties[23]. However any ground scatter with V and W greater than 50 ms−1 is
not included in this analysis.
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Fig. 6: Histogram of sounding frequencies used to obtained ground backscatter power profiles.
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Fig. 7: Ground-scatter power profiles for Unwin on 25th September 2011, beam 6, averaged
over an 8 minute period. The red (blue) curves are the asymmetric (symmetric) Gaussian fits.
Light blue vertical line indicate the estimated skip distance.
The ground scatter profiles (Figure 7) typically show 3 distinct regions of backscatter power;
ground scatter via the E-region at ranges < 1000 km, 1-hop and 2-hop ground scatter via
the F-region at increasing ranges. Ground scatter via the F-region occurs for greater ranges
than for the E-region due to the higher altitude of the F-region and the finite width of the
antenna gain pattern in the vertical direction. Furthermore, detailed modelling of the antenna
gain pattern of the radar indicates that the received power falls off rapidly as the angle of
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arrival moves towards the horizonal [4]. This means that at a fixed frequency and for a given
propagation mode, backscatter power will fall off rapidly with increasing range. In practice
this means there is a clear separation in ranges between received ground scatter associated
with different propagation modes, with E-region, 1-hop F-region and 2-hop F-region returns
found at successively greater ranges.
Following the methods of [14] we attempt to fit to each power profile a Gaussian function
of the form,


(x − x0 )2
× S(x)
(6)
G(x) = A0 exp
ω2

where x is the ground range and A0 , x0 and ω are free fitting parameters.

arctan(s((x − x0 ))
+ 0.5
(7)
π
allows for an asymmetric or skewed Gaussian profile, with s a free parameter describing the
degree of asymmetry about the x0 , the centre of the distribution. For s = 0, G is symmetric,
for s > 0, G is skewed to the left of x0 and for s < 0, G is skewed to the right of x0 .
S(x) =

A non-linear least squares fitting algorithm is used with initial parameter values chosen
to achieve convergence over a wide range of conditions. The initial parameters used in this
study were A0 equal to the maximum power of the raw power profile, x0 = 1000, ω = 500
and s = 1. Several steps were used in the fitting procedure to ensure a successful fit to the
varied backscatter data. A preliminary fit was performed on all profiles to establish the ranges
associated with 1-hop F-region backscatter. In the majority of cases, this corresponded to the
region of maximum power (see Figure 7).
Data is removed from the regions associated with E-region and 2-hop F-region backscatter
before performing a second fit of G(x) to the data. The skip distance is than calculated as
the point at which the fitted distribution G(x) falls below 20% of the maximum value, on
the lower range side of x0 . Where the full asymmetric form of G(x) has failed to converge,
which is common for the highest frequencies and sparsest data sets, a straight Gaussian fit
with S(x) = 1 is performed. Figure 7 shows a sample of ground scatter power profiles for a
single azimuthal direction (beam 6). The red curves are the asymmetric Gaussian fits, G(x),
while the dark blue curves are a straight Gaussian fit with S(x) = 1.
A simple virtual height model is used to convert from slant range, the distance traveled by
the signal, to ground range, the distance from the radar to the ground scatter point. We use
the standard SuperDARN virtual height model (see for example [9]) along with a spherical
earth model. We consider a triangle with sides r, the slant range, RE (the average radius
of the earth) and RE + hv , where hv is the virtual height of the ionospheric reflection point
calculated from the virtual height model. The ground range to the ionospheric reflection point
is then the arc length subtended by the angle between RE and RE + hv . The ground range
to the scattering point is taken as twice this value. Errors in the ground range calculated in
this way are expected to be of the order 15 - 60 km, due to the actual ionospheric reflection
point and the virtual reflection point being slightly different for a spherical earth [9].
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V. Results
A. Maximum Usable Frequency

Fig. 8: Straight line fits of frequency vs skip distance defining the MUF for any given ground
range for beam 6, (a), and averaged over all beams, (b).
For each of the 16 azimuthal beam directions we have a number of different frequencies
with measured skip distances. Following [14] frequency vs skip distance is plotted for each
beam (see Figure 8a). A straight line is fitted to these points which then defines a Maximum
Usable Frequency (MUF) for any ground range. This is done for every beam direction. Figure
9 shows the calculated MUF for circuits out to the maximum range of the radar and over the
azimuthal field of view. A figure of this kind is produced every eight minutes (one minute
for each frequency used). Because MUF values exhibit a strong diurnal variation, short time
averages are used. MUF values are also expected to vary across the field of view, particularly
around local dusk and dawn.

Fig. 9: Representation over the radar field of view of MUFs associated with HF propagation
between the radar and a point on the ground for Bruny and Unwin.
B. Calculation of foF2 using Tiger3
The field of view maps of MUFs in this work are generated every eight minutes. This
represents a real-time tool for HF frequency advice. For a range of HF communication circuits
within the radar field-of-view, the MUF maps provide a real-time indication of the maximum
frequency supported by the ionosphere for a single F-region hop. For HF circuits which do
not directly correspond to propagation paths of the radar but which are close to the field of
view, the MUF vs ground range, averaged over all azimuthal directions (Figure 8b) would
still be expected to provide an excellent indication of the MUF for a given circuit.
With the current generation of HF SuperDARN radars the field of view is limited to 52◦ .
With the new generation of digital radars, such as TIGER-3, a 90◦ field of view is expected.
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In terms of the MUF maps outlined above, this means that HF circuits in any direction are
represented since we can assume that the MUF for propagation from the radar to the ground
scattering point is the same as for the reverse propagation path (ground scattering point to
the radar).
Achieving reliable angle of arrival information has always been a problem with the existing
SuperDARN radars. With the development of reliable angle-of-arrival measurements using the
new TIGER-3 generation of radars, it will be possible to convert our MUF values (oblique
critical frequencies) to foF2 values (vertical critical frequencies) over the field of view of the
radar. Vertical and oblique critical frequencies are related by Snell’s Law,

(8)
fc = f0 1 − cos2 θ0

where fc is the vertical critical frequency, f0 the oblique critical frequency and θ0 the angleof-arrival at the radar. In this way, we can determine foF2 values for each frequency and
azimuthal direction at the ionospheric reflection point corresponding to half the skip distance.
foF2 is a key ionospheric parameter of interest to HF communicators and ionospheric research
and is currently determined using networks of ionosondes. The determination of foF2 values
in real-time over a large field of view using HF radars will be a significant contribution to
ionospheric monitoring and research in Australia.
It is anticipated that TIGER-3 will acquire more backscatter echoes over a shorter time
period, compared to existing SuperDARN radars, due to increased sensitivity. This means
the power profiles (similar to those in Figure 7) will be better defined, improving the fitting
procedure outlined above and raising the possibility of determining E-region and 2-hop Fregion skip distances in a similar way.

VI. The future of TIGER
One of the limitations of the existing SuperDARN radars has been their relatively narrow
fields of view (FoV) requiring a large number of radars to be installed to provide coverage
over a significant portion of the globe. While recent advancements using TTFD antennas have
extended the azimuthal FoV to roughly 90◦ , this is still only one quadrant of the viewable
horizon. The TIGER consortium has recently developed a design for a 300m circular array
of 64 antennas, with an inner array of 16 antennas (See Figure 10) [1]. A proposal has been
developed for installation of such a radar near Newcastle. Should this be successful a further
system is planned for deployment near Perth.
A circular array shape requires a much more complex phasing algorithm for effective beamforming than has been possible in the past. The new FPGA based transceiver, developed for
TIGER-3, is more than capable of providing the precise phase control required. Furthermore,
the combination of circular array and flexible FPGA transceiver, provides opportunities for
new operational modes. The ability to send beams in various directions simultaneously by
selecting different arcs of antennas for different tasks, effectively provides several radars in
one. For example, from a Newcastle site, one beam could look poleward overlapping the
FoV of the current radars, while at the same time a second beam could look equatorward
to monitor low latitude activity, with a third beam looking eastward over the South Pacific
Ocean. One advantage of such a system, using different arcs of antennas for beam steering, is
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that it provides uniform beam-forming across the entire horizon, whereas the beam-forming
capability of a linear array becomes significantly worse near the extent of its FoV.
The proposed circular array radars, with the extended range provided by the new digital
FPGA transceivers, would provide extensive coverage in the Australasian region (Figure 11).
Additionally, by looking equatorward, the extended network could be used to study variability
in low-latitude and equatorial ionosphere electrodynamics which might affect the operation
of the Jindalee Operational Radar Network (JORN) and the Square Kilometer Array (SKA),
if it is awarded to Australia in early 2012. It has been shown that the TIGER network is
also very useful in providing high resolution sea-state data which has the potential to track
cyclones [13].

Fig. 10: Proposed 64 antenna circular array radar

Fig. 11: Possible TIGER network coverage with Newcastle and Perth

VII. Conclusion
A technique has been described for use with the new generation of digital TIGER radars
where ground scatter power profiles at a range of frequencies are analysed to find the skip
distance associated with 1-hop F-region HF propagation. The key ionospheric parameters of
maximum usable frequency and vertical critical frequency can then be determined in realtime over the field of view of the radar. With the large geographical coverage of the new
TIGER radars this data is expected to complement the existing vertical and oblique ionosonde
network in the Australasian region, particularly over land and sea regions where ionosonde
coverage is sparse.
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Summary: As future collisional cascading increases the numbers of space debris in low
Earth orbit, various consequences will follow. One of the secondary effects that is
sometimes mentioned is the increase in skyglow due to the scattering of sunlight from large
numbers of micron-sized particles. This has the potential to extend the twilight hours at
dark sky sites. We have made approximate calculations using simple models and find that
although this is not a problem with current levels of debris, the sky brightness at dark sites
can be expected to double in a few hundred years. We discuss the implications of such an
increase.
Keywords:
orbital space debris, low Earth orbit, astronomical effects, skyglow,
observational degradation

Introduction
Evolution of the population of space debris in low Earth orbit through collisional cascade
will bring with it a number of consequences. The primary one of these is of course the
destruction of active satellites through collision with centimetre and larger sized pieces of
debris. However, there are a number of secondary effects that have been postulated. One of
these is the effect of space debris on ground-based astronomy.
Astronomical images are increasingly showing orbital space object trails on long exposures.
These will only increase, and will ruin deep field images that take many hours to achieve.
These trails are caused by both active satellites and the larger pieces of space debris.
However, much smaller debris (micron-sized) is many orders of magnitude more prolific
and it has been speculated that a sufficiently large cloud of these microscopic particles has
the ability to scatter sunlight and increase the skyglow, and thus the limiting magnitude at
dark sky sites.
We have examined this phenomenon using simple models and approximate calculations and
find that while there is no immediate threat, in several hundred years the micron sized
population of space debris has the potential to double the existing skyglow contribution at
dark sky sites for a few hours after evening twilight and before morning twilight.
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Figure 1. Large space objects can cause unwanted trails on long exposure astronomical
images, but increased sky glow from large numbers of very small particles can raise the
limiting magnitude achievable at a dark site. The left hand image is a one-hour exposure,
interrupted several times during the exposure showing the apparent motion of many
geosynchronous satellites. [Image credit: Alan Brockman, Ningaloo Skies]. The right hand
image is from the Desert Fireball Network project with an all-sky camera, showing the
skyglow from various sources between the star trails [Image credit: Phil Bland, Open
University, UK].

Debris Creation and Collisional Cascades
Space debris is created through a number of mechanisms. Satellites and rocket bodies may
explosively fragment through the release of internal stored energy (eg batteries, unspent
fuel). Much less energetic fragmentation occurs through deterioration of an object (eg paint
chips leaving a surface). Accidental and deliberate hypervelocity collisions are not currently
very frequent in low Earth orbit (LEO), but can have devastating consequences when they
occur (eg a deliberate Chinese collision now accounts for about 20% of all low Earth
centimetric and larger orbital space debris).
Although not currently important, eventually collisional cascading will account for the
majority of orbital space debris creation, at least in LEO [1]. This is equivalent to a chain
reaction where one collision produces sufficient debris to cause several other collisions, and
so on. Eventually the situation becomes so dominated by collisions that newly launched
satellites will be destroyed within a few months of launch. The simple model of Farinella
and Cordelli [2], previously discussed by Kennewell and Brockman [3], has been modified
for this analysis. The new equations are:
dN/dt = A - χ n N - γ N
dn/dt = β A + αχ n N + ε χ D n2 - λ n

(1)
(2)

where the situation and symbol definition is given in figure 2.
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Figure 2. Modified model of Farinella and Cordelli. The orbital population is divided into
large and small objects. Collisions permitted are debris-satellite and debris-debris.
However, the latter class only become apparent after a significant fraction of the large
population has been depleted.
In the real world, each collision produces a pseudo-continuum of sizes with the size
distribution given by the form:
N (>d) = k d

-s

where N is the number of debris pieces exceeding a diameter of d, and
k and s are constants.
After a large number of collisions in any population similar to this (eg asteroids, meteoroids)
it is found that s tends to a value of 2.
Figure 3 shows the empirically determined population size distribution of low Earth orbital
debris in 1998 [4]. Even after this short a time period the exponent is close to -2.
Table 1 shows the output from the above model with the specified constants, coefficients
and boundary conditions. The column labelled ‘microdebris’ is the predicted number of
objects between 100nm and one micron in size assuming an inverse square law size
distribution and a current population of ten-centimetre-sized debris of ten thousand.
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Figure 3. The number of debris objects in low Earth orbit (between 200 and 1600 km
altitude) estimated by the NASA Orbital Debris Program Office as of 1998. This
distribution may be approximated by the empirical expression N (>d) = 800 d-1.9 where d is
in metres. Many different types of sensors, as indicated, are required to provide the data
covering such a large size range.

Date
(yr)
2000
2050
2100
2150
2200
2250
2300
2350
2400
2450
2500
2550
2600
2650
2700

Sats
(num)
2000
6986
11913
16689
21110
24670
26181
23565
16100
8206
3960
2324
1525
910
351

Debris
(num)
5.0E+04
3.3E+05
7.2E+05
1.4E+06
2.8E+06
6.0E+06
1.3E+07
2.9E+07
5.7E+07
9.1E+07
1.3E+08
1.7E+08
2.5E+08
4.1E+08
1.1E+09

Microdebris Areal Density
(num)
(num/m2@1000km)
1.0E+16
6.5E+16
1.4E+17
2.8E+17
5.6E+17
1.2E+18
2.7E+18
5.9E+18
1.1E+19
1.8E+19
2.5E+19
3.5E+19
5.0E+19
8.2E+19
2.1E+20

1.5E+01
9.6E+01
2.1E+02
4.2E+02
8.3E+02
1.8E+03
3.9E+03
8.6E+03
1.7E+04
2.7E+04
3.7E+04
5.1E+04
7.3E+04
1.2E+05
3.1E+05

Table 1.
Simple collisional model output with the constants/coefficients A-γN=100,
-10
χ=3x10 , α=2000, β=50, λ=0.0001, ε=1000, D=10-4. The last column is the areal density

Page 160

Proceedings from 11th Australian Space Science Conference, 2011

of microdebris (100-1000nm) assuming it all lies in a thin spherical shell at around 1000 km
altitude.

Light Scatter From A Debris Cloud

Space objects in low Earth orbit currently range from about 200 to 2000 km altitude, but the
majority orbit between 600 and 1600 km in a bimodal distribution with peaks at 800-1000
and 1400 to 1500 km. For our simplified calculations we assume a spherical shell of debris
orbiting at 1000 km.
For such a cloud the Sun will illuminate it from below (figure 4) up to a solar depression
angle of 30 degrees, whereas astronomical twilight ends when δ>18 deg. At low latitudes,
around the equinoxes, the Sun will typically be at δ=30o about 45 minutes after
astronomical twilight ends. At latitudes >40o in the summer the dust cloud will be
permanently illuminated. Sky brightness is typically measured in magnitudes per square
arc-second, and the best dark sky sites in the world have values of around 22. This dark-sky
limit is mainly due to skyglow from chemical reactions in the lower ionosphere around 80
km altitude.

Figure 4. Diagram showing orbital objects illuminated by sunlight
The scattered solar flux due to a cloud of n particles per square arc-second of effective
diameter de can be shown to be:
Lc = n S Γ de2 (1 + sin δ) / 32 h2

where S=1376 Wm-2 is the incident solar flux, Γ is the particle albedo (typically 0.1), and h
is the particle height (1000 km). This may be converted to a magnitude by noticing that the
incident solar flux is equivalent to magnitude -27:
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mc = 2.5 log ( S / Lc) – 27
Now if the total debris shell contains N particles of a given size, the number in an area of
23.5 m2 (which, at an altitude of 1000 km, subtends 1 square arc-second at the Earth's
surface) is given by n = 3.4 x 10-14 N. Thus we can compute the required cloud numbers:
N ≈ 1015 h2 / Γ de2 (1 + sin δ) 10 ( m + 27) / 2.5
For a fixed mass of material, simple considerations indicate that a large number of smaller
particles are more effective at scattering light than is a small number of large particles,
simply because they offer a larger area to scatter the incident light. However, the
wavelength of light limits the smallest size of useful scatterers.
With a wavelength of 500 nm for the peak intensity of sunlight, Mie scattering (figure 5) is
most effective for a particle diameter between 100 and 200 nm, and the effective scattering
area of such particles will be around twice their actual cross sectional area. Of course
particles with larger diameters will contribute as well but there will be fewer of these.

Figure 5. Scattering cross-section of metallised spheres (space debris consists
predominantly of aluminium particles) as a function of normalised wavelength.
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Assuming particles around one micron in size and a solar depression angle of 30o, the above
equation shows that we need a debris cloud with a total population of between 1019 and
1020 such particles to produce a sky brightness of 22 magnitudes per square arc-second.
The model output presented above indicates a microdebris population of 1019 around 400
years in the future, rising to 1020 before 700 years have elapsed.
As a check on these figures we consider the mass in low Earth orbit that we might expect in
the future. At present time there is around five million kilogram of mass in orbit. If current
launch practices continue and no effort is made to actively remove debris from orbit (which
is both technologically difficult and very expensive), we might be justified in assuming that
this mass will increase by around 107 kg every hundred years (ie double the mass we have
accumulated in orbit after 50 years of spacefaring operations). The total mass in orbit as a
function of time is thus M ≈ 105 ΔT where ΔT is in years.
Now the number of particles of diameter d that have a combined mass m is n ≈ 2 m / ρ d3
where ρ = 2700 kg m-3 is the typical density of space debris. If we further assume that a
fraction µ of the total mass appears, through collision, as micron-sized debris, the time at
which n such particles are present is given by:
ΔT ≈ n ρ d3 / ( 2x105 µ )
If we assume µ = 0.001 and n = 1019 then ΔT ≈ 150 years. Ten times this interval would be
required to give 1020 particles.

Discussion
If current space operations continue unchanged, there will be enough mass in orbit that
through collisional cascade, sufficient microscopic particles will be produced to have the
potential to double the current skyglow background at astronomical dark sites around the
world on a time frame of several hundred years.
Although a minor effect of orbital space debris, increased background light decreases the
contrast between celestial objects and their background, thus decreasing the signal-to-noise
ratio of their observation and hence detectability. It also has an impact on the value of
existing telescopes. If the sky background is doubled the performance of a telescope is
reduced to the equivalent of one that is only about 39 per cent of its aperture [5].
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Summary: Orbital space debris is a threat to space operations and for this reason numerous
studies have been carried out analysing the problem. We constructed a model to study the
evolution of space debris, which is a part of an Australian Space Research Program (ASRP)
project on space surveillance and space situational awareness. We considered the low-Earth
orbit (LEO) debris environment at altitudes between 200 km and 2,000 km and segregated the
volume into altitudinal shells. We developed a source-sink model which considered launches,
the release of debris from launches, explosions, decay due to atmospheric drag, and collisions.
We present the results of our preliminary model, designed to be a first step in the development
of a comprehensive evolutionary model, and show that these results are consistent with results
found in the literature. The results of our model show that there will be large reduction
in the population of large objects resulting from the onset of collisional cascading. If we
assume no new launches occur in the future and explosions cease after a few years then
over the next 200 years the debris resulting from collisions is dominant over decay due to
atmospheric drag leading to an increase in the number of objects in some altitudinal ranges.
Future model enhancements are also identified and discussed, for example the inclusion of
an orbit propagator and introduction of stochastic processes.
Keywords:

Orbital debris, debris evolution modelling, low-Earth orbit

Introduction
Space debris is an increasing problem for space operations. The injection of a payload into
geocentric orbit is a highly-expensive process and the need to protect that investment is very
important. Previous studies have indicated that critical altitudinal ranges exist in the low-Earth
orbit environment where, even if we were to inject no new objects into the environment, the
population would still increase (over a simulation time span of 200 years) [1, 2, 3].
Recently, the problem that space debris poses was made abundantly clear by the collision
between Iridium 33 and Cosmos 2251. On 2009 February 10 the US communications satellite
Iridium 33 (active) and the Russian communications satellite Cosmos 2251 (inactive) collided
at an altitude of 789 km, resulting in thousands of debris fragments larger than 1 cm. This
event rendered an operational satellite inactive and highlights the increasing problem resulting
from years of space operations.
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Simulation models predicting the evolution of orbital debris have been extensive in the literature and many analyse the phenomenon of collisional cascading (the Kessler Syndrome) since
Kessler and Cour-Palais [4] predicted its onset. These evolutionary models are important tools
to describe the threat posed to operational satellites from orbital debris. Sophisticated threedimensional models have been constructed to analyse the problem, including MASTER [5],
LEGEND [6] and SDM [3]. These models are complex and are capable of performing
projections of the space debris population well into the future.
In this paper we present a preliminary attempt at a space debris model to simulate the change in
the LEO environment. The model is designed to be a first step towards a more comprehensive
evolutionary model. We constructed a nonlinear source-sink model to describe the current
and future LEO space debris environment. The model accounts for launches, launch-related
objects, drag induced orbital decay, explosions, and collisions. The parameters used were
determined using recent observations and information from the literature to create a model
that estimates the future space debris environment based on recent practices. The purpose
of the model is to provide a platform to extend in future analyses. We show our model is
consistent with those described in the literature.

The model
We assumed the LEO region spans the altitude range 200 to 2,000 km which we discretised
into 18 shells of equal thickness each 100 km. Objects in the environment were distinguished
using their mass. Each object was binned into one of the ten logarithmic mass bins with
centres Mj defined by [7]:
Mj = 5.664j M0 ,

j = 0, . . . , n − 1,

(1)

where M0 = 0.001 kg is the centre of the first mass bin and n = 10 is the number of mass
bins. Therefore, the centre of the largest mass bin is 6,000 kg. Since we are considering
masses over several orders of magnitude, logarithmic mass bins are useful since the interval
width decreases as the mass decreases allowing the large change in population to be captured
using a relatively small number of bins. If we were to choose equidistant bins spanning the
mass range then we would need a prohibitively large number of bins to obtain the same
resolution at small masses. In what follows, all objects in each mass bin are assumed to have
representative masses defined by the centre of the mass bin. The boundaries of the mass bins
Mjb are given by
(2)
Mjb = 5.664j−1/2 M0 , j = 0, . . . , n,
where Mjb corresponds to the lower boundary of mass bin j (with the exception of when
j = n which is the upper boundary of mass bin Mn−1 ). Therefore, we considered objects in
the mass range 0.042 g to 14,278 kg.
Each object’s average area was determined using the empirical area to mass relationship from
Kessler and Cour-Palais [4], which is
M = 62A1.13 ,

(3)

where M is the mass and A is the average cross section (m2 ) of the object.
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Initial population
We created a description of the initial population based only on data from the online satellite
catalogue maintained by CelesTrak1 , downloaded on 2011 July 25, and neglected the securityclassified objects which are not present in the catalogue. Each object was classified according
to mass using known data collected from the CelesTrak web site or an empirical conversion
from its radar cross section when unknown. The empirical conversion was estimated by fitting
a power law relationship to mass data collected from CelesTrak and the corresponding radar
cross section measurement data contained in the catalogue. Objects that have decayed were
ignored as well as objects outside the mass and altitude ranges. Objects with eccentric orbits
may cross several altitudinal shells through their orbits and in some cases they can leave
the LEO region. To create our initial population matrix we used the simple concept of the
proportion of the object’s altitudinal range (apogee minus perigee) that is spent in each shell
to determine the altitudinal shell of residence of all objects. If an object crosses into other
shells then its residency in each shell is defined as a proportion. The assumption of residency
based on the altitude range fails to take into account the time spent in each shell and how this
changes with different orbit types. However, we retain it as a simple estimate of the population
of catalogued objects in each altitudinal shell and delay the inclusion of the residency in each
shell based on individual orbital parameters to a future more detailed model.
We used the method above to classify the catalogued population according to mass and
altitude. Once the catalogued objects were classified we used the larger objects to extrapolate
down to the smaller sizes using a power law relationship developed using data from [8] and [9]
for the smaller sized objects. For all altitudes we extrapolated down to the smaller sized objects
using a scaled relationship determined from the data contained in [8] including launch and
mission related objects, fragments, Solid Rocket Motor (SRM) slag, and ejecta. We assumed,
at epoch, only the shells between the altitudes 700-1,000 km contained sodium-potassium
(NaK) droplets, neglecting them in other shells. This seems to be a realistic assumption
based on the distribution of NaK droplets contained in [5]. The population of the smaller
sizes in the shells between 700-1,000 km were determined from the relationship found by
using the data in [8] with the estimates of the population of NaK droplets given by [9].
With these scaled relationships we extrapolated down to smaller sizes using the larger sizes
of the catalogued population. The resulting distribution of objects used for our initial epoch
population is shown in Table 1.
Launches and mission-related objects
The injection of objects into the LEO environment is a result of launches and the release of
mission related debris. We determined an average injection rate based on data from the Master
Orbital Launch Log from Jonathan’s Space Home Page2 . We averaged over the years 20002009 to determine the average injection rate of objects into the LEO environment. Objects
that decayed within a year from their launch date were neglected. With the resulting data set,
we filtered out the debris objects and classified each remaining object according to its mass
(either true or calculated) and its residence proportion in each altitudinal shell using the same
method as was used to determine the initial population. The resulting injection rate for each
mass bin and each altitudinal shell is shown in Table 2. This is equivalent to 46.5 launches
1
2

http://www.celestrak.com/satcat/search.asp
http://planet4589.org/space/space/html
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per year. Following [7] we assumed for each launch in each altitudinal shell: two objects in
the 1.03 kg mass bin, ten objects in the 5.66 g mass bin and 30 objects in the 1 g mass bin
were released.

Explosions
Explosions were modelled based on data obtained from [10]. We used the data between the
years 1997-2006 to create an average description of yearly explosion events based on the
historic data of known fragmentations. Fragmentation events that occurred outside the LEO
region were neglected as well as one collision event in 2005 and one intentional breakup
Table 1: The assumed initial distribution of objects over the LEO range.
Shell (km)
0.001 0.00566 0.0321
200-300
416
37
16
300-400
2,321
204
88
400-500
11,933
1,049
454
500-600
31,697
2,786 1,205
600-700
61,547
5,410 2,340
700-800 141,670 12,746
5,367
800-900 135,549 12,195
5,135
900-1,000 103,613
9,322 3,925
1,000-1,100 44,387
3,902 1,687
1,100-1,200 23,287
2,047
885
1,200-1,300 15,458
1,359
588
1,300-1,400 17,168
1,509
653
1,400-1,500 65,619
5,768 2,494
1,500-1,600 27,751
2,440 1,055
1,600-1,700 13,389
1,177
509
1,700-1,800
6,071
534
231
1,800-1,900
4,129
363
157
1,900-2,000
3,659
322
139

Mass
0.182
7
38
196
521
1,012
2,260
2,162
1,653
730
383
254
282
1,079
456
220
100
68
60

bin (kg)
1.03 5.83 33 187 1,059 6,000
1
1
0
0
1
1
6
6
2
3
7
5
43
26
7 16
44
12
144
66 21 47
93
27
319 166 65 81
123
17
825 358 105 116
222
18
857 389 92 60
136
38
427 285 93 102
268
27
222 180 59 44
46
5
114
89 29 17
39
3
97
56 13
7
17
3
76
60 31 25
20
3
113 115 238 280
70
7
99 102 66 29
45
7
59
49 20 14
21
3
31
24
9
6
4
3
19
17
6
5
3
2
15
15
6
5
3
2

Table 2: The assumed distribution of objects launched into the LEO environment.
Shell (km) 5.83
200-300 0.0
300-400 0.3
400-500 0.3
500-600 0.1
600-700 2.2
700-800 1.2
800-900 0.3
900-1,000 0.0
1,000-1,100 0.0
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Mass bin (kg)
33 187 1,059
0.0 0.1
0.1
0.5 0.3
0.3
0.7 1.0
2.4
1.0 2.4
2.6
2.9 4.1
3.7
1.2 1.5
1.4
0.8 0.4
2.2
0.3 1.5
1.4
0.2 0.2
0.4

6,000
0.1
0.4
0.7
0.4
0.7
0.7
0.5
0.3
0.1

Mass bin (kg)
Shell (km) 5.83 33 187 1,059
1,100-1,200 0.0 0.1 0.0
0.2
1,200-1,300 0.0 0.1 0.0
0.2
1,300-1,400 0.0 0.0 0.1
0.2
1,400-1,500 0.0 0.2 1.6
0.6
1,500-1,600 0.0 0.1 0.3
0.1
1,600-1,700 0.0 0.0 0.0
0.0
1,700-1,800 0.0 0.0 0.0
0.0
1,800-1,900 0.0 0.0 0.0
0.0
1,900-2,000 0.0 0.0 0.0
0.0

6,000
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.0
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event in 1997 listed in the data. It was assumed that collision events are accounted for in
the collision model and we neglected intentional breakup event in our evolutionary model
under the (optimistic) assumption that they will not occur in future. With these assumptions
we obtain an average of 3.7 explosions per year in the LEO range. In the data some of the
altitudes in which the events occurred were unknown. We assumed these were all inside the
LEO environment and followed the same distribution of the known events. The average mass
of the events in LEO in the period 1997-2006 was found to be approximately 1,217 kg. Hence
we assumed an average of 3.7 explosion events occur yearly with the average mass of the
breakup object being 1,217 kg. Based on these assumptions, explosions each year in the model
were assumed to occur on average at the rate shown in Table 3 for each altitudinal shell. The
Table 3: The assumed distribution of average number of collision events over the LEO
range based on the data contained in [10]. Intentional breakup events (one) and collisions
(one) were removed.
Altitude Average number of
shell (km) explosions per year
200-300
0.694
300-400
0.231
400-500
0.694
500-600
0
600-700
0.925
700-800
0.463
800-900
0.231
900-1,000
0.231
1,000-1,100
0

Altitude
shell (km)
1,100-1,200
1,200-1,300
1,300-1,400
1,400-1,500
1,500-1,600
1,600-1,700
1,700-1,800
1,800-1,900
1,900-2,000

Average number of
explosions per year
0
0
0
0.231
0
0
0
0
0

fragments generated from each event were modelled using the relationship from [11] which
is

√
 0.171 Mt exp(−0.65016 m) for m > 1.936
(4)
N (> m) =
 0.869 M exp(−1.82021√m) for m < 1.936
t
where N (> m) is the cumulative number of fragments greater than mass m, in kilograms,
and Mt = 1, 217 kg is the mass of the breakup object.

Orbital Decay
We assumed only the effects of atmospheric drag on the decay of an object since it is the
dominant effect in the LEO region. Atmospheric drag was accounted for in the model using a
simple piecewise exponential relationship for the atmospheric density at different altitudes to
determine the decay rate of each object in each shell. The piecewise exponential relationship,
valid below 1,000 km, was determined using data from [12] and altitudes above 1,000 km
were assumed to follow a single exponential relationship from a reference height of 1,000
km. The exponential relationship for the atmospheric density ρ at altitude h is


h − h0
ρ = ρ0 exp −
,
(5)
H
where ρ0 is the atmospheric density at reference altitude h0 , h is the altitude and H (which
varies with height) is the scale height given in [12]. We neglected the effect of the Solar
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Cycle on the density. We approximated the decay rate of an object in a shell at height h by
its corresponding circular decay rate, given by

dh
= −Bρ hµ,
(6)
dt
where µ = GM is the gravitational parameter, G is the gravitational constant, M is the mass
of the Earth, B is the ballistic coefficient given by B = CD A/M , where CD is the drag
coefficient (taken as CD = 2.2), A (m2 ) is the object’s cross-sectional area and M (kg) is the
mass of object. We used Eqns 5 and 6 to determine a characteristic decay time in each shell
for each representative object from each mass bin. The residence time was calculated to be
the time for an object to decay from the average height to the bottom of the shell. Objects in
the three largest mass bins in shells below 600 km were assumed to be active satellites with
an operational lifetime of 10 years. The resulting injection/removal from atmospheric decay
(Bij ) of objects j, from shell i, in a time step ∆t is given by
N(i+1)j
Nij
Bij
=
−
,
∆t
τ(i+1)j
τij

(7)

where τij is the decay time in shell i of an object from mass bin j.

Collisions
The average collision rate in shell i between objects from mass bins k and l is given by
Ci(k,l)
vREL σkl (Nik − δkl )Nil
=
,
∆t
Vi (1 + δkl )

(8)

where Nik is the population in shell i of mass bin k, vREL is the average relative velocity,
Vi is the volume of shell i, δkl is the Kronecker delta, and σkl is the collision cross section
of objects in mass bins k and l, given approximately by σ = π (rk + rl )2 . For simplicity, in
our model we assumed vREL = 10 km/s under the assumption that the average relative angle
is 90 degrees. The injection/removal of objects from mass bin j in shell i due to collisions
is then given by
n−1

Cij =
fkl→j Ci(k,l) ,
(9)
k,l=0
k≤l

where fkl→j is the number of mass bin j objects created/destroyed in a collision between an
object from mass bin k with an object from mass bin l, and n = 10 is the number of mass
bins. In all collisions we assumed that the smaller object was the projectile and the larger
object was the target in determining the result of the fragmentation. The cumulative number
of fragments of mass M created in a collision between objects from mass bin k and l (where
Mk ≤ Ml , i.e. k is the projectile and l is the target) is given by [7]:
b

ML
H(ML − M ),
(10)
CN (> M ) =
M
where

ML =
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∗ 1.24

 12 Ml MEl Qk



1 Ek
4 10Q∗

for

Ek
Ml

> Q∗ ,

for

Ek
Ml

≤ Q∗ ,

(11)
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and
b=

 

 1+



0.8

ML
Ml

−1

for

Ek
Ml

> Q∗ ,

for

Ek
Ml

≤ Q∗ ,

(12)

where ML is largest fragment mass, Ml is the target mass, Q∗ is the impact strength (nominally
Q∗ =40,000 J/kg [13]) and Ek is the kinetic energy of the projectile in the centre of momentum
frame, given by
2
1 Mk Ml2 vREL
.
(13)
Ek =
2 (Mk + Ml )2
The function H(M ) in Eqn 10 is the Heaviside function given by

for M < 0,
 0
H(M ) =
 1
for M ≥ 0.

(14)

The first terms in Eqns 11 and 12 correspond to a catastrophic collision where both the
projectile and target are broken up. The second terms in Eqns 11 and 12 correspond to a
non-catastrophic collision where the collision excavates some of the target depending on the
collision strength. Then the number of fragments in each mass bin j (j = 0, . . . , n − 1)
generated by a collision is given by

0
if ML ≤ M0b ,





  ML  dCN 
− dM dM
if Mjb < ML < Mj+1b ,
fkl→j =
(15)
Mj b





  Mj+1b − dCN  dM
otherwise,
Mj
dM
b

where Mjb are the boundaries of the mass bins defined by Eqn 2. In a catastrophic collision
both the target and projectile are assumed destroyed (and removed from the system) and
replaced by their corresponding contribution of fragments. The number of fragments generated
from the breakup of the projectile is also determined from Eqn 15 by interchanging k and l
in the first of Eqn 11 and Eqn 12. In a non-catastrophic collision the projectile is assumed
to have been destroyed.

Governing equations and simulation study
The governing equations for the system are given by
dNij (t)
= Aij + Bij (t) + Eij + Cij (t),
(16)
dt
which comprises a set of first order coupled nonlinear differential equations. It should be
emphasised that Eqn 16 does not represent a linear system. The subscript notation refers to
shell i, species j, so Aij represents the number of objects injected into shell i of type j
resulting from launches and the release of mission related debris. Similarly, Bij , Eij , and Cij
represent the number of objects injected into (or removed from) shell i of type j resulting
from orbital decay, explosions, and collisions, respectively. The time dependence has also
been included for clarity.
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We simulated the evolution of the LEO debris environment over a 600 year time span. The
base (or nominal) model characteristics are described by the preceding sections.
We also investigated the sensitivity of our results to changes in the model characteristics. We
investigated the effect that changing the model assumptions had on the population change of
large objects in one of the critical shells identified in our base model runs. We conjectured
that the main areas of uncertainty were: the initial population, the area to mass conversion
(Eqn 3), the number of explosions, the launch rate, the decay rate, and the proportion of
catastrophic and non-catastrophic collisions (defined by the impact strength threshold Q∗ ).
To investigate the sensitivity of the initial population we increased it by 50% to determine
the change in the population of large objects in a critical shell. We employed various area
to mass conversions from the literature to determine if there was a significant difference in
the results. We perturbed the number of explosions that occur per year by ±10% and ±50%
to determine the effect that explosions have on the base model results. The shells in which
explosions occurred were assumed to remain the same. We changed the launch rate by ±10%
and ±50% to determine if the rate in which objects are injected into the environment had
any effect on the results. We used two different decay times perturbed from the base model
case. The first determined an object’s decay time from the altitudinal centre of the shell. This
resulted in a decay time for each object smaller than in the base model. We also considered
the decay time to be calculated from the top of each shell, resulting in a longer decay time.
Finally the proportion of catastrophic collisions and non-catastrophic collisions is determined
by the impact strength Q∗ threshold in Eqns 11 and 12. We investigated perturbations from
the nominal case to analyse the effect of the assumed impact strength threshold had on the
results.
We also investigated the effects of the no future launches (NFL) scenario. We assumed there
were no launches (and no release of mission related debris) from the initial model epoch.
Explosions were allowed to occur up until 2015 after which we assumed they ceased and the
model was run with decay and collisions being the only model drivers.

Results
Base model
Fig. 1a shows the long term evolution for objects with mass ≥ 80 kg for the shells with
greatest spatial density. The population reaches a critical level where the population of large
objects starts to decline. This is a result of an increase in debris fragments creating a larger
probability of a collision. The shell between 800 km and 900 km is the first to experience
this reduction in large objects, followed by the shell between 700 km and 800 km, which
is closely followed by the shell between 900 km and 1,000 km. The remaining two shells
(600-700 km and 1,400-1,500 km) experience a less pronounced reduction. Fig. 1b shows the
corresponding plot of small objects with mass  0.5 kg. The point after which the number
of large objects begins to decrease is marked. Objects created through collisions become the
dominant source of debris which causes the exponential increase in the number of small
objects (before beginning to tend towards equilibria). We can also see in Fig. 1a the effects
from collisions causing the population to increase before reducing.
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Sensitivity analysis
Fig. 2 shows the results from the sensitivity study on the decay rate, explosions, initial
population, launches, area to mass, and impact strength threshold. Fig. 2a shows that a lower
decay time, corresponding to decay from the centre of the altitudinal shell, resulted in the
reduction in the population of the large objects occurring later. Conversely, a higher decay
time, corresponding to decay from the top of each shell, resulted in the reduction in population
occurring earlier. This is a result of the collisional cascading occurring earlier.
Fig. 2b shows the effect of changing the number of explosions per year. We can see that
a reduction in the number of explosions delays the population reduction of large objects in
the shell. Even if the number of explosions is halved, the population of large objects still
experiences a reduction between 400 and 500 years in the future.
Fig. 2c shows the effect of increasing the initial population. As expected, this leads to the
reduction in the population occurring sooner due to the collisional cascading effect occurring
earlier.
Fig. 2d shows that increasing the launch rate leads to the reduction in population occurring
sooner and decreasing the launch rate delays it. We can see that if we perturb our nominal case
by a little (10%) we get an approximately linear change in the time at which the reduction
begins. However, as we apply larger perturbations the time where the population begins to
reduce no longer changes linearly.

2.0e+08

Fig. 2e shows that running the model with a different area to mass relationship changes the
results significantly. With the relationship defined in [14] (cited by [15]) the reduction in the
population of large objects does not occur in the considered time span of 600 years. We
also analysed the change in the model using the relationships defined in [16] and [17]. Over
the mass range considered in this model this leads to marginal changes in the results and
is therefore not shown. This is due to these area to mass relationships being a very small
perturbation from the base model one over the mass range considered.

0

600−700
700−800
800−900
900−1000
1400−1500

Number of objects
1.0e+08

100
200
300
400
500
Time (years) from epoch 01/01/2011

(a)  80kg

600

0.0e+00

1000

Number of objects
3000
5000

600−700
700−800
800−900
900−1000
1400−1500

0

100
200
300
400
500
Time (years) from epoch 01/01/2011

600

(b)  0.5kg

Fig. 1: Plot of long term evolution of objects with mass  80 kg and  0.5 kg for the
altitude shells with the greatest spatial density.
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Fig. 2f shows the effect of changing the impact strength parameter. If we considered a Q∗
value in the range 30,000-45,000 J/kg we would assume the time where the population crashes
would change linearly. However, as we reduce Q∗ we can see that this linearity ceases.
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0
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Nominal
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0
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300
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500
Time (years) from epoch 01/01/2011
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200
300
400
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100
200
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(f) Change in the impact strength threshold Q∗

Fig. 2: Plot of the sensitivity of the critical shell between 800-900 km for objects with mass
 80 kg to changes in the decay rate, explosions rate, initial population, launch rate, area
to mass, and impact strength threshold.
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No future launches (NFL) scenario

0e+00

Spatial density (obj km3)
2e−08
4e−08

Fig. 3 shows the change in spatial density of objects ≥10 cm in diameter in each altitudinal
shell over a 200 year simulation period, assuming no new launches from epoch and no
explosions from 2015. These assumptions are those simulated by [3] and Fig. 3 agrees well
(taking into account different simulation years) with results therein. The results in [3] show
a larger increase between the altitude range 1,000-1,400 km which we attribute to our model
only assuming atmospheric decay - which has little affect at these altitudes. This shows even if
no new mass was injected into the environment the population will still increase. This agrees
with the findings of [1, 2]. Fig. 3 shows this effect is most prominent in the altitude ranges
800-1,000 km and 1,400-1,500 km. This indicates that the population in these shells has
2011
2211

500

1000
Altitude (km)

1500

2000

Fig. 3: Plot of population change of objects ≥10 cm in diameter assuming no launches
from epoch and no explosions after 2015.
reached a critical level where the rate of debris created from collisions has become dominant
over the rate of decay.

Discussion
The results show that a large reduction in the population of large objects occurs. Upon
analysing changes to our base model parameters we saw that in all the cases considered, apart
from the change in the area to mass relationship, this large reduction was not prevented. The
results were mostly affected by the impact strength threshold for catastrophic fragmentation
Q∗ and the assumed area to mass relationship. In the unrealistic mitigation scenario where
no launches occurred and explosions stopped after 2015 we saw over a 200 year time span
that the population of objects larger than 10 cm in diameter still increased. In reality the
situation would be worse since launches wouldn’t cease completely. This agrees well with
other studies.
There are areas where the model could be improved. The assumption of a spherical environment requires the need to approximate the population of each shell by the number of objects
that occupy the shell at any time. An object with a highly eccentric orbit may pass through
all the shells. Instead of binning objects based on their proportion of time in each altitudinal
shell, we will bin them according to the semimajor axis, eccentricity and inclination of their
orbits. Also a higher spatial resolution is sought since the segregation into 100 km thick shells
is a little coarse.
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One of the main areas of uncertainty in the model is the use of an empirical relationship to
determine the mass of each catalogued object from its radar cross section measurements. To
determine the average cross section we used another empirical relationship (Eqn 3). Potentially
through this estimation objects may be binned incorrectly. However, we assumed this averaged
out over the mass range and we obtained a realistic estimation of the current debris population.
Future studies could analyse changes in the empirical relationship by adopting the relationship
given in [18].
In reality a single collision or explosion event could inject thousands of objects into the
environment at any time. Our model averages this effect over time due to our deterministic
(non-stochastic) approach. Future studies should relax this assumption to allow for stochastic
processes, particularly for collision and explosion events. This would also include a stochastic
process to determine if a collision occurs and also to determine the amount of debris created
from a single event. Currently, each explosion event creates the same amount of debris each
time. This is also the case for collision events. A collision between two objects of certain
sizes will create the same amount of debris for each event.
The model currently does not contain any information on the object orbits and their propagation over time. In future studies we seek to implement an orbit propagator. This will improve
the collision model accuracy and allow us to obtain a better estimate of object decay. The
model will then be extended to model the medium-Earth orbit (MEO) and the geosynchronous
(GEO) regions.
We seek to complete a more detailed sensitivity study. In this paper we looked at changes of
the uncertain parameters separately. In future studies we would like to perform a sensitivity
study to look at effects of combinations of uncertainties in the parameter space. We will
consider a subset since to perform a global sensitivity analysis on all the parameters in our
model is computationally prohibitive. For example, to examine the effect of changing the initial
population of each object in each shell separately would be a tremendous computational task,
and even more so to examine combinations of these changes.
With these model refinements we will also be able to simulate a variety of mitigation and
active debris removal scenarios.

Conclusion
The model presented in this paper is a first step towards a more comprehensive evolutionary
model for space debris. Model extensions are required, however, it is not our intention to
reproduce the sophisticated models identified in this paper. Our emphasis will shift to creating
improved approximations for the atmospheric decay as well as rapid orbit predictions to be
used in the collision model.
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Summary: This paper presents an analysis of the observations collected by the EOS Space
Debris Tracking System during or around the RazorView campaign conducted in July and
August 2004. It is shown that space debris objects could be tracked by the system with an
RMS accuracy better than 1.5m for the ranges and about 1.5" for the angular directions. The
3-dimensional measurements of positions of debris objects provide a better basis than other
ground-based debris tracking methods for debris orbit determination and prediction. It shows
that, when the laser ranging data is used for the orbit determination of LEO debris objects, the
orbit determination accuracy can be as good as a few metres, and the 24-hour orbit prediction
accuracy of 100 - 200 metres is achievable.
Keywords: space debris, laser tracking, orbit determination and prediction.

Introduction
Radar and optical tracking of debris objects are two common techniques in space surveillance.
Observations using these tracking methods are the basis for the creation and maintenance of
debris catalogues. The widely used open-access NORAD catalogue of about 14000 debris
objects is such a product of the radar and optical tracking from the US Space Surveillance
Network.
However, it is often found that this open-access catalogue does not provide the required orbit
accuracy, for example, for debris collision warnings. A miss of such a warning would result in
catastrophic space environment disasters like the collision between operational Iridium 33 and
defunct Kosmos 2251 on February 10, 2009, which generated more than 1600 catalogued and
hundreds more uncatalogued objects in the LEO orbit region [1]. Unfortunately, the
probability of collisions between debris in the LEO orbital region is increased dramatically
with the increase of the debris population.
Providing accurate orbital predictions of debris objects is a fundamental part of space
surveillance and space situational awareness. Multiple research efforts have been undertaken
at EOS to provide better space surveillance services. One effort has been the development of
laser tracking of space debris started early in the first decade of this century.
In July and August 2004, a demonstration campaign, called RazorView, was conducted at the
EOS Space Research Centre at Mt Stromlo to test the capabilities of the EOS Space Debris
Tracking System (SDTS). It was demonstrated that, given the TLE (Two Line Element)
dataset of a debris object, the system was able to perform laser ranging to the object.
In the following, the EOS SDTS is briefly described first. Then the performance of the system
is analysed in two parts. Part one is a comparison between the system observations and the
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corresponding computed values from accurate orbits of geodetic satellites, which gives a
realistic assessment of the accuracy of the system observations of debris objects. In part two,
experimental results of orbit determination and prediction computations of some Iridium
satellites using the laser tracking observations are discussed. Finally, some conclusions are
made.

EOS Space Debris Track System
The core of the EOS SDTS is a laser tracking sub-system which fires laser signals to a
targeted space object and receives the signals reflected (returned) from the object. The time
difference between the firing and receiving epochs is a measure of the two way distance
between the tracking station and the object. The principle and system operations are exactly
the same as those of a traditional satellite laser ranging system.
The difficulties with the debris laser tracking lie mainly in two aspects. The first one is that,
because debris objects have no laser retro-reflectors on board, the laser power needs to be
significantly increased to make sure sufficient signal is returned from distant space objects to
be detected by the system receiver. Producing high quality laser beam with high repeat rate is
a difficult task. The second problem is due to the poor accuracy of orbit predictions. A realtime orbit update system is needed to provide sufficiently accurate orbit predictions for the
laser tracking system. The real-time orbit update is made possible by high-quality optical
tracking, and consequently, a drawback of the system is that the objects have to be sun-lit
visible to the optical tracking cameras.

Fig. 1: EOS Space Research Centre at Mt Stromlo
Fig. 1 shows the EOS Space Research Centre at Mt Stromlo, where the SDTS is located. A
capability demonstration campaign, the RazorView project, was conducted between 20 July
and 8 August, 2004. Nearly 100 objects were tracked by the system [2].
In the RazorView campaign, the orbit predictions of a to-be-tracked object were made using
the client-supplied TLE dataset. The object was first optically tracked to collect its angular
observations, which were used to produce a better set of orbit elements such that the predicted
ranges of the object were within the ranging window of the laser system. After the orbit
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update, the laser system started laser tracking and raw ranging data was collected. Finally, the
raw ranging data was processed to generate applicable ranging data. Fig. 2 shows an example
of returned (left) and processed (right) debris tracking laser signals. In the following the
processed ranging data, including the associated angular observations, is used in the
performance review of the whole system.

Fig. 2: Example of Laser Ranging to Debris Object

Evaluation of Observation Accuracy
One of the key performance measures for the EOS SDTS is its angular and laser ranging
observation accuracy. This accuracy can be evaluated by using geodetic satellites of spherical
shape as calibration targets. Table 1 lists the spherical geodetic satellites tracked by the
system during the RazorView campaign. These satellites have been constantly tracked over
the years by a global SLR network for geodetic and geodynamic purposes [3]. The orbits of
these satellites can be determined to a few of centimetres using the global network’s SLR
data.
Precise Orbit Determination – A General Description
The motion of an Earth orbiting object is generally described by the following equation:

r(t ) = f (r, r , c, t )

(1)

where r, r and r are the position, velocity and acceleration vectors of the object in an Earthcentred inertial coordinate system, c is the vector of force model parameters, and f is the
vector of the force per unit mass exerted on the object.
For LEO space objects, the following forces are usually included in the orbit computation:
•
•
•

Earth gravity;
solar-lunar and planetary gravities;
air drag;
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•
•

solar radiation pressure;
Earth tidal effects, including the solid Earth and ocean tides;

Once a force model is chosen along with an initial state vector (initial conditions), the
integration of Eqn 1 will yield the velocity and position vectors of the object. The integration
can be carried out using analytic, numerical, or semi-analytical methods. Analytic methods,
due to their computational efficiency and reasonable accuracy, are still attractive. A wellknown analytic method is the SGP4 algorithm using TLE elements. Numerical methods are
becoming a popular choice with the increasing computing power of modern computers.
Because of the complexity of the forces on an object, its orbit is a rapidly varying function of
time. In terms of the two-body orbit problem, the actual orbit can be described by a constantly
varying elliptic orbit. That is, at any fixed time, the orbit of the object is elliptic. When precise
orbit information is required, for example in the satellite altimetry measuring sea-level
variations, the precise orbit determination (POD) is performed.
Accurate POD [4, 5] is becoming a routine practice for satellites tracked with advanced
techniques such as GPS and SLR. This achievement is made possible through great accuracy
improvements in Earth gravity modelling and highly accurate and dense tracking of the
satellite. Some data processing techniques, for example introducing general accelerations and
many air drag coefficients, are widely used to accommodate errors existing in less-accurate
models, such as air drag.
Usually, least squares procedures are applied to perform POD, where the satellite orbit
elements, force model parameters, and bias parameters for observations are adjusted to fit the
orbit trajectory into tracking data. When the accuracy of the observations like GPS carrier
phases or SLR ranging data is in the order of millimetres, the resultant POD accuracy is in the
order of centimetres.
POD of the Calibration Satellites
For the calibration satellites listed in Table 1, 4 runs of the POD procedure are performed.
Table 2 gives relevant information about the 4 POD runs. Each of the POD orbit arcs starts
and ends at midnight on the specified date. The first run is for ETALON 2, which was tracked
by the SDTS on 1 August. Its POD orbit arc starts at midnight 31 July, and is 3 days long,
during which a total of 57 SLR normal point (NP) observations from 7 SLR stations are
taken. These SLR data, together with the data from the SDTS, is used to generate the POD
orbit. The second run is for assessing the two short LAGEOS 1 passes on 20 July. The third
run is for the LAGEOS 1 pass on 30 July, and the fourth run is for the two LAGEOS 2 passes
respectively on 31 July and 1 August.
Table 1: List of Spherical Geodetic Satellites Observed During RazorView Campaign
Name
Date
Start Time (UTC)
Duration (s)
ETALON 2
1 August
11h 28m 35s
211
LAGEOS 1
20 July
17h 11m 13s
157
LAGEOS 1
20 July
17h 24m 37s
97
LAGEOS 1
30 July
17h 17m 21s
315
LAGEOS 2
31 July
10h 40m 31s
320
LAGEOS 2
1 August
12h 14m 55s
1398
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The forces considered in the orbit determination are the Earth gravity (EIGEN 2005 model,
[6]), solar, lunar and planetary third body gravities, solid and earth and ocean tides, and solar
radiation pressure [7]. The atmospheric drag effect on these high orbit satellites is not
considered. The accuracy of the determined orbits is in the order of centimetres.
Satellite
ETALON 2
LAGEOS 1
LAGEOS 1
LAGEOS 2

Table 2: POD Runs for the Calibration Satellites
Start Date
End Date Number of SLR
Number of
Normal Points SLR Stations
31 July
3 August
57
7
19 July
22 July
589
16
29 July
1 August
367
16
30 July
3 August
683
15

Error Evaluation of EOS SDTS Observations
The determined orbits are then used to compute range and angular values corresponding to
those observed by the EOS SDTS. The differences between the computed and observed
values are the “real” errors of the observations. Examples of the angular and laser ranging
errors are shown in Fig. 3 to 6.
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Fig. 3: Angular Errors of ETALON 2 on 1 August 2004
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Fig. 4: Angular Errors of LAGEOS 1 on 30 July 2004
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Fig. 5: Ranging Errors of ETALON 2 on 1 August 2004
2.5
2
1.5

Errors (m)

1
0.5
0
-0.5 0

40

80

120

160

200

240

280

320

-1
-1.5
-2
-2.5
Time since the first Epoch (s)
the first epoch is at 10h 40m 36.24555s

Fig. 6: Ranging Errors of LAGEOS 2 on 1 August 2004
Finally, the RMS value of all the azimuth/elevation errors combined is computed to be 1.46" ,
and the RMS value of all the ranging observation errors is 1.046m.
Errors of similar magnitude are obtained before and after the RazorView campaign. For
example, Fig. 7 shows the errors of the laser ranging observations of LAGEOS 2 satellite
observed on 7 November 2004. The RMS value of the errors in Fig. 7 is 1.25m.
In summary, by comparing the observations with the corresponding values computed from the
precise orbits of high altitude geodetic satellites, it is shown that the EOS SDTS has an
angular observation RMS error of about 1.5" , and the ranging observation RMS error of about
1.0 ~ 1.25m.
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Fig. 7: LAGEOS 2 Ranging Errors after the RazorView Campaign on 24 Nov 2004

Experiments of Orbit Determination and Prediction with Iridium Satellites
The data analyses in the above have shown the excellent accuracy of observations from the
EOS SDTS. In this section, the results of Iridium satellite orbit determination and prediction
experiments using the observations from the system are presented, since providing accurate
debris orbit information services is one of the main objectives of developing the SDTS.
It should be pointed out that, for debris objects, POD at the present is only a remote dream.
The biggest obstacle to debris POD is the lack of highly accurate and well distributed tracking
data, therefore debris-specific force models are impossible to tune. One would be satisfactory
if an accuracy of tens of metres for LEO debris orbit determinations is achieved.
Orbit prediction is an extrapolation of the orbit determination results. Accordingly, in most
cases, the accuracy of orbit prediction is worse than that of orbit determination. The
prediction accuracy in the order of metres for SLR satellites has been normal for a period of a
few days, while for LEO debris objects, that accuracy would be easily degraded to a few
kilometers in just 24 hours.
The radar and optical tracking based NORAD TLE catalogue appears to be the only one to
enable the public to perform orbit predictions of thousands of debris objects using the SGP4
algorithm. The orbit prediction accuracy using TLE datasets is far less than satisfactory for
many applications, for example, accurate and reliable space debris collision warnings.
Protection of valuable spacecraft from potential space collisions requires more accurate orbit
determinations, and in particular the orbit predictions, for these spacecrafts. The EOS SDTS is
an advanced platform on which the precise debris orbit determination and prediction can be
carried out. Unfortunately, there were insufficient data to conduct orbit determination and
prediction experiments for the objects tracked during the RazorView campaign. This problem
was partially covered by a small campaign of tracking Iridium satellites by the SDTS
performed on 23-26 August 2004. Some Iridium satellites were tracked several times over the
time period, and thus the orbit determinations from laser ranging data of multiple passes are
possible.
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Iridium 60 was the one having the most successful tracking of 5 passes in four days: one pass
on Day 1, two passes on Day 2, and one pass each on Day 3 and Day 4.
The procedure of the orbit determinations for Iridium satellites is the same as for the geodetic
satellites discussed in the above section. However, the atmospheric drag has to be included
because the Iridium satellites are at an altitude of about 800km. The MSIS86 model [8] is
used to compute the atmospheric mass density, and the HWM93 model [9] to compute the
atmospheric wind velocity.
An orbit determination and prediction procedure is run for Iridium 60 using the observations
on Day 1 and Day 2. The determined orbit is then extrapolated for two days into Day 3 and
Day 4, so that the observations on Day 3 and Day 4 can be compared with their corresponding
values computed from the extrapolated orbit. The differences between the observed and
computed values are a very good measure of the orbit prediction accuracy.
Fig. 8 shows the orbit prediction errors after about 24 hours. Fig. 8(a) shows the direct
comparison results between the predicted orbit and the observations from the SDTS. It is seen
that the range errors are less than 9 meters and the pointing errors are less than 11 arc
seconds. The ranging and angular errors are converted into the along/cross track and radial
errors in the orbit-coordinate system, and shown in Fig. 8(b). The average errors are -27.0,
0.4 and 24.6 m in the along, cross track and radial directions respectively.
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Fig. 8: Iridium 60 Orbit Prediction Errors after 24 Hours
Fig. 9 shows the errors of orbit prediction after 47 hours. The range errors increase linearly
with time. The pointing errors are still less 11 arc seconds.
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Fig. 9: Iridium 60 Orbit Prediction Errors after 47 Hours
These excellent results demonstrate that the precision orbit determination and prediction are
achievable even for LEO debris objects when only limited but well distributed observations
are available.
Another example is with Iridium 29 which was tracked one pass on each day. The laser
ranging data of the first three passes are processed in an orbit determination run, and the orbit
is then extrapolated into Day 4. The orbit prediction errors, which are obtained by comparing
the predicted orbit with the measurements, are shown in Fig. 10. The tracking time on Day 4
is about 25 hours 4 minutes after the last observation epoch used in the orbit determination.
This figure shows the prediction errors for 24 hours reaches 320 m in the range and 50 arc
seconds in the direction. The large angular errors are most likely caused by drag modeling
error for this satellite.
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Fig. 10: Iridium 29 Orbit Prediction Errors after 25 Hours
Prediction accuracy after 24 hours with other satellites is generally worse than that for Iridium
60 but better than that for Iridium 29.

Conclusions
The RazorView project demonstrated that debris objects as small as 10cm could be tracked by
the EOS SDTS. Data analyses presented in this paper show that the laser ranging accuracy of
the SDTS is better than 1.5m, and the angular observation accuracy is about 1.5" .
Experiments with the Iridium satellites show that, when only 3 passes of laser tracking data
over an orbit span of 2-3 days are available, the orbit can be determined to an accuracy as
high as a few meters, and the 24-hour orbit prediction errors are generally better than 300m.
EOS is currently funded by the Australian Space Research Program to develop an automated
debris laser tracking system
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Summary: Reducing the dimensionality of high dimensional data without losing its essential
information is an important task in information processing. Principal Component Analysis
(PCA) is a common dimensionality reduction method which removes the correlation between
bands and finds the lower dimensional projections of the original data which have maximum
variance. However, PCA does not always provide the best set of reduced features for classification. On the other hand, application of mutual information (MI) between the original
bands and input classes without interaction among the bands selected, may select highly
correlated bands. In this paper, an approach utilizing the mutual information measure on
PCA data (MI-PCA) is proposed. The MI-PCA approach finds those principal components
which are uncorrelated and spatially most similar to all the input classes. Experimental result
on hyperspectral data shows that MI-PCA improved classification accuracy with both Support
Vector Machine and Maximum Likelihood Classifier.
Keywords:

Mutual information, feature extraction, feature selection, hyperspectral data,

image classification, maximum likelihood classifier, support vector machine.

Introduction
Hyperspectral sensors collect image data with hundreds of contiguous spectral bands/features
with a high resolution, e.g. 0.01µm. For instance the AVIRIS sensor has 224 spectral bands
and its wavelength ranges from 0.4 to 2.5µm. This high resolution makes hyperspectral data
more beneficial to many remote sensing applications as it provides greater detail on the spectral
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variation of ground cover types than those acquired by multispectral systems for classification.
Each image band is termed as individual feature as they contain different reflection from the
earth surface. However, this large number of bands has high dimensional issues, presenting
several significant challenges to supervised image classification [1]. (1) When the training
samples are limited a reduction in the classification of test data is observed due to poor
generalization of the classifier, which is known as the Hughes Phenomenon [2, 3, 4, 5, 6, 7].
(2) Band selective atmospheric transmission and interference means some band contain less
discriminatory information than others. The aforementioned problem can be solved by feature
selection or extraction. Feature selection is the process of finding informative subset of features
which add value to the classifier. Feature extraction is the process that generates a new
representation by mapping the original to a new space. Thus the problem of producing M new
features by transforming the original N features (M < N) is referred to as feature extraction
(FE). Feature selection and feature extractions aim to improve the robustness, generalization
capability and overall classification accuracy of the classifier [8]. Different criteria are used
to measure the quality of the selected features including distance, dependency, consistency,
information and classification error etc.
One of the popular unsupervised feature extraction method is Principal Component Analysis
(PCA) which seeks to optimally represent the data in terms of maximal variance or minimal
mean-square-error between the new representation and the original data. However, it does
not take into account the classes of interest when generating the new features. There is no
guarantee that the direction of maximum variance will provide good class separation [13, 14].
Another major weakness of PCA is that it is not invariant under a transformation of the
input variables. Simple linear scaling of the input data is sufficient to modify the PCA results
[13, 15]. On the other hand, some feature selection approaches J-M and Bhattacharya distance
measure are sufficient for normal like data. But they have obvious limitation and drawbacks
including the ineffective class pair wise treatment [21]. On the contrary mutual information
can measure the general relations (linear and non-linear) between a candidate feature and class
labels of all the classes simultaneously and it does not involve data transformation. However,
if it is applied to indivadule image bands without considering the interaction among them,
the selected bands/features can be highly correlated.
In this paper, a feature reduction approach is proposed which combines feature extraction
using PCA and feature selection from the resulting principal components (PCs) using MI
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to obtain spatially more similar projections with respect to the input classes. Experimental analysis on hyperspectral images shows that the features obtained by MI-PCA provide
higher classification accuracy than using either PCA-only or MI-only (MI on original data)
approaches.
The rest of the paper is organized as follows. Section 1 represents a brief introduction to
PCA and MI. Section 2 contains an explanation of the proposed MI-PCA approach. Section
3 presents experimental results with real data and Section 4 provides conclusions.

I. RELATED WORK
Principal Component Analysis
The principal component transform produces a new set of uncorrelated images that are
ordered by variance. This analysis depends on the eigenvalue decomposition of the covariance
matrix of the input hyperspectral data. The new feature space Z is given by

Z = AT X

(1)

where X, Z and AT are the input, output and the normalized eigenvectors of the covariance
matrix ordered by the respective singular eigenvalues. The first few components, z1 , z2 ,.. zk ,
are often used as the extracted features.

Mutual Information
According to Shannon’s information theory, if the probability of a random variable x is
p(x), the initial uncertainty of the random variable is measured by its entropy:

H(X) = −

∑

p(x)logp(x)

xϵX

(2)

While the average uncertainty after knowing a feature vector F is the conditional entropy.
H(X|F) = −

∑∑

p(f , x)logp(x|f )

f ϵF xϵX
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The amount by which the uncertainty is decreased is called the mutual information I =
H(X) − H(X|F). This concept can be applied to two random variables, where one is the

measured input spectral image and the other is the target class label image related to the
classification objective. MI between these two variables provides a framework to measure the
similarity between them. The MI between the class labels C and an input image X is defined

as follows:

I(X, C) =

∑ ∑

cϵC xϵX

(

p(x, c)
p(x, c)log
p(x)p(c)

)

(4)

Where p(x), p(c) and p(x, c) are the marginal and joint probability of x and c. The features
having higher value of MI with input classes are more suitable for classification than the
lower ones [16].





 




























Fig. 1: Many overlaps between the samples from classes Grass, Tress and Street

II. COMBINING SUPERVISED MI AND UNSUPERVISED PCA FOR
FEATURE REDUCTION
The success of feature reduction algorithm depends critically on how much relevant information is contained in the output features [17, 18]. According to Shannon’s information theory,
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Fig. 2: Only a few crossover samples between the classes of Trees and Street

the problem of selecting relevant input can be solved by computing the mutual information
[1, 19]. To find relevant and uncorrelated features, we proposed to apply MI on PCA data.
MI is sensitive to the input class structure and suitable for multi class problems. The MI
between each PC z, {z ∈ ℜN } and the input class labels C, is given by:

I(Z, C) =

∑∑

cϵC zϵZ

(

p(z, c)
p(z, c)log
p(z)p(c)

)

(5)

Selected features based on the MI between the original data and target classes (MI-Org)
can be correlated. This is why we propose to apply the feature selection on the uncorrelated
PC data. In this way the classification accuracy can be improved compared to the PCA-only
and MI-Org techniques.

III. INPUT DATA AND EXPERIMENTAL RESULTS
To explore the performance of our algorithms, the hyperspectral image Washington DC Mall
[6, 20] with 1280 × 307 × 191 pixels was used in the experiments. The mutual information is
measured from resulting PCA data and 4 input designated classes (Water, Trees, Grass and
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Street). The principal components are then re-ranked based on values of MI from high to low.
The top few features are selected and used as input to a maximum likelihood classification
(MLC) and support vector machine (SVM) classifier to measure the classification accuracy.
MI-PCA is compared to MI-Org and PCA. The results are shown in Figure 4-7.
Table 1: Selected features by MI-Org, PCA and MI-PCA
Ranking Method

Ranked Bands/Features
1st

2nd

3rd

4th

5th

MI-Org

96

98

97

85

83

PCA

1

2

3

4

5

MI-PCA

6

2

1

5

3

Fig. 3: MI-Org select adjacent bands as rank1 : B96, rank2 : B98, and rank3 : B97
From Figure 4-7, it can be seen that the new rank obtained by MI-PCA provides better
classification accuracy than the order obtained by PCA and MI-Org. It can also be seen that
with MI-PCA, only 2 features is sufficient to obtain higher than 98% (water: 98% street:
98.3% grass: 98.5% trees: 98.1%) for training and 93% (water: 98.7% street: 98.4% grass:
94% trees: 86%) accuracy for test data. Where as, to reach this accuracy, the PCA method
requires about 5 features. This is due to the fact that the MI-PCA method orders the features
according to their relevancy regarding the output and also reduces the probability of incorrect

Page 196

Proceedings from 11th Australian Space Science Conference, 2011





















































Fig. 4: Classification accuracy of training

Fig. 5: Classification accuracy of test data by

data by MLC

MLC


























































Fig. 6: Classification accuracy of training

Fig. 7: Classification accuracy of test data by

data by SVM

SVM

estimation. Where as the PCA extracts features based solely on the global variance and does
not consider the target classes in the eigenvector analysis. Figures 1 and 2 illustrate the
selections of top two from these two methods, respectively. It can also be seen from Table-1
that the order obtained by MI-Org are neighbouring bands (rank1: B96, rank2: B98 and rank3:
B97) and they are highly correlated as seen in Fig. 3 which leads to poor performance for test
data. From the above experimental results it can be said that a combination of spatial similarity
and variance can provide better discrimination and increase in classification accuracy than
using global variance alone.
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Conclusion
In this study a feature reduction method is developed by combining mutual information
and Principal Component Analysis. From the above experimental results it can be said that
the proposed MI-PCA method needs only 2 bands/features to get more than 93% accuracy
where as traditional PCA requires 5 features to obtain the same accuracy. It can also be said
that the proposed MI-PCA approach is better than applying MI on the original bands.
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Sea State Estimation Using Data Collected from LowAltitude Airborne Experiments
Kegen Yu, Chris Rizos and Andrew Dempster
School of Surveying and Spatial Information Systems, University of New South Wales,
Sydney, NSW 2052, Australia
Summary: In this paper we investigate sea state estimation by using the GNSS (Global
Navigation Satellite System) signals which are a free resource available globally. Three
different GNSS-based methods for sea state estimation and/or near sea surface wind retrieval
are investigated. A low-altitude airborne experiment was carried out by a UNSW-owned light
aircraft flying above the sea off the coast of Sydney between Narrabeen Beach and Palm
Beach in June 2011. The direct GNSS signal was received via a zenith-looking right-handcircularly-polarised (RHCP) antenna, while the GNSS signal reflected by the sea surface was
received via a nadir-facing left-hand-circularly-polarised (LHCP) antenna. Both the direct and
reflected signals were processed at the same time in a software-based GNSS receiver and data
then logged to a laptop. The preliminary results, including the delay waveforms and the delayDoppler waveforms, are presented. The results confirm that at a flight height of less than
500m the trailing edge of the delay waveforms is insensitive to the wind speed or wave height
variation. Thus at such very low altitudes it is inappropriate to use the trailing edge to perform
sea state estimation or wind retrieval.
Keywords: Sea state estimation, GNSS reflectometry, low-altitude airborne experiment,
delay waveform, delay-Doppler waveform.

Introduction
In Earth remote sensing, both bistatic radar and monostatic radar techniques are widely
employed. In the case of monostatic radar the receiver and transmitter are collocated so that
the system configuration is relatively simple. The transmitted signal is reflected by the target
surface and then travels back to the transmitter and receiver. In contrast, in bistatic radar the
receiver and the transmitter are separated and the separation distance is comparable to one or
both of the distances from the transmitter to the target or from the receiver to the target. The
transmitted signal is reflected and then travels forward to the receiver.
Due to their global availability, GNSS signals can be freely exploited to remotely sense a
range of geophysical parameters, in addition to supporting positioning, navigation and timing
applications [1]. A technique that combines GNSS and “reflectometry” is popularly termed
GNSS-R. In the design of GNSS-R systems only the receiver needs to be considered. Clearly,
such a GNSS-R system consisting of a GNSS satellite and a GNSS receiver is a passive
bistatic radar system. Depending on the application scenarios, the receiver can be mounted on
one of the three basic platforms: land-based, airborne, and space borne. The first platform is
typically static, while the other two are obviously kinematic.
There are numerous potential applications in which GNSS-R can be employed. For instance,
sea surface roughness and near surface wind speed and direction can be estimated through
processing the reflected signals and analysing their characteristics [2-5]. The direct signals can
be employed to aid the estimation, such as speeding up the estimation process by providing
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the code phase and Doppler frequency information. It can also be employed to reduce the
effect of the irrelevant parameters such as through normalising the power of the reflected
signals by that of the direct signals. The accuracy of these wind retrieval methods will largely
depend on the uncertainties in the theoretical models or empirical formulas. Another example
is that land-surface reflected signals can be used to measure the soil moisture, which affects
the signal-to-noise ratio (SNR) in the reflected signals [6]. The key factors affecting the soil
moisture would be the rainfall and the temperature in the region of interest. Although other
factors such as vegetation and surface structure would have an impact on the measurements,
long-term observation of the SNR variations would provide useful information on the soil
moisture change and thus other geophysical information may be inferred. Another application
area of GNSS-R is the measurement of the mean sea level (MSL) through ocean altimetry [710]. The basic idea of such MSL estimation is to determine the difference between the time
arrival of the direct signal and that of the reflected signal. The error in the estimation of the
time arrival of the reflected signal would be the dominant error.
The focus of this paper is on the sea state estimation or near sea surface wind retrieval using
the reflected GNSS signals. Specifically, three different estimation algorithms were studied in
detail: the model matching method [11-13], the 3-dB bandwidth based method [4], and the
coherence time based method [14]. A low-altitude airborne experiment was carried out in
June 2011 by a UNSW-owned light aircraft flying over the coast of Sydney. Both the direct
and reflected GNSS signals were logged as IF data to a laptop via a software receiver. The
logged IF data were further processed to generate the delay waveforms and the delay-Doppler
waveforms which are essential for virtually all sea state estimation or wind retrieval methods.
The remainder of the paper is organised as follows. The following section describes the three
representative methods for sea state estimation or wind retrieval. Next, the low-altitude
airborne experiment is described. Then, some preliminary results from the processing of the
logged data are presented. Finally, some conclusions are drawn and ongoing research work is
mentioned.

Key Estimation Methods
The GNSS-based geophysical parameter estimation relies on analysing the reflected GNSS
signals. Although there are different sea state estimation methods, all of them use either onedimensional correlation waveform (i.e. delay waveform) data or two-dimensional waveform
(i.e. delay-Doppler waveform) data. The delay waveform describes the relationship between
the correlation power and the code phase/delay, while the delay-Doppler waveform shows the
correlation power versus both the code phase and the Doppler frequency that is produced due
to the relative motion between the transmitter and the receiver. The basis of the three
representative algorithms is described below.
Model Matching for Wind Retrieval
Model matching is one of the key sea state estimation approaches, which produces state
estimates through matching the processed measurements with the theoretical models. To
apply this method a database of the theoretical waveforms needs to be established in advance.
To understand this method it is helpful to give a brief description about the correlation power
that is obtained through cross-correlating the received signal via the nadir-facing antenna with
a code replica associated with a specific satellite. In [2] Zavorotny and Voronovich derived
mathematical expressions to describe the correlation power as
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Ti 2 (2 Pt' Gt Gr% 0 2
Y ($ , f D ) =
# ($ ! $ c ) sinc 2 (( f D ! f c )Ti )dA
2 ""
2 2
(4& ) A Rts Rsr

(1)

where Ti is the coherent integration time, Pt is the transmit power, ! is the atmospheric
attenuation, Gt and Gr are the antenna gains of the transmitting and receiving antennas
respectively, Rts and Rsr are the distances from the transmitter to the scattering point and the
distance from the scattering point to the receiver respectively, # (! " ! c ) is the triangle
correlation function of the PRN code with ! the delay of the replica code and ! c the delay of
the received code, sinc(!) is the sinc function representing the attenuation caused by Doppler
misalignment with f D the Doppler frequency of the replica signal and f c the Doppler
frequency of the received signal, A is the effective scattering surface area, and ! 0 is the
bistatic scattering cross section (BSCS). To calculate the BSCS, a wave elevation spectrum
model is required to describe the random wave heights of the wind-driven sea surface and one
such elevation spectrum model was developed by Elfouhaily et al [15]. The elevation
spectrum, and thus the surface slope variance, is a function of the wind speed and direction
with higher wind speeds producing larger slope variances. Assuming that the value of the
slope is Gaussian distributed, the slope probability density function is then fully defined.
Accordingly, the BSCS can be determined.
Clearly, the signal received via the nadir-looking LHCP antenna consists of many different
components, reflected from different scattering points over the effective scattering area (also
termed ‘glistening zone’). When the antenna radiation patterns of the transmitting antenna on
the satellite and the receiving antenna and their positions are known, this effective scattering
area can be determined. This area is then divided into a network of grid points, each of which
is modelled as a single point, where the reflected signal has a Doppler frequency and a
propagation delay relative to the specular point. For a given geometric configuration between
the GNSS satellite and the receiver, the specular point is unique, where the propagation path
length from the transmitter on the GNSS satellite through the scattering point on the Earth to
the receiver is minimal. Based on the dimensions of the delays and the Doppler frequencies
within the effective scattering area, a sequence of frequency bins and another sequence of
delay bins are defined so that the Doppler frequencies and the delays related to all the grids
are distributed in the bins. The total correlation power is thus the summation of the correlation
powers related to individual pairs of the frequency and the delay, generating a twodimensional delay-Doppler waveform. When the Doppler frequency is set at the central
Doppler frequency where the correlation power is the maximum, the delay waveform is
produced.
A database of delay waveforms can be created for each set of GNSS satellite position and
velocity, and receiver position and velocity. Thus, each waveform in the database is related to
a pair of values of wind speed and direction. Due to the fact that the trailing edge of the delay
waveform is sensitive to the wind speed and direction, the trailing edge above some power
level can be employed for wind retrieval and sea state estimation. When real measurements
are taken and the delay waveform data are generated, the measured trailing edge is compared
with each of the theoretical ones in the database. Specifically, the cost function is calculated
according to
M
~
f i = ! (Yi (# j ) " Y (# j )) 2

(2)

j =1

where {! j } are the delay points covering the trailing edge of interest and M is the number of
~

the delay points, Yi (!) denotes the ith delay waveform in the database, and Y (!) represents the
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measured waveform. The theoretical delay waveform resulting in the minimal cost function is
selected and the corresponding wind speed and direction values are the required estimates.
Using 3-dB Bandwidth to Estimate Surface Mean Square Slope
The model matching method described above is relatively complex in computational terms. A
simpler method is to use the 3-dB Doppler bandwidth of the reflected signal to estimate the
surface slope characteristics which can be converted into wind speed and direction as
proposed by Elfouhaily et al [4]. Specifically, the coordinate system is established by setting
the specular point as the origin and ( x, y ) as the scattering point on the Earth that is simplified
as being flat. Denote the receiver altitude and the satellite altitude as h and H respectively.
The horizontal two-dimensional surface slopes can be described as

y
#
#
& x y
& x
s hor = '$
,
sin 2 ) ! ( '$ , sin 2 ) !
"
"
% 2h 2h
% 2H 2H

(3)

where ! is the elevation angle of the satellite at the specular point and H = hH /(h + H ) ! h
where the approximation is valid for h << H . Define a new set of normalised coordinates as

& x y
#
u = ( X , Y ) = $ , sin 2 ' !
% 2h 2h
"

(4)

Suppose that the joint distribution of the two-dimensional surface slopes is Gaussian with the
probability density function given by
PL (u) =

1

#
& 1
exp$ ' u T M 'L1u !
2( | M L |
"
% 2

(5)

where | M L | is the determinant of the 2 ! 2 covariance matrix M L . Relative to the central
Doppler associated with the specular point, the instantaneous Doppler shift experienced by the
signal reflected at the scattering point ( x, y ) can be expressed by
#f D ( x, y ) = ( xv xr + y (v ry sin " + v zr cos " ) sin " )

sin "
h!

(6)

where (v xr , v ry , v zr ) is the velocity of the receiver and the effect of the orbital velocities is
neglected. Applying the change of the variable, (6) becomes
"f D (u) = ( Xv xr + Y (v ry + v zr cotan $ )

2 sin $
sin $
=2
vs !u
#
#

(7)

where v s = (v xr , v ry + v zr cotan ! ) and the vector dot product is applied. Since u is Gaussian
distributed, !f D (u) also has a Gaussian distribution with a standard deviation given by
σD =2

sin γ

λ

v Ts M L v s + trace(M L Ω L )

(8)

where Ω L is the covariance matrix of horizontal orbital velocities. For an omni-directional sea
surface, the covariance matrix becomes
ML =

' s2
2

&1 0#
$0 1 !
%
"

(9)

where ! s2 is the mean square slope (MSS) of the sea surface. Then, equation (8) reduces to
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σD =2

sin γ σ s

λ

2

| v s | 2 +ε

(10)

where ε = 2 trace(M L Ω L ) is relatively a small quantity which may be ignored. Thus, the 3-dB
bandwidth of the Doppler spectrum can be calculated by the relationship
BW3dB = 2 2 ln 2! D

(11)

In summary, to estimate the MSS and then retrieve the wind speed, one needs to calculate the
3-dB bandwidth of the Doppler spectrum based on the measurements of the reflected signals
in addition to the knowledge of the elevation, the wavelength, and the velocity of the receiver.
That is,
σs ≈

BW3dB λ
4 ln 2 | v s | sin γ

(12)

Using Coherence Time to Estimate Significant Wave Height
Sea state refers to the general surface condition of a specific ocean area, which is determined
by waves locally generated by wind and swells generated by distant storms. To obtain full
knowledge of a sea state it is essential to determine the surface wave height, period, and
power spectrum. Although a sea state is associated with several parameters, it is more often to
deal with the mean square slope of the sea surface locally driven by wind, which was already
mentioned earlier. The surface MSS does not only provide some information about the sea
state, but it also tells how strong the local wind is; so that the near sea surface wind retrieval
can be realised. This is because there is a deterministic relationship between the wind speed
and direction and the MSS of the sea surface driven by local wind.
However, the most important parameter associated with the sea state may be the significant
wave height (SWH) which is defined as the average height of the one-third highest waves.
Alternatively, the standard deviation of the surface elevation is a sea state parameter, which
can be more readily handled mathematically. Note that surface elevation and wave height are
two different concepts/parameters, although the latter is determined from the former. Surface
elevation time series can be divided into individual waves. Typically a wave is defined as the
portion of the water between two successive zero up-crossings relative to the still water
surface. Wave height is the difference between the maximum and the minimum surface
elevations and there is only one zero down-crossing between them. Surface elevation of
random waves can be well described as a zero-mean Gaussian random variable with a
standard deviation (STD) denoted by ! z [16]. On the other hand, the distribution of wave
height can be rather different from that of surface elevation. Based on theoretical studies and
field measurements it has been shown that wave height is a random variable that follows the
Rayleigh distribution [17, 18]. The two random variables can be connected to each other
through associating the SWH with the surface elevation STD by the simple relationship

SWH = 4! z

(13)

Studies have demonstrated that for deep water waves, the SWH calculated as above has good
agreement with that determined by the one-third highest wave heights. In the case of
intermediate and shallow water depths the SWH determined by (13) would be less than the
average height of the one-third highest waves [19]. Nevertheless, (13) is commonly used for
calculating the SWH in wave height analysis.
In [14] a relationship between the SWH and the effective coherence time is established
mathematically. Specifically, the interferometric complex field (ICF) is defined as
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FI (t ) =

FR (t )
FD (t )

(14)

where FR (t ) and FD (t ) are respectively the complex values at the amplitude peaks of the
reflected and the direct complex waveforms. The normalization by the direct waveform is
intended to remove features unrelated to the ocean surface condition, such as transmission
power variation and navigation bit phase offset. The autocorrelation function of the ICF can
be approximated as
& 't 2
*('t ) ) A(+ z , ! z ,, , Gr ) exp$$ (
2
% 2+ *

#
!
!
"

(15)

where the amplitude is a function of the STD ( ! z ) of the surface elevation, the autocorrelation
length ! z , the scattering elevation angle (! ) and the receiving antenna gain ( Gr ); and

#& =

%z
$% z
=
2k# z sin ! 4"# z sin !

(16)

where ! z is the correlation time of the surface and ! is the wavelength of the GNSS signal.
The correlation time of the surface can be associated with the mean wave period (MWP) such
as through a simple linear relationship

# z " a m + bm ! MWP

(17)

where the two coefficients for a well developed sea are empirically derived as a m = 0.07 and
bm = 0.12 . Thus, the coherence time of the ICF is simply the STD of this Gaussian function,
given by

(F ='# "

& a m + bm ! MWP
% sin $
SWH

(18)

Clearly, the coherence time is a function of the two parameters of the surface waves. To
simplify the relationship, the correlation time of the surface is associated with the SWH via an
empirical formula

# z " a s + bs ! SWH

(19)

where a s = 0.167 and bs = 0.388 . Accordingly, (18) becomes

+F '

a #
* &
$ bs + s !
SWH "
) sin ( %

(20)

as
& sin % $ F / # ! bs

(21)

That is,

SWH "

To fit the field measurements, two parameters are introduced so that (21) is changed to

SWH " SWH 0 + '

as
& sin % $ F / # ! bs

(22)

where SWH 0 = 0.21 and ! = 0.18 .
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Discussions
Comparatively, the model matching approach is more complex than the other two approaches.
Two-dimensional or three-dimensional waveforms need to be established in the form of a
database with respect to different flight heights and velocities. Although the 3-dB bandwidth
method and the coherence time based method are simple, their performance would, in general,
be inferior to that of the model matching method. This is because further simplifications are
involved with these two methods so that more errors would be introduced. In particular, in the
derivation of the 3-dB bandwidth method, the effect of the short waves is completely ignored.
As for the derivation the SWH formula in the coherence time based method, the data were
obtained from a region within a specific well-developed sea. The formula may need
significant modification in the case where the sea is not fully developed. Further, the
theoretical model used does not consider the swells. In fact there are uncertainties associated
with each of the mentioned methods. Thus, it is desirable to reduce these uncertainties in
future research. Finally, it must be pointed out that the first two methods are for wind retrieval
or surface MSS estimation, while the third method is for SWH estimation.

Low-Altitude Airborne Experiment
Data Logging System Setup
Fig. 1 shows the basic block diagram of the signal reception and data logging system. The
Nordnav software receiver, the low noise amplifier (LNA) and the LHCP antenna are shown
in Fig. 2. The LHCP antenna is a passive L1/L2 GPS antenna with a 3dB-beamwidth of 114
degree in free space. The model number of this passive LHCP antenna is P/N: 3G1215RL-PPXS-1. The LNA has a fixed gain of 20 dB and the model number is P/N: 2G1215AMP20-XS1S. The IF and sampling frequency of the software receiver are 4.1304 MHz and 16.3676
MHz respectively. The RHCP antenna is a typical GPS antenna for receiving the direct
signals. All the equipment was secured on stable structures in the aircraft.
RHCP
Antenna

NordNav
Software
LNA

Laptop

Receiver

LHCP
Antenna

Fig. 1: Simplified block diagram of the data logging system
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Fig. 2: Software receiver, LHCP antenna and LNA
Experiment
This airborne experiment was carried out by a UNSW-owned light aircraft flying off the coast
of Sydney between Narrabeen Beach and Palm Beach on 14 June 2011. Fig. 3 shows the
aircraft used for the experiment, which has three seats, one for pilot and the others for two
operators. The flight height above the sea was between 200 m and 500 m. The primary
payload was for a LiDAR experiment whose purpose was to monitor the Sydney coastal areas
to provide information for future infrastructure development. The host payload was for the
GNSS signal reception and data logging. The low flight altitudes were required by the LiDAR
experiment.

Fig. 3: Light aircraft used for the airborne experiment on 14 June 2011

Preliminary Results
The data logged via the Nordnav software receiver were processed using the C-code software
provided in the book-DVD of Gleason & Gebre-Egziabher [20], which was modified to
process the logged data. The preliminary results are the delay waveforms and the delayDoppler waveforms of both direct and reflected signals. Fig. 4 shows these waveforms which
are associated with satellite PRN#21. The results were produced by processing the data over a
period of five seconds. That is, the signals were first coherently integrated over 1 millisecond
which is the length of the C/A code with respect to specific pairs of a code phase and a
Doppler frequency. Then, the results are non-coherently integrated over 5 seconds. During
this period of time the satellite elevation angle was between 53.202 deg and 53.223 deg, while
the aircraft flight height was between 491m and 508m.
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It can be observed that there is some clear delay spreading over the trailing edge of the delay
waveform of the reflected signals, resulting from the roughness of the sea surface. As
expected, the correlation power of the reflected signal is much smaller than that of the direct
signal, just around one thirtieth. The second spike in the delay waveform of the reflected
signal resulted from the direct signal. There are two possibilities regarding the presence of
such a direct signal component in the waveform of the reflected signal. One is that a cross-talk
exists between the two front-ends in the receiver. The second is that this spike comes from the
reception of the direct signal which enters the aircraft such as through the window, then
reflected and finally impinges on the edge of the down-looking antenna. Note that the LHCP
antenna can also receive some components of the RHCP signals. Although the second spike
may not have an impact on the waveform-based sea state and/or wind retrieval, it would be
interesting to find out the exact reason for the second spike in the future.
The noise floor of the reflected delay waveform is rather high; thus careful noise removal is
necessary prior to further processing of the waveforms. It was also observed that there is
actually no obvious delay spread over the trailing edge when the flight height is less than 300
m, although the data were logged when the sea was rather rough, with a SWH greater than 2
m. The results were not presented here to save space. Thus, the trailing edge related to very
low-altitude flights should not be employed for sea state estimation or wind retrieval.
The delay spread over time can also be clearly observed from the delay-Doppler waveform of
the reflected signal. However, compared with the direct signal, the Doppler spread over
frequency of the reflected signal can be hardly seen. As a result, the 3-dB bandwidth method
may not be suited to these experimental results. One more observation is that the reflected
delay-Doppler waveform is a bit tilted and thus not symmetric with respect to the Doppler
frequency. This asymmetry would result from the orientations of the receiving antenna and
the transmitting antenna, the moving directions of the satellite and aircraft as well as the wind
(or wave) direction.
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Fig. 4: Delay waveform and delay-Doppler waveform of the direct and reflected signals
associated with satellite PRN#21
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At the moment no sea state estimation results have been produced from this experiment. This
is mainly due to the fact that in the theoretical models the correlation-power waveforms are
insensitive to the variations of the sea state or sea surface winds at low flight altitudes such as
below 500 metres. The three methods investigated earlier either directly or indirectly use the
waveforms. Nevertheless it would be interesting to infer some useful information about the
sea state and near surface wind using the experimental data obtained at these rather low
altitudes and developing more suited new techniques in future research.

Concluding Remarks
In this paper the GNSS-R technique for geophysical parameter estimation was investigated
and three different methods for sea state estimation and/or wind retrieval were discussed. A
low-altitude airborne experiment was conducted and the preliminary results (delay waveform
and delay-Doppler waveform) were presented. The results demonstrated that marginal delay
spread over time was observed for data logged at flight heights of around 500 m. There is
virtually no delay spread on the trailing edge of the delay waveform in the case of flight
heights of less than 300 m even when the surface was rather rough. This confirmed the
relevant theoretical studies reported in the literature. More experiments are scheduled to be
carried out at higher flight heights of around 10,000 ft under different wind speeds and/or sea
states. The performance of the algorithms will be evaluated using the logged data under
different sea surface conditions. Further, ongoing work will also focus on developing new
methods and techniques to improve the estimation accuracy and on estimating other
geophysical parameters such as the mean sea level.
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Summary: The Namuru V3-2 is an L1 FPGA based GNSS receiver designed for integration
into a Colony II cubesat. This paper describes the receiver design requirements, as well as the
hardware and software design of the subsequent implementation. Preliminary performance
results obtained using the receiver are also presented.
Keywords: Space qualified GPS receiver, Colony 2 Cubesat, Namuru V3.2

Introduction
Australia has recently developed a renewed interest in space related activities with the
establishment of the Australian Space Policy Unit. As part of this interest, a research program
has been initiated via the Australian Space Research Program (ASRP) funding grants. The
School of Surveying and Spatial Information Systems (SSIS) at the University of New South
Wales (UNSW) was successful in gaining ASRP funding for the “Synthetic Aperture Radar
(SAR) Formation Flying” project, also known as the Garada. As the name suggests, the
program involves undertaking research into flying satellites in formation. The project has
several industry partners and collaborators, including Defence Science and Technology
Organisation (DSTO), BAE Systems, Astrium, and General Dynamics Corporation Ltd (New
Zealand). The Garada collaboration has led to SSIS involvement in another collaborative
cubesat mission spearheaded by DSTO, known as Biarri. The Namuru V3.2 GPS receiver
described in this paper is aimed at satisfying the requirements for Biarri and Garada.
Operating a Global Positioning System (GPS) receiver in low earth orbit (LEO) represents a
significant challenge compared to normal terrestrial use. One problem is that commercial off
the shelf (COTS) receivers are optimized for terrestrial operation. This means that software
algorithms embedded in the devices are not tuned to accommodate the large variations in the
received signal Doppler frequencies that are experienced in low earth orbit (LEO) or the rapid
changes in satellite visibility that accompany the orbital motion. Even if the receiver is able
to acquire and track the GPS signals, International Traffic on Arms Regulations (ITAR)
requirements often result in the receiver not producing navigation outputs because the orbit
altitude and speed exceed the ITAR limits of 60,000 feet and 1,000 knots. The harsh
environment of space with its vacuum, radiation and temperature cycling caused by continual
entry and exit from the sun’s heat causes difficulties for a standard design, as does the
extreme vibration that the receiver is subject to during launch. Care must also be taken in the
thermal design of the equipment in to avoid overheating the components, as well as the
incorporation of low thermal resistance pathways to allow any excessive heat to be conducted
away. This follows because heat can only be removed by radiation in a vacuum and must be
conducted to parts of the spacecraft where this may occur. There are also power-budget
constraints as well as specific mission requirements that may not be satisfied by a COTS
receiver.
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All of these factors ensure that a full custom design is worthy of consideration, despite the
challenges imposed by such an undertaking. This paper describes the requirements imposed
on the Namuru V3.2 GPS receiver, discusses the receiver itself and also provides some
estimates of the performance under space conditions based on results obtained using the
Namuru V2R4 receiver design.

Biarri Program
The GPS/GNSS subsystem represents a vital component in both the Biarri and Garada
programs, although in this paper it is generally to Biarri we will refer. This is because Garada
is a university driven program that may be more properly considered as a feasibility study,
with a strong research element. The outcomes of this study are yet to be determined and the
requirements are therefore not fully defined, although some of the requirements for
components such as GPS can be estimated based on similar projects by other research groups.
In comparison to Garada, Biarri is an international defence-science collaborative program,
with the US, Canada, the UK, and Australia each contributing a subsystem of the mission.
One of the benefits of such collaboration is the capability building process that it fosters in the
participating nations, especially as it relates to space related programs. This program involves
integrating several payloads from the participating nations into three Colony 2 3U-cubesats
that will be supplied by the USA [1], with the system integration of the payloads being carried
out by AFRL. This mission is one of several for which the Colony 2 Bus (C2B) will be
employed, with another example being the STARE cubesat mission [2].
The Australian contribution to this collaboration was selected by DSTO, taking into account
the available capabilities and the requirements of the mission. There are two Australian
contributions, namely the development and supply of a GPS receiver through SSIS and the
supply of a satellite laser ranging (SLR) capability through Electro Optic Systems (EOS) Pty
Ltd. This selection of subsystems reflects one of the technical goals of the mission, which is
to demonstrate an ability to determine the relative separation between multiple cubesats with
an accuracy of approximately 10 cm. The availability of SLR functionality to each of the
three spacecraft comprising the formation will also permit valuable validation between the
two systems to be undertaken. In addition, the GPS is also required to provide precise timing
functionality at the 20 ns level to other subsystems in the spacecraft.

Namuru GPS Hardware
Namuru V1 and V2
SSIS has been active in the field of field programmable gate array (FGPA) GPS receivers
since 2006 when the Namuru V1 GPS receiver was introduced [3, 4], although development
of the receivers started in late 2004 [5]. This first generation device consisted of an Altera
Cyclone II FPGA, a Zarlink GP2015 radio frequency (RF) front end [6], SRAM and Flash
memories, EEPROM and a real-time clock. A NIOS-2 soft processor, and 12 GPS tracking
channels with an interface similar to that employed by the Zarlink GP2021 baseband
processor [7] were implemented using the FPGA hardware fabric to perform baseband
processing of the GPS IF signals. The firmware used to perform the said processing was
based on the GPS Architect codebase, also from Zarlink Semiconductor.
Although the Namuru V1 receiver was well received, there were a number of applications for
which it was ill suited, with one of these being any application requiring two separate RF
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front ends. This limitation was remedied with the subsequent introduction of the Namuru V2
receiver, which is still in limited production even though new receivers are nearing design
completion. The Namuru V2 differed from the V1 with the inclusion of a second GP2015 RF
front end, an L2 to L1 mixer component, replacement of SRAM with a much larger SDRAM,
an upgrade to a larger Cyclone II, inclusion of optional MEMS 3-axis gyroscope and
accelerometers and the replacement of wired Ethernet with a USB2 connection. The receiver
has found widespread use for GPS research, including research into cross correlation
mitigation techniques [8], reception of new GNSS signals and has even found use for research
into space-based navigation by DLR in Germany [9]. This space related research has
included the generation of high precision carrier phase observations, the use of the receiver
for GNSS reflectometry and the use of the receiver on board a sounding rocket.
Namuru V3.2 Hardware
From a hardware perspective, there were several reasons why the Namuru V2 receiver was
unsuitable for direct use on a cubesat platform, notwithstanding the excellent work by DLR
[9]. Some of these are itemized below.
1. The 170 × 99 mm dimensions of Namuru V2 were too large for the Colony 2 cubesat.
2. The Namuru V2 power consumption exceeded cubesat desired power limit of 1 W by
a significant margin.
3. Some components included on the Namuru V2, such as the battery that were used to
power the real time clock (RTC) and battery backed memory, were not appropriate for
an extended mission in space.
4. Some components included on the Namuru V2, such as one of the 2 GP2015 front
ends and the USB2 functionality, were unnecessary.
5. The Namuru V2 did not have the cubesat required communication interface (RS422).
6. The Cyclone II FPGA would be susceptible to single event upsets (SEU) caused by
exposure to radiation and corruption of the FPGA configuration stored within the
FPGA RAM.
7. The Namuru V2 design does not allow for latch up detection and mitigation.
Because of these difficulties, a new Namuru V3.2 GPS receiver hardware design has been in
development by Parkinson of General Dynamics Corporation Ltd (New Zealand). SSIS
recently took delivery of several new receiver prototypes, as shown in Fig. 1, with the
firmware and FPGA designs currently being ported across to the new platform. This
development has followed the design philosophy of using commercially available components
rather than fully space- qualified components in order to constrain the cost of the device. The
DLR Phoenix-XNS GPS receiver, which is a modified SigNav MG5001 GPS receiver
manufactured in Australia [10], is an excellent example of the success of this approach having
been used in several successful DLR space missions [11].
Some of the features of the Namuru V3.2 are [12]:
1. The mechanical dimensions of 82 × 82 mm are tailored to the Colony 2 bus (C2B).
2. The electrical interface includes the RS422 connections required by the C2B, as well
as the particular I/O signals required for the mission.
3. The design employs a capable processor in the form of an Actel SmartFusion A2F500
system on a chip, which includes a hard wired ARM Cortex M3 processor, 64 kB of
internal SRAM, 512 kB of internal Flash, a Flash based FPGA fabric with 11,520
FPGA tiles, and other peripherals.
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Fig. 1: Loaded Namuru V3.2A printed circuit board

4. The design includes an Actel ProASIC3E Flash based FPGA with 38,400 tiles for the
inclusion of large digital hardware designs.
5. A serial Flash memory has been included for non-volatile storage and the storage of
FPGA and firmware images required for over-the-air reprogramming.
6. A Zarlink GP2015 L1 RF front end has been used because it is a well-understood front
end, even though the device is no longer in production. The RF portion of the
receiver includes an RF shield to reduce electromagnetic susceptibility.
7. A 10 MHz voltage controlled temperature compensated crystal oscillator (VC-TCXO)
has been used in order to discipline the 10 MHz local clock and eliminate saw-tooth
timing errors [13].
8. 1 MB of fast external SRAM has been included in order to ensure that sufficient
SRAM is available for firmware and data variables.
9. The design includes latch up detection on the power supply that causes the power to be
cycled if the current drain exceeds a set threshold.
10. Mechanical stresses caused by thermal cycling have been considered in the design of
the printed circuit board through the use of solid (filled) vias and the use of
transitional tin-lead solder alloys.
11. A super-cap allows the RTC included in the SmartFusion A2F500 to be run for at
least 24 hours.
12. An SMA antenna connection has been employed to allow the antenna to be robustly
connected to the receiver.
When the SmartFusion A2F500 FPGA processor was selected, it was hoped that the FPGA
fabric present in the device would be sufficient to include at least 12 tracking channels.
Unfortunately, it was subsequently discovered that the current baseband implementation does
not fit within the capacity of the largest device in the family and it was decided to include an
additional FPGA with 3 times the capacity of the SmartFusion FPGA. It is hoped that the
creation of a future optimized correlator design that employs time multiplexing techniques
may allow a full GPS correlator to be included entirely within the A2F500, thereby
eliminating the need for the additional part. Actel Flash based FPGAs were selected because
once the design is programmed into the devices, those designs are expected to show improved
immunity to the single event upsets (SEUs) and single event latch-ups (SEL) that can occur in
a radiation affected environment [14].
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Namuru Firmware
One of the past deficiencies of the Namuru based receivers has been the lack of in-house
developed firmware. Instead, the firmware that was used for the receiver was a port of the
GEC Plessey GPS Architect code [15, 16] designed for the Zarlink GP2015 and GP2021 GPS
chipsets [6, 7]. One reason for this choice was that at the time, there was no other GPS
firmware code base that was available as full source code and targeted to a chipset with
published datasheets. The problem of lack of access to GPS datasheets continues to this day,
with many GPS manufacturers refusing to provide access to the custom chipsets that they
employ. This makes it virtually impossible for a third party to write new firmware for these
platforms. A second reason is that the amount of software engineering required to produce a
reliable firmware suite able to perform the many functions of a GPS receiver is substantial. It
also requires specialized knowledge of GPS that few firmware engineers hold.
Unfortunately, although the GPS Architect source code represented an excellent starting point
for the Namuru firmware, other difficulties accompany it. First, the source code was supplied
as part of a development kit that is no longer available from Zarlink, and who have exited the
GPS market. This represents a significant problem because Zarlink owns the Architect code
and it was never placed into the public domain, making further distribution of code derived
from the GPS Architect source code problematic. Second, the main purpose of the GPS
Architect was to create a simple reference design that could be used to demonstrate the
functionality of the chipset and that could be used as a starting point for Zarlink customers.
As a result, the functionality of the code was somewhat limited, as was its performance.
Third, the source code was highly coupled to the chipset to which it was targeted, making it
difficult to incorporate new front ends or changes to the correlator design.
In order to remedy these problems, Glennon started working on a new suite of firmware
targeted at the Namuru V2 whilst undertaking his part time PhD research at SSIS [17] and
continued to work on this firmware following his recruitment by the university as a
researcher. As a result, firmware different to the GPS Architect is now available to the SSIS
for the Namuru platform. Important features of the firmware, called Aquarius, are listed
below.
1. The firmware is written in ANSI C and is currently targeted at the Altera NIOS-2
processor.
2. The code is reasonably well commented.
3. A simple real time operating system (RTOS) has been written to allow the firmware to
be split into different priority threads, to provide signals between different tasks and
semaphores for the protection of shared memory structures.
4. A GPS driver layer has been written to hide some of the implementation related
features of the RF front end and baseband correlator, thereby limiting the impact of
changes to these components to the driver layer. In theory, it should be possible to
change only the GPS driver in response to a hardware design change in which a new
RF front end or new correlator is introduced.
5. Closely related firmware modules (.c and .h files) have been grouped into a directory
hierarchy that should assist the programmer in locating modules of interest. The
directories include an Rtos directory for the RTOS, a GpsTrk directory for GPS driver,
tracking and measurement functionality, NavData for extraction of navigation data
and the decoding of navigation messages, Timing for timing related functions and
SvDB for functions related to satellite selection, the storage and retrieval of satellite
almanac, ephemeris, and user related data. A PVTNav directory contains code related
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Task
TestTask1
PreDSPTask
TrackerTask
RtcTask
MsmtTask
BufferBitsTask
ExtractTask
ReportTask
CmdTask
TLETask
AutoTest
TestTask3
PVTFixTask
SvDbTask
SvSlctTask
ISR
CorrelatorISR
TimerISR

Table 1: Firmware task structure

Priority
240
195
190
187
185
175
170
150
150
140
120
100
15
10
10
n/a
n/a

Remark
Test task – optional task
Performs pre-integration & sample counting
Tracking, reacquisition & acquisition
Update & maintain RTC
Make observations & upload measurements
Convert I&Q samples to bits and buffer
Extract navigation message & decode data
Transmit serial port reports
Process input serial port commands
Run the SGP4 TLE orbit propagator
Perform automatic TTFF & reacquisition tests
Test task – optional task
Perform navigation solutions
Calculate SV reference position, velocity & acceleration
Select satellites and allocate to hardware channels
Remark
Measurement TIC and sample poll ACCUM_INT
1 ms RTOS timer

to the calculation of position, velocity and timing (PVT) navigation solutions, while
serial port message processing related code is stored in the UserIF directory.
6. The processing is performed in a multi-threading environment, with more frequent
time critical processing performed at a higher priority than less frequent tasks. Table 1
provides some details as to the various tasks that are run in the receiver.
7. Serial port command and report messaging is performed using sentences inspired by
the National Marine Electronics Association (NMEA) standard 0183.
8. The firmware is able to perform carrier phase smoothing on the pseudoranges [18].
9. The firmware is able to output L1 carrier phase measurements at 1 Hz for performing
high accuracy positioning. This feature is required for both Garada and Biarri.
10. The tracking loop has been upgraded to a 3rd order phase locked loop with 2nd order
frequency assist. The use of a 3rd order PLL is necessary in order to avoid carrier
phase biases that would otherwise occur because of the orbital acceleration.
11. The firmware is able to track and navigate using L1 C/A code GPS satellites, as well
as the newly launched Japanese QZSS Michibiki spacecraft. The use of use of Space
Based Augmentation System (SBAS) such as the Wide Area Augmentation System
(WAAS) is currently not supported.
Work is currently underway to port this firmware from the Altera NIOS-2 processor to the
ARM Cortex M3 that is used within the SmartFusion A2F500.

Firmware Specific Features for LEO Operation
A satellite in low earth orbit will typically circle the earth many times in a single day; a
simple fact has a profound effect on a GPS receiver operating on board such a satellite. One
consequence is that the satellite visibility changes rapidly, which means that the satellite
selection process that occurs within the space-based receiver is required to operate at a higher
frequency than it does for a terrestrial receiver. The situation is further complicated when the
receiver is powered up because the calculation of satellite visibility using previously stored
almanac, ephemeris and location plus an estimate of the current time obtained from an onboard RTC cannot be employed. One solution to this problem is to take a previously stored
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satellite position and velocity vector at a known time instant and to use an orbit propagator to
estimate the receiver position at the time instant obtained using the RTC. A two-line element
(TLE) description of the satellite orbit previously provided to the receiver could also be used
in place of the previously saved position and velocity vectors. This approach has the
disadvantage of requiring the inclusion of additional code within the GPS firmware. There
may also be processing constraints caused by the use of small fixed-point processors on board
the GPS receiver that limit the time interval over which such a prediction may be carried out.
However, this may not matter given that the calculation need only be carried out at startup.
An alternative solution to this problem is to avoid making assumptions about the location of
the receiver when it is powered up. This implies that every receiver startup is a cold-start,
which requires that the receiver blindly search through all the satellites in the constellation
until it has found sufficient satellites to navigate. Unfortunately this too suffers from a rather
insidious problem, namely the high range of Doppler frequencies that the received carrier
signal experiences that is caused by the high velocity of the LEO spacecraft. Unlike a
terrestrial receiver that typically experiences a Doppler frequency variation in the range of ±4
kHz, a space-based receiver may experience a Doppler variation of ±40 kHz. This increases
the search range for each blind search by a factor of 10 and causes the time to acquire each
satellite to increase proportionally. Compounding this difficulty are the rapid changes to
satellite visibility that may result in a previously acquired signal being lost before it has had a
chance to be used to calculate a navigation solution. It is therefore vitally important to ensure
that a space based GPS receiver is capable of rapidly searching a wide range of Doppler
frequencies.
Several measures have been taken to resolve these difficulties in the Namuru/Aquarius
receiver. The first is to trade off acquisition sensitivity against search speed by decreasing the
acquisition pre-detection integration period from 4 ms to 1 ms. This increases the carrier
search bandwidth of each code scan from 250 Hz (±125 Hz) to 1 kHz (±500 Hz). In addition,
the number of 0.5 chip separated code phase taps included in each tracking channel has been
increased from 3 to 9. These measures increase the search speed by a factor of 12, which
ensures that the receiver can operate in LEO even if every startup is a cold start. In addition,
work has recently been undertaken to integrate the Dundee C code implementation of the two
line element (TLE) SGP4 orbit propagator into the firmware [19], which should assist in
improving time-to-first-fix performance provided the receiver can be regularly supplied with
updated TLE elements.
Another minor improvement that can be applied to the receiver is to take advantage of the
known orbit dynamics within the Kalman filter. Because the acceleration of the receiver can
be predicted quite accurately using a simple gravitational model with corrections for earth
flattening effects, the prediction step of the Kalman filter can propagate the position.

Preliminary Test Results
Although the Aquarius firmware has been in part-time development since mid 2006, it is only
recently that the firmware has reached a stage where it has had sufficient reliability for
systematic testing to be undertaken. The results that follow supplement the informal bench
testing that has been undertaken through much of the development, although unlike those tests
they employ a Spirent STR6560 GPS simulator [20]. Using a GPS simulator allows the
receiver position, velocity, acceleration and time to be controlled, as well as the satellite
constellation and the signal levels of each of the satellites, while eliminating environmental
nuisance factors such as multipath. This is vital for unusual flight dynamics, such as testing
the receiver for in-orbit operation, where live testing is not feasible. The magnitude of

Proceedings from 11th Australian Space Science Conference, 2011 						

Page 219

Fig. 3: Simulator carrier phase test

Fig. 2: Simulator static test

atmospheric errors such as ionospheric and tropospheric errors can also be fully controlled by
allowing them to be defined by the very models that are used to correct for these errors in the
receiver. This allows the user to verify correct operation of the models within the receiver,
either by direct comparison of the model output with the truth data provided by the simulator
or by observing the absence of any bias in the receiver output after application of the
associated corrections.
Static Simulator Pseudorange Positioning Test
A static pseudorange positioning test is designed to test for absolute accuracy in the absence
of multipath errors using strong signals. For this test, simulator ionospheric errors should be
fully corrected by the standard Klobuchar ionospheric correction model provided by GPS.
Similarly, the correction model of the receiver should for the most part correct the STANAG
4294 tropospheric errors generated by the simulator. For these tests, the receiver is
configured for a moving scenario, which is typical for standard vehicle dynamics and a 1
second carrier smoothing interval is employed. This level of smoothing is significantly less
than is often used for static scenarios, so a higher level of noise in the output solution is to be
expected. The results of this test are shown in Fig. 2, where it can be seen that there is a bias
of (0.46,-0.32,-1.55) and standard deviations of (0.4,0.4,1.0) meters in the east, north and up
directions, with occasional outliers of up to 4 meters.
Slowly Moving Simulator Carrier-Phase Real-Time-Kinematic Test
An STR6560 GPS simulator may also be used to test carrier phase based navigation. For
this test, the simulator was setup for a scenario where the receiver moves in a circle of radius
1 m at a slow speed. The simulated base station for the generation of the simulated RTCM
differential corrections, which includes carrier phase information, is placed at the centre of the
circle. The GPS receiver is then allowed to navigate and the raw observations, which include
measured pseudoranges, Doppler frequencies, carrier phase measurements and signal
strengths for each satellite, as well as received broadcast ephemeris, ionospheric corrections
and UTC corrections are captured using a serial port terminal program. Similarly, the RTCM
differential corrections from the base station are also captured using a serial port terminal
program. As was the case for the static simulator scenario, carrier phase smoothing of the raw
pseudoranges was limited to a 1 second time interval.
High precision carrier phase positioning is performed by post-processing the captured data
files using the open source RTKLIB software package [21]. This is necessary because the
Aquarius firmware is not able to perform such calculations internal to the receiver. To
perform the required post-processing, it is first necessary to convert the output from the
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Namuru and the simulator into RINEX files. The Namuru output is converted to RINEX
using an ‘ad-hoc’ utility created for the purpose, while the simulator RTCM output is
converted to RINEX using the ‘rtkconv.exe’ utility included a part of the RTKLIB software
suite. Once two sets of RINEX files have been obtained, it is possible to use the ‘rtkpost.exe’
utility to perform the high precision carrier phase differential positioning. Some configuration
values of the ‘rtkpost.exe’ program parameters were adjusted before performing the RTK
post-processing and the program was run in the ‘kinematic’ mode. Fig. 3 shows the postprocessing results, where the orange dots indicate solutions obtained using a float-solution,
while the ‘green’ dots indicate the improved precision solution once integer ambiguity
resolution has successfully taken place and the integer ambiguities have been fixed. The high
precision obtained from the carrier phase solution is clearly apparent and demonstrates that
the receiver is able to measure carrier-phase observations from each satellite and use this
carrier phase to perform RTK positioning.
Simulator In-Orbit Carrier-Phase RTK Test
High precision relative positioning is an important requirement for both Biarri and Garada.
As a first step in validating that Namuru/Aquarius is a feasible platform for the provision of
this functionality, two STR6560 GPS simulator low earth orbit scenarios were constructed1,
with the requirement that orbits were separated by no more than 10 km and that truth data for
the orbital motion be generated and logged during the simulator run. RINEX measurement
data was then acquired by running each scenario with a Namuru V2 receiver operating in
‘Space’ mode and converting the logged output to RINEX.
As before, RTKLIB was then used to perform the high precision relative positioning, although
because no fixed base-station is available for this application, the ‘rtkpost.exe’ was run in
‘moving-baseline’ mode. This allowed the measured separation between the orbits as
measured by the GPS receiver to be obtained. The last step in the process was to compare the
measured separations with the true orbit separations as calculated from the simulator truth
data files. These results are shown in the two plots shown in Fig. 4 and Fig 5, where it is
obvious from Fig. 4 that there are some outliers in the positioning process. However, if the
outliers are removed, then it can be seen that the underlying performance is actually quite
good, with relative positioning errors of the order of 2 cm or so. The cause of the outliers is
believed to be due to carrier phase reset events, which are believed to occur if the receiver
loses phase lock.
1

Semi-major axis of 7058 km, inclination of 98º, right-ascension of ascending node of 270º
and mean-anomalies of 0º and 0.04º, respectively.
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Tuning of the thresholds to change the conditions under which loss of phase lock, frequency
and code lock are declared appear to support this hypothesis, with a recent test using modified
firmware showing no glitches from the start of carrier phase positioning to the end of the dataset 28 minutes later. Nonetheless, further tuning of the logic and additional testing over a
longer time interval is still required.

Conclusions
This paper has described the hardware and firmware for a next generation of Namuru GPS
receiver designed for the Biarri project, a cubesat project being undertaken in conjunction
with DSTO and BAE Systems. Limitations of the previous generation Namuru V2 and the
associated firmware were first discussed leading to a set of requirements for a Namuru V3.2
GPS receiver. New Aquarius firmware designed to overcome these limitations was described,
as were the changes necessary to get the receiver to operate in a low earth orbit environment.
Finally, several test results showing the performance of the receiver under static, slow carrier
phase RTK and in-orbit carrier phase RTK were presented. These show that the basic
receiver functionality has been achieved, although there is scope for improvement and a need
to eliminate some remaining firmware bugs. However, this is always the case for newly
introduced products and given sufficient time, these problems can be eliminated.
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Abstract: The University of Leicester is planning to develop a CubeSat mission for space
weather monitoring to participate in the European nanosatellite network project QB50, which
aims to launch 50 CubeSats in 2014. This paper will describe the CubeSat mission and the
science payloads that will be developed. The CubeSat will carry an innovative miniaturised
ultraviolet Wide-Field Auroral Imager (WFAI) developed in the Department of Physics and
Astronomy at the University of Leicester. The WFAI, a unique imager for high time
resolution imaging of large areas of the auroral ovals, can provide crucial new information to
our understanding of the dynamics of the terrestrial magnetosphere. Large changes in the
location and extent of the auroral ovals are now known to be related to the nature and level of
interconnection between the Earth’s magnetic field and the interplanetary magnetic field
emanating from the Sun. In addition, the CubeSat will act as a mothership and will deploy a
picosatellite, tethered to it.
Keywords: CubeSat mission, space weather, ultraviolet Wide-Field Auroral Imager,
picosatellite, satellite-on-a-printed-circuit-board, plasma bubbles.

Introduction
CubeSats have become a credible miniaturised satellite platform for educational purposes with
a high potential for valuable space science, as it will be shown in this paper. CubeSats can
also be used as a low cost vehicle for in-flight technology demonstration which could help to
increase technology readiness levels (TRL) and gain flight heritage. Educational
establishments all over the world as well as NASA and several space companies have been
actively involved in CubeSat development, launch and operation. A number of CubeSat
missions have already been launched successfully worldwide. The UK Space Agency
announced the first UK CubeSat mission, UKube-1 [1], in the summer of 2010, with a
provisional launch date in 2012. A significant effort in this direction at a European level is the
QB50 project, which aims to launch a network of 50 CubeSat nanosatellites in 2014 [2].
Currently, there is a three-order of magnitude (1000:1) disparity between the availability of
terrestrial weather and space weather sensors operating in space. With only a dozen or so
space-based sensors in orbit, any mission that could even double the amount of sensors in a
single deployment would be of significant scientific value and benefit. Terrestrial weather
forecasting requires sampling of the atmospheric temperature, pressure, and winds. Similarly,
space weather requires measurement of the plasma temperature and density, along with
neutral winds [3].
The Departments of Engineering and Physics and Astronomy at the University of Leicester
are planning to participate in the QB50 project by proposing and developing a Cubesat
1
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mission for space weather monitoring. This paper first gives an overview of the proposed
CubeSat mission and then describes the main science payloads.

CubeSat Mission Overview
The CubeSat platform is a 10x10x10 cm standard bus structure weighing 1 kg, which is
compatible with the PC/104 format [4]. The CubeSat bus also comes in double (2U) and triple
unit (3U) sizes to conform to the Poly Picosatellite Deployer (P-POD) deployment mechanism
[5]. The CubeSat Kit platform has become very popular since the first launch of CubeSats in
2003 to researchers and companies in the small satellite field because it provides a standard
commercial-off-the-shelf (COTS) solution to develop new technologies. CubeSat advantages
include a space ready structure, a reliable ‘flight module’ as the main on-board computer
(OBC) based on the low power TI MSP430 microcontroller and many other CubeSat designs
to learn from. Foreseeable problems include limited power budget for communicating to
ground or operating payloads, with typical CubeSats having between 1 – 2 W of total satellite
power.
The Leicester CubeSat will use the 3U or the 2U CubeSat platform. It will carry an innovative
miniaturised ultraviolet Wide-Field Auroral Imager (WFAI) developed in the Department of
Physics and Astronomy at the University of Leicester. The WFAI, a unique imager for high
time resolution imaging of large areas of the auroral ovals, can provide crucial new
information to our understanding of the dynamics of the terrestrial magnetosphere. Large
changes in the location and extent of the auroral ovals are now known to be related to the
nature and level of interconnection between the Earth’s magnetic field and the interplanetary
magnetic field emanating from the Sun.In addition the CubeSat will act as a mothership and
will deploy a picosatellite, tethered to it. This picosatellite will be similar in design to the
satellite-on-a-printed-circuit-board (PCBSat), previously developed at the Surrey Space
Centre [6]. It will carry a miniaturised sensor for monitoring the plasma bubble phenomenon
in the upper ionosphere [3]. The data gathered by the picosatellite will be passed on to
the CubeSat mothership via a wireless link for transmission to ground. This mission will offer
a unique tool for routinely imaging the Earth’s auroral ovals from space, will gather data
about the plasma bubble effect and will demonstrate the concept of multiple sensor
measurements for space weather monitoring.
Figure 1 represents a system overview of the CubeSat. There are three payloads: Wide-Field
Auroral Imager with a high-performance computing module, WiFi Interface to communicate
with the daughter PCBSat picosatellite and a standard sensor suite provided by the QB50
project. The purpose of the QB50 standard payload is to study in situ the temporal and spatial
variations of a number of key parameters in the lower thermosphere (90-320 km) [2].
The 50 CubeSats participating in QB50 will be launched by the Russian rocket Shtil-2.1 from
Murmansk in Northern Russia into a circular orbit at about 320 km altitude, inclination 79°.
The initial orbital altitude will be selected so that the mission lifetime of the individual
CubeSats is about three months [2].

2
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FUV Auroral Science Payload
Dynamic processes in the Earth’s magnetic field arising from the Sun-Earth interaction
produce characteristic signatures in the auroral ovals of the northern and southern
hemispheres, whose peak emission occurs at an altitude of ~100 – 150 km, with intensities
ranging from a few tens of Raleigh (R) to tens of kR. The ovals map, via magnetic field lines,
to vast regions within the closed outer magnetosphere. Observing the ovals thus provides a
means of monitoring magnetospheric activity and morphology including dayside reconnection
[7-9] and the substorm cycle [10, 11]. Large changes in the location and extent of the auroral
ovals are now known to be related to the nature and level of interconnection between the
Earth’s magnetic field and the interplanetary magnetic field (IMF) emanating from the Sun
[12, 13]. The brightness of the ovals indicates the rate of energy deposition in the atmosphere
by charged particles - protons and electrons - precipitating from the magnetosphere. Using the
lines of OI at 130.4 and 135.6 nm, the energies and interaction altitudes of precipitating
particles can be measured.
Solar
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Memory

OBC

EPS

Data Bus
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Imager

QB50
Sensor

Comms

Figure 1. CubeSat System Diagram

Away from the poles, in low latitude regions around the equator, weak (50-250 R) UV
emissions in the F-region (also known as the Appleton layer) as observed by, e.g., the IMAGE
spacecraft, may be related to the Equatorial Ionosopheric Anomaly (EIA). Previous work (e.g.
[14]) has indicated a relationship between these emissions and the coupling of the troposphere
and ionosphere, so that atmospheric tides and weather systems may have a direct influence on
this activity.
The aurorae and the magnetospheric activity for which they are a proxy, have an important
impact on social and commercial human activities on Earth and in space, and thus are
important topics of study in the fields of Space Weather and Solar-Terrestrial Physics. There
are still many unanswered questions regarding the Sun’s influence on the Earth and the
3
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aurora. For example, do the auroral ovals respond differently on timescales of several days to
coronal mass ejections (CMEs) and corotating interaction regions (CIRs)? There is some
evidence to suggest that the two types of solar disturbance result in different storm conditions
at the Earth [15]. What is the “geoeffectiveness” of the various solar wind conditions
influencing the near-Earth space environment? In addition, when newly formed open
magnetic flux causes an expansion of the polar cap and an equatorward migration of the
auroral oval (during the growth phase of a substorm), is the oval restricted to a minimum
latitude?
A Wide-Field Auroral Imager (WFAI) [16] onboard a CubeSat in a highly inclined Low Earth
Orbit is a unique tool for routinely imaging the Earth’s auroral ovals from space, at a time
when no other such instrument exists. Each orbit allows four determinations of the location,
brightness and extent of the ovals, indicative of the solar wind-magnetosphere interconnection
and dynamics. WFAI observations will enable the creation of northern and southern
hemisphere auroral “keograms”, providing crucial new understanding of the dynamics of the
terrestrial magnetosphere, as well as a real-time indication of current space weather activity.
At the same time, the temporal and angular resolutions of the WFAI will allow the
observation of magnetospheric changes on time scales as short as seconds and on spatial
scales as small as 5 km. Further, the QB50 orbital altitude is such that the spacecraft begins
inside the F-region where the low latitude EIA-related emissions are found, so that the imager
operates here as a UV light level detector, sampling the intensity at 32 longitude points over
the course of each day in the northern and southern EIA bands to estimate the location and
strength of the emission peak. Coupled with simultaneous in-situ measurements of charged
particle conditions made by the onboard mass spectrometer instrument as the spacecraft
passes through the EIA region, these measurements will yield important information on the
relationship between the EIA and, e.g., space weather effects including GPS signal
scintillation and atmospheric wave phenomena.
Imager Concept
The Wide Field Auroral Imager (WFAI) instrument for the QB50 program comprises a
spherically-figured square-pore micro-channel plate (MCP) focusing optical system coupled
to a focal plane detector which may be based on either microchannel plate multipliers or an
image intensifier + CMOS readout arrangement.
The MCP optic consists of a glass plate containing a large number of channels with square
cross-section, each mutually aligned with its neighbours, with good regularity. The channel
walls act as grazing-incidence reflective surfaces enabling the MCP optic to focus light at UV
and soft X-ray wavelengths. By introducing a spherical figure to the MCP optic, parallel rays
from an extended source at infinity can be brought to a focus on an appropriate focal plane to
produce an imaging instrument. The spherical figure is introduced to the MCP in a process
known as “slumping”, in which the initially planar MCP is “bent” into the required shape
using a polished metal mandrel as a former. In contrast to the grinding process applied in
more conventional optic production, which would retain the parallel channel axis arrangement
of a flat MCP, slumping generates a geometry in which the channel axes intersect at a distance
RMCP(the MCP’s radius of curvature) from the plate, on the concave side of the optic. This
enables the MCP to bring parallel rays of light to a focus at a distance RMCP / 2 from the glass
surface, defining the focal length of the optic. Figure 2a illustrates the optical principle and
Figure 2b shows a recent laboratory image showing the focus of a UV illumination source
onto a slumped MCP detector. The cruxiform point spread function is characteristic of square
pore, square packed MCP optics and can be deconvolved from the image in post-processing.
These devices are capable of generating wide fields of view in low mass, compact packages
4
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(each optic tile measures 40mm x 40mm x 1mm and weighs ~1.7 g). This optical performance
cannot be achieved with conventional UV/soft X-ray optical designs, and hence MCP optics
are of increasing interest for missions where wide fields of view and/or extremely low mass
imaging systems are required. The WFAI instrument design is described in detail by
Bannister et al. [16].

Figure 2a. MCP optical principle. Some rays reflect from channel walls and are focused; rays
passing through the MCP un-reflected contribute to the background.

Figure 2b: Laboratory demonstration of focusing using a UV source dominated by Ly-α
photons; X and Y coordinates are given in terms of detector readout analogue-to-digital
converter (ADC) values. The plate scale is approximately 6 arcmin per ADC value, and the full
width at half maximum (FWHM) of the central focus in this image is ~0.6º.
5
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The bandpass of the imager is constrained by one or more Vacuum Ultra-Violet (VUV)-UV
transmission filters, deposited onto a CaF2 substrate of thickness ~0.5 mm which blocks the
bright Lyman-alpha emission and enables observation of auroral emissions in both the dark
and sunlit ionosphere. These commercially available filters have spaceflight heritage in the
vacuum-ultraviolet imaging photometer flown on the Dynamics Explorer mission [17], and
enable the definition of one or more broadband (several 10’s of nm) “channels” in the
instrument. For example, filters can be chosen to permit some degree of wavelength
resolution in the molecular N2 Lyman-Birge-Hopfield (LBH) region - e.g. between the LBH
short (140-160 nm) LBH long (160-180 nm) emissions. The instrument does not carry
mechanisms (e.g., there is no filter wheel): instead, “stripes” of different coatings can be
deposited on the CaF2 window, with the long axis perpendicular to the swath direction, such
that the motion of the instrument can be used to build up images of the same emission region
in each of the defined bands.
The trapped electron population through which the spacecraft flies would generate an
unacceptably high background level in the image data without a means of reducing the flux of
electrons entering the instrument. Attenuation of this trapped particle background begins with
the inherently low transmission of the optic to particle flux. However, based on electron
range-energy relationships given by Zombeck [18], the 0.5 mm CaF2 window is effective at
preventing electrons with E < 450 keV from entering the instrument. Hence there is no
requirement for either a magnetic or electrostatic particle diverter in the instrument.
The choice of focal plane technology depends on the mass, power and volume budget
available onboard the spacecraft, and different solutions are possible depending on whether a
2- or 3-unit CubeSat is used. We discuss the focal plane choices in the following section.
Imager Configuration Options for QB50
The majority of spacecraft in the QB50 swarm are 2-unit CubeSats, although a small number
of 3-unit satellites may be flown. We therefore propose two different designs of instrument
appropriate for accommodation in either a 3U or 2U bus. Several optic “tiles” can be arranged
to achieve a desired field of view or instrument size, so that the Auroral Imager is an
inherently modular design which is easily configurable for specific mission requirements.
Our baseline design is sized for a 2U bus and optimised for minimum resource requirement
(mass, power, volume and data handling). It consists of a single, 40 x 40mm, 5 cm focal
length optic producing a field of view which is 22.5º x 22.5º in extent, in a package with a
mass of approximately 350 grams, occupying an envelope of approximately 5 x 5 x 8 cm (less
than quarter of the volume available inside a single CubeSat unit). Light from the optic passes
through the CaF2 window and any bandpass filters deposited on it, before arriving at a UVoptimised image intensifier tube at the 20 x 20mm focal plane. The intensifier down-converts
UV light in the 115-320 nm range to photons in the visible portion of the electromagnetic
spectrum via a phosphor screen which is “read out” by a CMOS sensor coupled to the image
intensifier via a fibre window. All elements in this assembly are available as components offthe-shelf. The sensor has a readout time of order ~1 second and offers a variable integration
time depending on the intensity of emissions being observed. The power requirement of the
combined intensifier + sensor package is < 4 W, making this device compatible with the
limited power available on a typical CubeSat bus.
If a 3U bus is available in which an entire unit can be devoted to the imager, then a larger,
more capable but substantially more resource-intensive instrument is proposed in which four
MCP optics, each identical to that used in the 2U version, are tiled and aligned to generate a
6
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45º x 45º field of view, in a package approximately 9 x 9 x 9 cm in size. The image intensifier
+ CMOS focal plane combination is replaced by a photon counting MCP detector containing
electron multiplier plates slumped to match the radius of curvature of the optics. This
technology is necessary in order to cover the 40mm x 40mm focal plane generated by the
larger optic, and offers the advantage of photon counting performance, allowing sub-second
time resolution, as well as aspect reconstruction of data to reduce the effect of platform
attitude drift and jitter. However, these features and the wider field of view come at the cost of
increased power (~10 W) and mass (~1.2 kg), and more demanding data processing
requirements in order to convert photon arrival times and positions into image data.
Figure 3 shows a cross-section of both instrument versions, demonstrating the simplicity of
the design and the remarkably compact form factor which makes the instrument ideal for
accommodation within the CubeSat system. Approximate scale is shown. The imager on the
left hand side in Figure 3 is suitable for accommodation in a 3U CubeSat, in which one unit
can be devoted to the instrument. This imager on the right can be accommodated in a volume
less than quarter of a single CubeSat unit. Both variants fulfil the minimum success criteria
for the scientific mission, which require the capture of images of auroral emission in the
northern and southern ovals with a spatial resolution of ~20 km, sufficient to match the
resolution of ionospheric measurements from ground-based radar systems, with which our
data will be correlated. Assuming a QB50 orbital altitude of 350 km and an auroral emission
altitude of ~110 km, this implies an angular resolution of 4.5º at nadir. Laboratory trials of an
MCP optic identical in specification to those proposed for this instrument have demonstrated
a resolution better than 1º full width at half maximum (FWHM), corresponding to the
resolving of ~4.5 km auroral cells at nadir. More recent work indicates that this value is
limited by the laboratory experimental configuration and not the intrinsic performance of the
optic, so that the final resolution realized in the instrument is likely to be of order ~45 arcmin.
Detailed sensitivity calculations for an auroral imager instrument can be found in the work by
Bannister et al. [16]. Monte-Carlo ray tracing studies of an Auroral Imager optic show that the
effective area, Aeff ,of each MCP tile is ~1.64 cm2; taking 50 R as the lower sensitivity limit
(characteristic of the weakest intensity emissions of interest inside the auroral ovals and in the
EIA), we have estimated the performance of the instrument by assuming that the background
level is 10 R per 0.1 nm (consistent with data from Torr et al. [19]) and that the majority of
the 50 R signal, which fills the field of view, is found in the 130.4 nm OI line. The results
show that although the 2 x 2 optic is clearly the more sensitive instrument, the single optic
version offers useful detection capability even at the lowest emission intensities. The main
performance characteristics and dimensions of the instruments are summarized in Table 1.
Note that the resource requirements are for the instrument optics, mechanical and focal
assemblies and do not include data processor and payload electrical power system.
In both cases, the instrument will produce two types of data product depending on telemetry
availability and scientific requirements at any given time: (1) images of the ionospheric UV
emission as a function of time and position, and (2) auroral “keograms” in which image data
are binned to provide a histogram of intensity versus position or time.
Current Status
For over two decades a substantial MCP optic development programme has been sustained at
the University of Leicester in collaboration with Photonis SAS (Brive, France) and ESA. This
work has resulted in the demonstration of world-leading MCP optical performance,
culminating in the selection of the MCP optic-based Mercury Imaging X-ray Spectrometer
(MIXS) onboard ESA’s BepiColombo mission to Mercury [20]. As part of this development
7
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programme, short focal length MCP optical tiles for a wide field auroral imager have also
been developed, and these elements are now available for integration in the QB50 payload
offering imaging performance which exceeds the requirements of the science case.
45º

45º

22.5º
22.5º

2 x 2 MCP optics

1x MCP optic

Electron barrier
window &
bandpass filter(s)

Optic
support
Detector MCPs

Optic
support

Readout anode

UV-sensitive image
intensifier
CMOS sensor

5 cm

Figure 3: Left - Schematic view of an Auroral Imager in a 2x2 optic configuration with MCP
focal plane detector, generating a 45º x 45º field of view (the MCP optical tiles are 40 x 40mm, 5
cm focal length units). Right – an imager based on a single MCP optic with image intensifier +
CMOS focal plane assembly, which generates a 22.5º x 22.5º field of view.

Table 1: Performance characteristics and dimensions of the 1 and 2x2 optic versions of the
auroral imager based on preliminary design studies.

Parameter
1 Optic
2 x 2 Optics
Spatial Resolution
< 5 km @ 110 km altitude
Field of view
22.5º x 22.5º 45.0º x 45.0º
Bandpass
122 – 180 nm
Sensitivity range
50 - 100,000 R
50 R detection significance
~3 sigma
~13 sigma
Temporal Resolution
>0.1 second
Mass
0.35 kg
1.2 kg
Power
~4 W
~10 W
Dimensions
5 x 5 x 8 cm 9 x 9 x 9 cm
8
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The University of Leicester has extensive expertise in the development of MCP, CCD and
CMOS detector systems including focal plane assemblies flying on missions such as
ROSAT[21], Swift[22] and XMM-Newton[23]. The image intensifier and CMOS focal plane
for the single-optic instrument are available as commercial, off-the-shelf components to be
integrated into the power and data handling subsystems, while the MCP detector system for
the four-optic instrument is based on a design with flight heritage. Along with a significant inhouse spaceflight electronics design capability, Application Specific Integrated Circuit
(ASIC) / Field Programmable Gate Array (FPGA) expertise and laboratory test facilities
tailored to UV and X-ray space instrumentation, the Wide Field Auroral Imager for QB50 can
be built, verified, calibrated and delivered within the timescale of the project.

Daughter Picosatellite: Satellite-on-a-Printed Circuit Board
The Satellite-on-a-Printed Circuit Board(PCBSat) is inspired by the first smart picosatellites
launched in 2000, but unlike these earlier prototype missions, the focus is on commoditization
of very small satellites for space sensor networks [6].PCBSat was originally proposed in the
context of the space sensor network concepts oriented towards distributed missions that
require a cost-effective approach to multipoint sensing. One near-term application of space
sensor networks is space weather studies.
The proposed CubeSat mission will include a single daughter picosatellite, which will be a
variant of the PCBSat configuration, described below. It will be tethered to the CubeSat and
will carry a miniaturized electrostatic analyzer to measure plasma density and temperature
characterizing the plasma bubble effect.
Plasma Bubble Effect
Plasma bubbles in the ionosphere are known to cause communication and navigation satellite
signal outages by scintillating the radio frequency (RF) signal between space and ground
segments. Testimonials of disruptions to commercial, government, and military operations
have made forecasting scintillation a top priority. For example, the $100 million (estimated)
single-satellite Communication and Navigation Outage Forecasting System launched April
2008 is the first satellite mission primarily dedicated to studying and forecasting plasma
bubbles [3].
A few simple quantifiable objectives were proposed in [3] for a distributed plasma bubble
mission based on a wirelessly connected network of PCBSats as follows:
 Distributed simultaneous in-situ measurements are required of the plasma density and
temperature up to once per second.
 Distributions of a few meters to tens of kilometers will provide a range of data sets.
 A mid-latitude circular orbit (~30-35ºinclination, ~350-500 km altitude) is suggested,
as it allows sensors to enter and exit the region of interest to establish baseline and
disturbed measurements.
 Orbit control is not required or desired, as the natural perturbations will serve to alter
the distribution and lower the altitude over time without adding the complexity of a
propulsion subsystem. This will allow spatial variations in the measurements and will
address orbital debris concerns of space sensor networks, as the mission will be
sufficiently short lived.

9
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PCBSat Configuration
A specific PCBSat configuration geared toward the case study mission outlined above was
proposed in [24], although the concept is intended for a range of applications. The design is
based on the Miniaturized ElectroStatic Analyzer (MESA) plasma sensor payload, developed
by the USAFA. The driving system configuration requirement is compatibility with COTS
deployment systems. This fixes the length and width to 10×10 cm, leaving the height a
variable, but tied to the mass by a one kg per ten cm guideline. For this particular mission and
corresponding configuration, a height of 2.5 cm is attained at a mass of 310 g. The exploded
and assembled views are shown in Figure 4.

MESA
sensors on
front faces

Velocity
vector

Center of
gravity

Top PCB
Aluminum shield
Delrin structure/spacer

Center of
pressure

Core PCB
Delrin structure/spacer
Aluminum shield
Bottom PCB

Deployable attitude-stabilizing antennas

Figure 4. Exploded and assembled views of PCBSat [24]

The top and bottom faces are for solar cell, sun sensor, temperature sensor, and separation
switch mounting, with FR4 PCB substrates. Two Delrin® structural spacers thermally isolate
the solar panels from a similarly sized core PCB, in addition to serving as the physical contact
with the deployer on the corners. Between the core PCB and the solar panels, thin aluminium
plates are used to passively control the core temperature, provide a radiation shield to reduce
total ionizing dose effects, and provide an RF ground plane.
The core is a two-sided, four-layer PCB, where the topside contains full-featured subsystems.
The electrical power subsystem includes peak power trackers, battery charge regulators,
lithium-ion battery, and voltage regulator to provide a 3.3 V bus with 880 mW sunlit average
power. A flash-programmable 8-bit microcontroller serves as the heart of system, processing
nearly 4 million instructions per second. Single-event upset and latchup are mitigated by
hardware redundancy and high-current sensors. Intersatellite communications are provided by
a 500 mW RF, 115.2 kbps, 900 MHz COTS data radio with embedded mesh networking.
Passive attitude control is established by the placement of the center of gravity slightly ahead
of the center of pressure (created by the LEO drag environment and deployable antennas),
emulating a shuttlecock. A postage stamp-sized GPS module with miniature PCB-mount
helical antenna provide time and position stamping capability, although COTS modules
require firmware modification before spaceflight. The entire bottom side of the core PCB is
devoted to the payload components. A subsystem-less architecture emerges, where all
10
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components and ground planes are strategically located to reduce electromagnetic
interference.

Conclusions
In this paper a new space weather monitoring mission based on a CubeSat design is proposed
which is a candidate for participation in the QB50 network of nanosatellites. This science led
mission will demonstrate for the first time a novel miniaturisedWide-Field Auroral Imagerin
orbit and a deployable satellite-on-a-printed-circuit-board platform for future distributed space
weather missions.
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Abstract: The use of the Karhunen-Loéve Transform (KLT) for spectral decorrelation in
compression of hyperspectral satellite images results in improved performance. However, the
KLT algorithm is computationally intensive and the Eigenvector evaluation, in particular,
slows down the computation process significantly. An Eigenvector computation system based
on the Jacobi algorithm for higher order symmetric matrices (32×32) is proposed in this
paper. The proposed system is implemented on a System-on-a-Chip (SoC) platform, which
incorporates a 32-bit hardwired microcontroller and a co-processing unit built within a field
programmable gate array (FPGA) fabric. However, the output data accuracy and compression
ratio are affected negatively by the fixed-point format number representation employed by the
co-processing unit. A comprehensive assessment of these effects is carried out. Experimental
results based on hyperspectral data sets with different data formats and a varying number of
spectral bands are presented.
Keywords: System-on-a-Chip, FPGAs, Hardware Accelerator, Karhunen-Loéve Transform,
Hyperspectral Image Compression, Satellites, On-Board Processing.

Introduction
The growing demands of cutting-edge applications for processing power have intensified the
interest in high-performance computing on embedded platforms. This has been supported by
the rapid advances of both processor-based and FPGA systems, which led to higher operating
frequency, more memory capacity and hardware resources on chip. However, the capabilities
of these homogeneous systems are still not sufficient for some intensive computation
applications. Therefore, heterogeneous systems, incorporating different fabrics and
technologies were introduced offeringenhanced capabilities. These systems are referred to as
System-on-a-Chip (SoC) platforms. There are various types of SoC integrating different
technologies, such as analogue and radio frequency (RF) fabrics. A heterogeneous SoC
platform incorporating at least a powerful microcontroller, memory blocks and FPGA fabric
will be used in this research to meet the needs of the application.
Hyperspectral imaging has been used extensively in applications, such as remote sensing and
medical imaging. The data volume of hyperspectral images is very large and hence, they
require substantial memory and power resources for on-board storage and transmission to
ground. Therefore, the interest in hyperspectral image compression has increased recently.
Two main processes are involved in the compression of hyperspectral images: spatial and
spectral decorrelation. The first is responsible for eliminating the spatial redundancies, while
the second is responsible for eliminating the spectral redundancies; thus, making the image
more compressible. Spatial decorrelation is beyond the scope of this paper.While various
techniques are used for spectral decorrelation, it has been shown that the Karhunen-Loéve
transform (KLT) offers the best performance [1].
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Distinctive feature of the KLT transform, when it is employed for hyperspectral image
compression, is that the size of the processed matrix in the eigenvectors computations is very
high, since it is equal to the number of the spectral bands, usually being in the order of 100s.
In this paper a clustering approach to KLT is used, which is found to reduce the processing
time and memory requirements, however it compromises the compression ratio [2].This
compromise can be minimised by increasing the size of the clusters.On the other hand,
selecting a cluster size of power of 2 (i.e. 2, 4, 8, 16, 32 etc.) speeds up the multiplications in
the KLT Covariance and BandMean modules. Therefore, the KLT clustering format in the
SoC implementation consists of 7 clusters of 32 spectral bands each, which is the optimal
scheme for processing the hyperspectral test images, comprised of 224 spectral bands.
However, the simulation work will consider different cluster sizes in order to investigate the
scalability of the design for different hyperspectral images.
This paper proposes a novel eigenvectors/values computing module for a hyperspectral image
compression system on board satellites. The proposed system is implemented on a System-ona-Chip (SoC) platform, which incorporates a 32-bit hardwired microcontroller and a coprocessing unit, built within a field programmable gate array (FPGA) fabric. As the output
data accuracy and compression ratio are affected negatively by the fixed-point format number
representation in the co-processing unit, a comprehensive assessment of these effects is
carried out. Experimental results based on hyperspectral data sets with different data formats
and a varying number of spectral bands are presented. The novelty of this work lies in the
proposed SoC architecture for the KLT transform that can handle higher order matrices
(spectral bands) and the comprehensive error analysis of the fixed-point implementations.

Related Work
Although hardware KLT implementations have been proposed previously, only a few authors
have targeted the embedded computing platform, such as [3], where a parallel approach to the
KLT implementation is presented. However, in [3] only hyperspectral images with a limited
number of bands (up to 8) are considered. A matrix reduction technique is proposed in [4] for
eigenvector computations targeting hyperspectral image compression. Several works address
the implementation of eigenvectors / eigenvalues on FPGA platforms [5][6][7]. Based on the
approach presented in [5], fully parallel architecturesare proposedin [6] and [7], which
ேሺேାଵሻ
processing units for a N×N matrix, resulting in very large hardware resources
require
ଶ
for high matrix sizes, i.e. a 32×32 matrix would require 528 processing units.Such an
approach will not be suitable for hyperspectral compression on board satellites, because of
power and hardware resources limitations. In [8], eigenvectors computations on a DSP
microcontroller were investigated and different approximation techniques based on look-up
tables and interpolation methods were proposed for the trigonometric computations. However,
the experimental results inTable 2 of the System Design section below show that the KLT
trigonometric computations on a general purpose processor take much less time than some
other operations (approximately 5% of the overall processing time). Therefore, accelerating
the other operations will be more beneficial. Eigenvector computations of complex matrices
are discussed in [9], however, this work is not applicable to the KLT transform since the
covariance matrix in KLT is always real.

Background
The Karhunen-Loéve transform is an orthogonal linear transform, which is applied to 3-D
data sets to de-correlate data on different bands. Therefore, if the 3-D data set is a
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hyperspectral image, the KLT will remove the correlations between the image bands
constructing a more compressible data set. However, the heavy computations required for
KLT is a major challenge when implementing this transform. Besides, unlike other transforms
such as DCT and DFT, KLT does not have a fast computation scheme.
A hyperspectral image H can be represented as a 3-D array of M × L × N, where M and L
represent the spatial coordinates and N the number of bands. The KLT computation process
can then be outlined in Figure 1 as follows:
 Finding the mean of each band (BandMean)
 Subtracting each band from its mean (MeanSub)
 Finding the covariance matrix of the MeanSub
 Finding the Eigenvectors of the Covariance matrix, which represent the principle
components of the image
 Multiplying the eigenvectors by the MeanSub

Figure 1: KLT Computation Process

The most computationally intensive processes inthe above computation procedureare the
computations of the covariance matrix and the eigenvectors. This paper addresses the
eigenvectors computations of the covariance matrix. The covariance matrix is a real
symmetric matrix ofaN × N dimension, where N is the number of bands. Therefore the more
bands the image has, the larger the input matrix to the Eigenvector computation module is.
There are different algorithms for Eigenvectors computations; however, the Jacobi algorithm,
which is designated for real symmetric matrices, is an efficient choice for hardware
implementation as it offers a good structure for parallel processing [4].
The Jacobi algorithm is an iterative method, hence, the more iterationsare executed, the more
accurate eigenvectors can be obtained; and the number of iterations is proportional to the size
of the matrix. In addition, the number of required iterations is proportional to the size of the
matrix. The Jacobi algorithm computes both the eigenvalues and eigenvectors.The
eigenvalues are computed by diagonalizing the input matrix through iterative transformations,
which will eventually accumulate the eigenvalues on the matrix’s diagonal.On the other hand,
the eigenvectors are the results of transformation matrices. In the KLT computation procedure
explained above, the eigenvalues are used to sort the eigenvectors in the right order. Figure 2
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illustrates the Jacobi algorithm, where the eigenvalues accumulate on the diagonal of matrix
B, while the matrix V, which is initially an identity matrix, converges to the eigenvectors.
From a computation viewpoint, each iteration involves:
 The computation of θ, sin θ and cos θ to form the transform matrixT(k). From Figure 1,
this requires: one subtraction, one division, and a multiplication by 2, a division by 2
and the calculation of sin θ, cos θ and tan-1 θ .
 The matrix multiplications:
Bn+1 = T(n)T x Bn x T(n) (1)
V = V x T(n)
(2)
Conceptually, for N×N matrices, each multiplication requires ܰ ଷ operations of multiplication
and (N- 1) N2 operations of addition. Taking into consideration that T(k) is an identity matrix
with only four non-one non-zero elements: Tii, Tij, Tji, Tjj, the matrix multiplication in (1) will
alter only two rows and two columns, while in (2) only two columns will be altered.
Therefore, equation (1) requires 8N multiplications and 4N additions; while equation (2)
requires 4N multiplications and 2N additions.

Figure 2: The Jacobi Algorithm

System Design
A complete KLT hardware accelerator on-board a satellite is the ultimate objective of this
research. However, in this paper, only the computations of the eigenvalues and eigenvectors
will be performed on the hardware platform while the other computations will be simulated in
MATLAB. Therefore, the hyperspectral data will be processed according to the flow chart in
Figure 1 up to the Eigenvector computation block (with a red contour), and then the data (the
covariance matrix) will be passed into an embedded system platform, where the computations
will be performed.
Hardware Platform
The choice of hardware platform and design tools isvery important when implementing a new
design. The platform defines constraints such as available hardware and memory resources,
maximum clock speed and available interfaces. Design tools are essential when implementing
designs. The SmartFusion FPGA-based System-on-a-Chip from Actel is used in this work. In
addition to the Flash-based FPGA fabric, it incorporates a 32-bit ARM Cortex M-3
Microcontroller Subsystem (MSS) and an Analogue Computing Engine (ACE) [13]. Many
reasons make this platform an appropriate choice for this work. First, the ARM Cortex MSS
provides a valuable computational support by offering further parallel computing options at
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higher system levels. Second, the SmartFusion Flash-based FPGA offers better immunity to
radiationeffects than SRAM-based FPGAs, which makes this platform a good choice for
space applications. Third, the comprehensive design tools provided with the SmartFusion
Platform (Libero IDE for the FPGA and the ACE and SoftConsole IDE for the MSS microcontroller) offer a coherent design and development environment that reduces the complexity
and time of the design processes.
Approach
In order to map the theoretical concepts onto an embedded hardware, the flow chart presented
in Figure 2 needs to be decomposed into primitive operations. Table 1 outlines low level
computation requirements for each iteration.
Table 1: Hardware computation requirements for each iteration
Operation
Number of
operations

Multiplication

Addition

Cosine

Sine

Tangent

Division

12N

6N

1

1

1

1

Since the embedded platform incorporates a microcontroller and a FPGA fabric, a careful
consideration needs to be given to where each of the operations in Table 1 is to be executed.
The microcontroller will assume a high-level management of the operation in addition to
some computations, while most of the computations will be executed within an accelerator
built in the FPGA fabric. The trigonometricand division operations are performed once per
each iteration; hence, they will be performed in the microcontroller. The additions and
multiplications are part of equations (1) and (2), which can be decomposed into equations (3)
to (7) and (8) to (9), respectively. Because of the handling time consumed when passing data
between the microcontroller and the FPGA fabric, only the high recurring operations will be
executed in the FPGA fabric to save on-chip input/ output time. Therefore, the trigonometric,
and division operations as well as equations (3), (4) and (5) will be executed in the
microcontroller; while the highly recurring equations (6), (7), (8) and (9) will be executed in
the FPGA fabric.
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Figure 3 illustrates the algorithm flow chart of the proposed design. The blocks marked by
blue colour represent the processing handled in the microcontroller and blocks marked by red
- the processing handled in the FPGA fabrics (the co-processor). The AMBA APB3 on-chip
bus of ARM is employed for on-chip data communications between the microcontroller and
the co-processor. The co-processor consists of two FIFOs, two 32-bit Registers, and two
(16X32-bit) Multipliers, a 32-bit Adder / Subtractor and some control logic supervised by the
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Cortex M-3 microcontroller. SmartFusion has 8 embedded SRAM Blocks, within which the
FIFOs and the multipliers are implemented while the adder/subtractor, the AMBA APB3 Bus
and the control logics are implemented within the FPGA fabric. This design occupies 60% of
the FPGA fabric and 50% of the embedded SRAM Blocks. Each of the SRAM blocks can fit
a FIFO of up to 128ൈ32 bits.
System
Initialization

Compute
 ࣂ ܖܑܛand ࣂ ܛܗ܋
Loop
Counter

Compute Equations
(6), (7), (8) and (9)

Pass data to co-processor

Compute Eqns.
(2), (3) and (4)

Generate
matrix for the
next iteration
Figure 3: The Proposed Design Flow Chart

Timing results were obtained in order to assess the performance of the proposed design.
Table 2 outlines the processing time for a 32×32 symmetric matrix. While equations (6), (7),
(8) and (9) take up to 76% of the overall processing time ofCortex-M3, the trigonometric
operations and equations (3), (4) and (5) take up to 9% of theoverall processing time. The
proposed design accelerates equations (6), (7), (8) and (9) by approximately 40% leading to
an overall acceleration of 30%. Moreover, the matrix multiplications could be speeded upby
adding an accumulator to the hardware accelerator [10].
Table 2: Processing Time Assessment of the Proposed Design
Cortex-M3 (ms) Proposed SoC (ms) Improvement
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Trigonomitric

33

33

-

Eq (3) (4) (5)

12

12

-

Eq (6) (7)

215

130

39.5 %

Eq (8)(9)

189

112

40.7 %

Overall

526

368

30 %
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Cortex M-3

AMBA APB3

FIFO1

FIFO2

RG1

MULT

RG2

MULT
Adder/ Sub

Figure 4: The Block Diagram of the Proposed Design

Simulations and Error Analysis
Two different data formats are considered for the simulations and error analysis of the design:
the well-known single precision floating point IEEE 754 format [11] and a 32-bit fixed point
format. While the first is well defined in [5], the second is defined in the next subsection. In
this section a comprehensive analysis of the design with both data formats is presented, this
analysis will consider performance and accuracy achieved.
Fixed-Point Data Format
The data format considered in this design is a signed 32-bit fixed-point, where 1 bit represents
the sign (S), 16 bits - the integer (I) and 15 bits - the fractional number (F) as shown below:
S I I I I I I I I I I I I I I I I F F F F F F F F F F F F F F

Therefore, an accuracy of ±2��� = ±0.000030518 is achieved at the inputs; thus errors will be
accumulated and increased during the processing. The increasing errors depend on the matrix
size and range of the input data. In order to assess this dependency, MATLAB simulations
have been undertaken employing different random matrices of different data range as follows:
Matrix Size: 8x8, 16x16, 32x32, 56x56 and 112x112
Data Range: 8, 9, 10, 11, 12, 13 and 14-bit for the integer part
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Overflow occurs when any of the processed data exceeds 2�� = 64K, this point is referred to
as the overflow threshold in this paper. The overflow threshold depends on two factors: the
matrix size and the integer data range. Table 3 summarises the threshold values for different
matrix sizes.
Table 3: Overflow Threshold for Different Matrix Sizes
Matrix Size
Data Range

8x8
13-bit

16x16
12-bit

32x32
11-bit

56x56
10-bit

112x112
9-bit

A. Input Data
The airborne hyperspectral AVIRIS Cuprite image [12], shown in Figure 5,will be used as a
test image in work. Consisting of 224 bands, the AVIRIS Cuprite raw data are comprised of
16-bit unsigned integers. The spatial dimensions of this image are very large; as the main
concern of this research is to investigate the spectral not the spatial aspect of the image, a
portion of the AVIRIS Cuprite of 512 x 512 spatial dimensions will be considered.

Figure 5: The AVIRIS Cuprite [6]

B. Simulation
As explained in the theoretical background section, the eigenvalues are needed to sort the
eigenvectors (eigenspace); therefore, only the right order of eigenvalues matters, unlike the
eigenvectors, where the accuracy is important. The convergence rate and the error estimations
of the eigenvalues and eigenvectors computations in the architecture proposed in the previous
section will be investigated.
In order to quantify the convergence of the eigenvalues and the incurred error, a MATLAB
simulation was carried out according to Table1. These simulation results are outlined in
Figure 6and Table 4, where different matrix sizes of 8x8, 16x16, 32x32, 56x56 and 112x112
are considered. In the simulation, the mean and max errors are assessed. In order to make the
simulations more illuminating, both fixed-point and floating-point formats were considered
and compared. A logarithmic scale is considered to highlight small values.The results shown
in the Figure 6 and Table 4 are the averaged outcome of 5 different random matrices of each
size. From the simulations, the following can be noticed:
 During the first sweep, the eigenvalues convergence of the fixed-point format is slower
than the floating point one.
 The eigenvalues convergence regresses after the first sweep for the fixed point format,
while it continues for floating point.
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Therefore, when implementing the fixed-point format for the Jacobi algorithm, only one
sweep can be helpful to compute the eigenvalues; and more sweeps will rather be regressive.
The same simulation procedures have been followed for the eigenvectors and the results are
presented in Figure 7 and Table 5. Due to the smaller input data range of the eigenvectors
(between -1 and +1), the incurred fixed point errors are much smaller, and depending on the
application, they can be negligible.
The outcome of the simulations can be summarised as follows:
 Most of the eigenvalues convergence takes place during the first sweep; this is because
of the low variance of the input data (hyperspectral).
 Greater errors are incurred for the fixed-point implementation when computing the
eigenvalues. However, for the target application, these values themselves are not
important but their order.
 When computing the eigenvalues, only one sweep is effective for the fixed-point
implementation.
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Figure 6a: Fixed-Point Mean Error of Eigenvalues for 16x16 matrix (12 bits)
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Figure 6b: Fixed-Point Max Error of Eigenvalues for 16x16 matrix (12 bits)




Much smaller errors result from the fixed-point implementations for the computations
of the eigenvectors (Table 4); these errors are proportional to the matrix size.
When computing the eigenvectors, the number of effective sweeps depends on the
matrix size.
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Table 4: Fixed-Point Max and Mean Errors of Eigenvalues for Different Matrix Sizes
Matrix Size

8x8

16x16

32x32

56x56

112x112

Max Error

0.9768

0.8104

1.542

5.164

47.5

Mean Error

0.1823

0.084

0.1648

0.2145

0.9723
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Figure 7a: Fixed-Point Mean Error of Eigenvectors for 16x16 matrix (12 bits)
2

10

Floating Point
Fixed Point
0

10

X: 5
Y: 0.003161

-2

10

-4

Max Error

10

-6

10

-8

10

-10

10

-12

10

1

2

3

4

Sweeps

5

6

7

8

Figure 7b: Fixed-Point Max Error of Eigenvectors for 16x16 matrix (12 bits)
Table 5: Fixed-Point Max and Mean Errors of Eigenvalues for Different Matrix Sizes
Matrix Size
Max Error
Mean Error
Sweep

8x8

16x16

32x32

56x56

112x112

0.0011

0.0032

0.0089

0.0325

0.0606

0.0005

0.0013

0.0027

0.0051

0.0525

4

5

6

6

8

Based on the above findings, two different loop counters (Figure 3) should be assigned, one
for the eigenvalues computations, which should result in one sweep; and another loop counter
for the eigenvectors computations, the size of which varies according to the size of the input
matrix.
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Overall KLT System Performance Analysis
The AVIRIS raw data are comprised of 16-bit unsigned integers, which will be the input data
for the overall KLT system. As shown in Figure 8, the data width increases after the
covariance matrix block. Mathematically, there is no theoretical boundary for this increase;
however, as shown by extensive simulations, for hyperspectral images, a data width of up to
20-bit can be assumed. The data width of 20bits is greater than the input datawidth of the
eigenvalues computing block. In order to overcome this incompatibility, the accuracy of the
data needs to be compromised by omitting the least-significant-bits (dividing) either of the
AVIRIS data or of the covariance matrix generator output data. The simulation has shown that
omitting the least significant bits (LSBs) of the AVIRIS data will incur less output error.

AVIRIS
data

16-bit
unsigned

MeanSub

16-bit
signed

Covariance

EigenVec
X
MeanSub

Eigen

20-bit
unsigned

Figure 8: Variations of Data-Width within the KLT Computation Process

Table 6 presents the required number of LSB bits that need to be omitted from the input
hyperspectral data so that the input of the eigenvalues computing blockcan satisfy the
limitations of Table 3.
Table 6: Required LSB Omitting of AVIRIS data
Matrix Size
8x8
16x16
Max AVIRIS input
13-bit
12-bit
data-width
Bits Omitted
3 bits
3 bits
Max Eigen input
13
13
data-width

32x32

56x56

112x112

11-bit

10-bit

9-bit

3 bits

4 bits

5 bits

13

12

11

In order to assess the errors on the hyperspectral data, the AVIRIS data are divided into data
sets of 8, 16, 32 and 56 spectral bands andare processed in the KLT system shown in Figure 8.
In the Eigenvalue subsystem, fixed-point and floating point approaches were considered and
compared with respect to: the max and mean error of the compressed data and the
compression ratiothat can be achieved. The lossless JPEG2000 algorithm is used for the
spatial compression. As the KLT process is not lossless; therefore, the overall compression of
the system is lossy.
Table 7: Error and compression rate assessment of the fixed-point approach
Number of Bands
Max Error
Max Error/Max Input
Mean Error
Fixed-point compression
ratio
Floating-point compression
ratio
Compression ratio
degradation with fixed point
format

8
26.26
0.00249
0.21479

16
62.90
0.00532
0.29900

32
163.00
0.01379
0.45950

56
81.00
0.00685
0.33718

5.149

5.246

5.305

5.369

5.229

5.421

5.526

5.540

1.53%

3.34%

4.00%

3.10%

Table 7 outlines the errors incurred by the fixed-point implementation and its effect on the
compression ratio. A higher error is incurred for data sets of more spectral bands; however,
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for data sets of 56 bands, the error is smaller as the correspondent inputs are of lesser data
width. The data sets comprising more bands result in more eliminationsof the spectral
redundancies; therefore higher compression ratios are achieved. On the other hand, the
compression ratios of the floating-point implementation are slightly higher than the ones of
the fixed-point implementation.

Conclusions

In this paper, a novel eigenvector accelerator for KLT computations on a SoC platform is
proposed aimed at compression of hyperspectral images on board satellites, which offers a
30% speedup. A comprehensive analysis of the proposed designis presented, which assesses
the performance and accuracyof each design.The analysis considers the outputs of the
eigenvalues/vectors subsystem as well as the overall effect on the KLT computing system.
Both, the KLT designs and the performance analysis in terms of output errors and resultant
compression ratios, are reported for the first time.
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Summary: i-INSPIRE (initial-INtegrated SPectrograph, Imager and Radiation Explorer) is
a collaborative project at the University of Sydney combining expertise from the School of
Physics and the School of Aerospace, Mechanical and Mechatronic Engineering. i-INSPIRE
is a small, light-weight, tube-shaped satellite which will be the first of its kind to be fully
constructed and operated by an Australian university. This paper overviews the underlying
concepts and aims of the i-INSPIRE project, describes the satellite and its sub-systems, gives
an introduction to the science instruments, and posits some future directions for space-based
projects at the University of Sydney.
Keywords:

Satellite, photonics, spectrograph, radiation counter, imager.

Introduction
The initial - INtegrated SPectrograph, Imager and Radiation Explorer (i-INSPIRE) is a
collaborative project between the School of Physics and the School of Aerospace, Mechatronic
and Mechanical Engineering at the University of Sydney. It is a pico-satellite (<1 kg) which
will be the first to be built, launched and operated by a single Australian university. The project
is envisioned as a demonstration of the capability of the University of Sydney collaboration,
and the Australian university community in general, to successfully launch and operate
satellites.
The i-INSPIRE satellite is the first step towards the development of an Australian nearEarth space capability as recommended in the Decadal Plan for Australian Space Science
[1]. As such i-INSPIRE is considered a crucial step towards the realisation of the Marabibi
constellation. The Decadal Plan focusses on linking such diverse science areas as astronomy,
Earth science and climate change (for example) within the context of space-based missions
and their associated data-gathering capabilities. To this end the Decadal Plan also recommends
the development of new instruments suitable for space, making specific mention of the huge
potential of advanced photonic instrumentation. The science payload on board i-INSPIRE
includes a novel photonic micro-spectrograph called NanoSpec (described in more detail
below and in Betters et al. [2]).
From a technical point of view, the project aims to demonstrate the successful building,
testing, and operation of the i-INSPIRE satellite and its sub-systems. A vital part of this is the
development of software to co-ordinate the operation of the science instruments, the storage
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of science data and basic telemetry, and the operation of the satellite transceiver. We must
also be able to communicate with i-INSPIRE from the ground. This involves building and
operating a suitable ground station, the purpose of which is to transmit signals to the satellite,
to receive signals from the satellite, and to store all data from the satellite. An associated
system is envisioned to decode, process, and analyse the data offline. This entire system is
hereafter referred to as the ground station. The technical aspects of i-INSPIRE are laid out
in more detail in Funamoto et al. [3] and Xiao et al. [4].
As well strategic and technical aims, i-INSPIRE also has science goals. The satellite carries
a photonic micro-spectrograph (NanoSpec), a small imaging camera and a radiation counter
(see below and Betters et al. [2] for a more detailed description of the instruments). NanoSpec
is fed with eight optical fibres which point along four different directions out of the spacecraft.
Light will couple to the fibres from any bright objects at which the spacecraft happens to
‘point’ during its orbit. NanoSpec will therefore record spectra of the Earth, Sun, and possibly
some stars. The spectra of the Earth should allow land and sea to be distinguished. NanoSpec
will also record Cerenkov radiation caused by high-energy particles passing through the fibres.
This enables us to study the effects of such radiation on the performance of optical fibres
and thereby assess the hardiness of photonic instruments in space. We will also be able to
correlate the Cerenkov events recorded by NanoSpec with the data from the radiation counter.
We expect to see more Cerenkov events when passing through regions of higher radiation.
The purpose of the radiation counter is to probe the radiation environment in low Earth orbit.
The radiation counter will detect radiation from the Earth’s radiation belts and magnetosphere
as well as the Sun, and galactic cosmic rays. In addition i-INSPIRE will pass through the
South Atlantic anomaly1 every 16 orbits. We expect robust detection of the South Atlantic
anomaly and of transient space weather events [5]. These data will allow us to construct
time-varying radiation maps of the Earth.
The imaging camera is placed so that its lens points outside the satellite body. The camera
will take photographs of its surroundings at regular intervals. Since i-INSPIRE is unable to
control its attitude the images from the camera will be useful in determining the parameters
of the tumble of the satellite within its orbit. At some point in the 24-day mission it is hoped
that the camera will photograph Australia from space, providing us with the first images of
Australia captured by an entirely Australian satellite.

The Satellite
The i-INSPIRE satellite is a tube shaped pico-satellite with a maximum mass of 0.75 kg.
The satellite has a maximum height of 127 mm and a maximum diameter of 92.5 mm. The
outer structure of the satellite is supported by a frame of aluminium strips alternating with
solar cells. The solar cells are used to charge a lithium-ion (Li-ion) battery which powers all
the satellite systems and science payloads. A photograph of the assembled satellite body is
shown in Fig. 1. This type of satellite is similar in mass and size to the popular ‘CubeSat’
and has therefore acquired the sobriquet ‘TubeSat’2 .
1
The South Atlantic anomaly is a known region of high radiation occurring at the point where the Van Allen radiation
belts are closest to the Earth.
2
see: http://interorbital.com/TubeSat 1.htm
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Fig. 1: A photograph of the i-INSPIRE satellite body.

The satellite carries a 3.7 V, 5.2 A hr battery to supply power to all satellite sub-systems.
A power board transforms the input voltage from this battery to the various voltages used by
the other parts of the satellite. The main satellite sub-systems are the micro-controller, the
transceiver, the data storage chip, and the science instruments. For more information on the
satellite bus design see Xiao et al. [4]
The micro-controller is a BasicX-24 chip and is the heart of the satellite. It is used to
interface all other active parts of the satellite. All data from the instruments are processed
and stored by the micro-controller, either in the memory of the micro-controller itself, or
in the data storage chip (this is a micro-SD card connected to the BasicX-24). The microcontroller also commands the transceiver. All these tasks are handled by the main program
(written in BasicX) which runs on the micro-controller.
The transceiver is a Radiometrix TR2M coupled with a Radiometrix AFS2 amplifier chip.
The transceiver transmits and receives signals at 433 MHz. The University of Sydney has a
ground station designed to receive the data transmitted by i-INSPIRE.
The ground station can only communicate with the satellite when the satellite is within a
certain range of the ground station. In the proposed orbit this will occur about four times a
day and for an average duration of 5 minutes per occurrence (see the below Section entitled
“The Launch” and Funamoto et al. [3]). Since the maximum data downlink rate is 5 kbit/s,
only a strictly controlled amount of data can be downloaded during each period of contact
with the spacecraft.
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The Instruments
Of the three instruments i-INSPIRE carries in its science payload, the largest and most
complex is NanoSpec, a novel photonic micro-spectrograph. “Photonics” is the area of research dealing with guided light in devices such as optical fibres or new inventions like
photonic lanterns [6]. The field of “astrophotonics” uses photonic techniques in the design
and construction of astronomical instruments. These instruments are in turn used to observe
astrophysical or solar system sources. Astronomical instruments designed with photonic elements can be very light-weight and compact making “space photonics” a natural extension
of the concepts involved in astrophotonics: photonic instrumentation is clearly well-suited to
space applications where both the size and weight of satellites are strictly limited. For more
information on the development and growth of space photonics see Leon-Saval and BlandHawthorn [7]. NanoSpec is a high resolution spectrograph based on the PIMMS concept
[8]. PIMMS is a unique idea which uses innovations in photonics to achieve high resolution
spectroscopy using a very light-weight and compact device.
Most astronomical instruments are built using multi-mode fibres (MMFs), that is optical
fibres that allow propagation of light in many spatial modes. The number of propagating
modes depends on the physical size of the fibre and the wavelength of the light. By contrast,
single-mode fibres (SMFs) allow propagation of light in a single spatial mode with a Gaussian
shape. One of the limiting factors in achieving high resolution spectroscopy is the physical
size of the input to the spectrograph itself (in astronomy this is usually referred to as the
slit width, since the input to an astronomical spectrograph is usually arranged in the form
of a slit). When using MMFs, which are popular in astronomy due to the relative ease of
coupling light into the fibre itself, the slit width can be hundreds of microns in size. For the
same wavelength of light SMFs can be as small as three microns, making the theoretical limit
of spectral resolution achievable in an SMF device. The downside to this it is much more
difficult to couple light to a physically small fibre and so an SMF device will have lower
throughput than a comparable MMF device.
NanoSpec is a proof-of-concept SMF-based PIMMS spectrograph. The spectrograph is
small (roughly 40 mm × 40 mm × 60 mm), light-weight, and constructed with off-the-shelf
components. Nanospec is directly fed with eight SMFs that point in four directions outside
the spacecraft. It is hoped that light will couple into NanoSpec from the Earth (enabling the
measurement of spectra of both land masses and oceans), from the Sun, moon, and potentially
stars. It is also hoped that NanoSpec will measure Cerenkov radiation in the SMFs generated
by particular radiation passing though the SMF.
A CAD model and photograph of NanoSpec are show in Fig. 2. NanoSpec was built and
tested in the astrophotonics laboratory in the School of Physics at the University of Sydney.
The theoretical maximum spectral resolution for NanoSpec is calculated to be R = λ/∆λ  1080.
The measured resolution was found to be R  920, very close to the theoretical maximum
and impressive for such a compact device. For more details on the design, construction, and
testing of the initial version of NanoSpec see the companion paper of Betters et al. [2].
i-INSPIRE also carries an off-the-shelf imaging camera. The compact device is manufactured by LinkSprite and is shown in Fig. 3. The lens of this miniature camera is placed so that
it points outside the satellite. It will take photographs of the environs of i-INSPIRE at a regular
(and yet to be determined) time interval. These photographs serve a two-fold purpose. Firstly,
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Fig. 2: The left-hand panel shows a CAD model of NanoSpec. The right-hand panel shows
a photograph of the device. As can be seen NanoSpec is a very compact instrument, fitting
comfortably in the palm of the hand.

i-INSPIRE should capture some images of Australia and its surrounding oceans, making these
the first images of Australia taken by an Australian spacecraft. Secondly, the images should
allow the tumbling of the satellite in its orbit to be reconstructed. Since i-INSPIRE has no
active attitude determination or control capability this is an invaluable addition to the science
payload.

Fig. 3: The LinkSprite colour camera which will form part of the i-INSPIRE payload.
The third science instrument is a radiation counter. We currently plan to fly a Geiger tube
based on off-the-shelf components but modified to fit within our tight space constraints (see
Betters et al. [2]). The radiation counter will continuously detect energetic particles from the
Earth’s radiation belts and magnetosphere, the Sun and cosmic rays. We aim to characterise the
spatially and temporally varying radiation environment through which i-INSPIRE traverses.
We hope to create radiation maps of the Earth at 310 km altitude, with a robust detection
of the South Atlantic anomaly and of space weather events [5]. These maps can then be
correlated with signatures of Cerenkov radiation seen by NanoSpec.
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The Launch
i-INSPIRE is scheduled to be launched in 2012 on a Neptune 45 (N45) rocket developed
by a United States company called Interorbital Systems (IOS). The launch is expected to take
place off the coast of California. IOS are currently completing tests on the launch vehicle
and finalising their launch certification.
The N45 rocket is a three-stage rocket formed of seven identical propulsion modules
clustered together and firing at different stages in the launch, as can be seen in Fig. 4.
The rocket is capable of launching 45 kg into a low earth polar orbit at a height of 310 km,
for instance carrying 32 TubeSats and 10 CubeSats.

Fig. 4: A diagram showing the three-stage N45 rocket developed by IOS
The satellite orbit should have a 90 minute period, implying 16 orbits can be completed in
one day. i-INSPIRE employs line-of-sight communications and so must pass over Australia,
the location of the ground station, in order to downlink its data. In the proposed orbit this
occurs four times a day and for an average duration of five minutes at a time, giving the
satellite about twenty minutes a day in which to downlink data. For a more detailed description
of the orbital parameters see Funamoto et al. [3].

Conclusions
i-INSPIRE is a small TubeSat being built and launched by a collaboration between the
School of Physics and the School of Aerospace, Mechatronic and Mechanical Engineering at
the University of Sydney.
It is a pilot project aimed at developing a rich and sustainable level of space expertise at
the University of Sydney. The overall aim of the project is to demonstrate the ability of an
Australian university group to design, build, and operate space-based projects. i-INSPIRE is
the first step towards an Australian low Earth orbit space capability, as recommended by The
Decadal Plan for Australian Space Science [1].
A novel new micro-spectrograph called NanoSpec will be flown. Based on innovative
photonic technology, NanoSpec breaks new ground by demonstrating high-resolution spectroscopy in an extremely compact and light-weight device. NanoSpec is also a crucial test
of the space-hardness of fibre optics and other photonic technologies. i-INSPIRE also aims
to be the first entirely Australian-owned and -operated satellite to photograph Australia from
space. We also hope to create a radiation map of the world in a low Earth orbit (c. 310 km
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altitude), with a robust detection of the South Atlantic anomaly and of space weather events
[5].
The i-INSPIRE project may also be a springboard to other Australian and international
space projects. These are not restricted to satellite launches and may include other ventures
such as testing potential payloads on weather balloons or partaking in much larger and longerlived balloon experiments.
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Summary: The i-INSPIRE (initial - INtegrated SPectrograph, Imager and Radiation
Explorer) pico-satellite is intended to be Australia’s first University satellite to be launched
and operated in space. It will carry a novel photonics-based spectrograph (NanoSpec), an
imaging camera, and a radiation counter. NanoSpec is a single mode fibre-fed spectrograph
operating very close to the diffraction limit with a nominal spectral resolution of 0.5 nm. The
primary goal of NanoSpec is to demonstrate the potential of photonics-driven technology in
space-based applications. To that end it will obtain the first spectra from a space-borne,
photonics-based spectrograph. These spectra will be used to identify features related to the
Earth and Sun and determine the effects of radiation events on the device. Additionally the
satellite will carry a radiation counter to obtain a radiation map of the Earth while in orbit, for
correlation with NanoSpec data and space weather events, and an imaging camera to deliver
the first photographs of Australia from an entirely Australian-owned and -operated spacecraft.
Keywords: diffraction limited spectroscopy, TubeSat, pico-sat, astrophotonics, microspectrograph

Introduction
The i-INSPIRE satellite project is a collaboration between the School of Physics and the
School of Aerospace, Mechanical and Mechatronic Engineering at the University of Sydney.
We intend for i-INSPIRE to be the first sole Australian university satellite to be launched and
operated in space (cf. Ref [1], for a more detailed overview of the aims of the mission). On
board we will demonstrate a novel spectrograph, dubbed NanoSpec, which uses state of the
art photonic techniques. To complement the spectrograph the satellite will also carry an
imager and radiation counter.
The satellite subsystems are based upon the ‘TubeSat’ design sold as part of a launch package
with start-up Interorbital Systems1 (IOS; cf. Ref [2]). The i-INSPIRE satellite is one of 32
TubeSats and 10 CubeSats currently on the manifest for the maiden launch of IOS’s N45
rocket. The targeted orbit is a high inclination polar orbit with an altitude of 310 km and a
predicted lifetime of ∼24 days (>380 orbits). Approximately every 16 orbits the satellite will
move through the South Atlantic anomaly (SAA), a region of high radiation. This region is of
particular interest, as it will allow us to study the short-term effect of radiation on NanoSpec’s
components and to detect associated Cerenkov light. Here we first discuss the expected
radiation environment in orbit and its implications for the spectrograph design and the
radiation counter. Specifically, we investigate the possible generation of Cerenkov radiation
in the optical fibre feed and radiation induced errors in the spectrograph components. We then
introduce the design of NanoSpec, and present preliminary results on the engineering
1

http://www.interorbital.com/
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version’s performance. In the remaining sections we provide an overview of the imaging
camera, closing with a discussion of future plans and possibilities.

Radiation environment
The radiation environment in a terrestrial orbit is complex but can be modelled as a
combination of galactic cosmic rays (GCRs), particles trapped in the Earth’s magnetic field
(also known as trapped radiation or the Van Allen belts; lower energy particles, <10MeV are
due to magnetospheric sub-storms) and energetic solar particle events (ESPs) such as flares or
coronal mass injections (CMEs). The radiation environment in low earth orbit (LEO) is
further complicated by interactions with the Earth’s magnetic field, resulting in a radiation
flux that will vary strongly with time, altitude, orbital inclination and orientation with respect
to the sun [3].
In the orbit anticipated for i-INSPIRE2 the effects of trapped radiation dominate the radiation
environment, so in this discussion we ignore other contributions. Figure 1 show the average
flux of protons and electrons over a 24 day period according to the NASA AP8 and AE8
trapped radiation models for both solar maximum and minimum [4] (calculated using
SPENVIS [5, 6] and CREME96 [7] codes). AP8 models the proton component of trapped
radiation belts in orbit, while the AE8 is the electron component. The solar cycle is an
important factor in both the AP8 and AE8 models as it leads to attenuation in the intensity of
trapped protons and an increase in the intensity of trapped electron radiation. This is due to
the enhanced magnetic turbulence in the solar wind near a solar maximum. The current solar
cycle (24) is predicted to reach a maximum in May 2013, however it is projected to be weaker
then average [8]. We thus expect the actual environment seen by the i-INSPIRE satellite in
2012 will be within the region bound by the AP8 and AE8 max and min curves seen in Fig. 1.
Average Flux over 24 day 310km polar orbit
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Figure 1 - The flux of electrons and protons in 310 km LEO according to the AP8 and AE8
radiation belt models respectively. The attenuation of proton flux below 1 GeV by the solar
wind can also be seen as a reduced flux during solar maximum [5, 6, 9]. The opposite can be
seen for electron flux, which increases by up to an order of magnitude during solar maximum.
The red bars indicate the energy required for the respective particle to be travelling faster
then the 0.7 times the speed of light.
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Additionally, there are two hot spots of activity: at the poles, where electron precipitation is
highest; and at the South Atlantic anomaly, where the inner radiation belt is closest to the
earth’s surface. It is in these regions we expect any radiation effect to present themselves in
NanoSpec and the control systems.
Radiation Counter
To track the radiation level during an orbit, we have included a Geiger tube based radiation
counter as one of the instruments on i-INSPIRE. The current design is based upon an open
source design from ‘SparkFun Electronics, CO, USA’. We have removed, replaced and
reorganised components of the electrical and printed circuit board (PCB) design to be
compatible with the restricted space available in the TubeSat and relatively harsh environment
of space. Testing is currently underway to ensure the final component will function in orbit
and survive launch. Using the radiation data collected we hope to build a radiation map of
LEO consistent with models (i.e. AP8 and AE8) and correlate this with data collected by the
spectrograph.
Implications
The i-INSPIRE TubeSat does not have significant shielding against any form of radiation, so
we must consider the implications that the LEO radiation environment will have for the
instruments. Besides single event upset (SEU) occurrences that can cause the computer or
detector to malfunction, we are most concerned with the possibility of Cerenkov light being
generated in the optical fibre feed of NanoSpec. Cerenkov radiation is commonly pictured as
the blue glow seen around submerged nuclear reactors, but is also central to many particle,
astrophysics and space experiments [10, 11]. If radiation is generated in an optical fibre it can
be trapped and subsequently dispersed in the spectrograph, thereby decreasing the signal to
noise ratio of any detected spectra. This effect has been documented in medical physics
studies where optical fibres used in radiation dosimetry are exposed to therapeutic particle
beams [12, 13].
Coupling of Cerenkov in optical fibres
Cerenkov photons are emitted when charged particles travel faster then the local speed of
light in a material. These photons are emitted at angle θ with respect to the direction of travel
forming the characteristic Cerenkov cone Fig. 2a. In the optical fibre feed of NanoSpec this
translates to particles traveling faster then 0.7 times the speed of light in vacuum and an angle
θ between 10 − 47° degrees. The red lines in Fig. 1 mark the minimum energy for electrons
(~ 0.2 MeV) and protons (~ 0.38 GeV) to satisfy this condition.
Ref [14] quantifies the effect of Cerenkov radiation on a signal in an optical fibre, calculating
the fraction of a Cerenkov cone that couples in to guiding modes. Eqn. 1 describes the
intensity of Cerenkov light coupled into a fibre due to a single particle,

(

)

⎛ 2r ⎞ ⎛ 1 v n − Δn − c cos α ⎞
I coupled ∝ ⎜
⎜
⎟ ICerenkov ,


⎝ sin α ⎟⎠ ⎝ π sin α nv 2 − c 2 ⎠ 

 
 
3

1

(

)

(1)

2

where r is the fibre core radius, α is the angle between the axis of the fibre and particle
direction of travel, v is the speed of the particle, n is the fibre core refractive index, Δn is the
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refractive index between the core and the fibre cladding and c is the speed of light. It can be
split into three main components labelled here as Part 1–3.
Part 1 describes the path of the particle through the fibre with respect to the core of the fibre.
Part 2 gives the fraction of the Cerenkov cone guided by the fibre, and Part 3 is the total
intensity of Cerenkov radiation generated per unit distance. Thus Part 1 and 3 give the total
intensity of Cerenkov generated by a charged particle passing through the optical fibre. The
geometry of the Cerenkov cone and its coupling to a fibre is shown in Figure 2.
For the fibre used in NanoSpec a single particle generates very few photons (order 100s), so a
single event will have no impact on the device performance. When the orbit passes through
the magnetic poles and the SAA the cumulative effect of many events in single exposure
could result in a detectable signal, however this assumes the detector is somehow unaffected
by the increased radiation.

a)

b)

Figure 2: a) A plane wavefront of Cerenkov radiation is formed at an angle θ to the velocity
of the particle. b) Only the portion of the Cerenkov cone that intersects with the fibre core and
is within in the critical angle of the fibre is trapped. Illustrated is the case where the cone is
parallel to the fibre, which maximises the fraction of the cone trapped [14]

NanoSpec
The goal of NanoSpec is to demonstrate the potential of photonics-driven technology in
space-based applications. To that end we have designed and built a photonic spectrograph,
specifically a single mode fibre-fed diffraction limited device, which will survive a launch
into space while still providing a reasonable spectral resolution. The spectrograph design is
based upon the relatively simple PIMMS#03 type device discussed by Bland-Hawthorn el al.
in Ref. [15]. In contrast to most conventional spectrographs, the PIMMS spectrograph design
is effectively independent of its light source (i.e. a telescope). This is because multiple single
mode fibres feed the spectrograph. The key advantage here is that single mode fibre inputs are
by definition diffraction limited. This essentially means the light in a single mode fibre is
guided in the smallest area possible. This fundamental propagation mode always has a
Gaussian profile, independent of the original light that was coupled into the fibre [16]. The
result is multiple single mode fibres arranged side-by-side to form a diffraction-limited
pseudo slit.
The single mode fibre feed can be linked to essentially any light source via an invention,
called the photonic lantern. The photonic lantern efficiently converts light in a single
multimode fibre (which is easily coupled to a variety of light sources) to multiple single-mode
3

Photonic integrated multimode micro-spectrograph
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fibres [17, 18]. This allows for a simpler spectrograph design, without sacrificing spectral
resolving power, resulting in a compact and low cost device. It also reduces complexities in
alignment and construction (specifically maintaining optical alignment during and after a
launch into orbit) by reducing the number of components required.
NanoSpec is designed to be compatible with a photonic lantern input, however it has not yet
been determined if the final flight instrument will utilize one (the current generation of
lanterns are to large). The alternative is to form the pseudo slit in NanoSpec with 8
independent single mode fibres. They are to be arranged in pairs and point in four different
directions out the sides of the TubeSat, as illustrated by the red and blue lines in Fig. 3b. This
arrangement is intended to maximise the chances that the orientation of the spacecraft will
allow spectra to be observed of the Earth, Sun, Moon or other astronomical sources (or a
combination of these). The fibres have a numerical aperture of 0.1 (acceptance half angle of
5.75 degrees) corresponding to circular area with a radius of ~30km when the fibre is aimed at
the earth surface. Additionally, the fibre pairs consist of two different types of fibre (discussed
in the optical design section) in order to test their performance in the LEO environment.

a)

b)

Figure 3: a) Diagram showing the dimensions of a blank PCB used in the TubeSat. The
NanoSpec housing must fit within this area to be compatible with the TubeSat design. b) Side
view schematic of the TubeSat. The payloads, including NanoSpec, are located in the leftmost
compartment, with the other satellite systems composing the remaining space (Note – the
radiation counter is obscured in the diagram).
Design Considerations
The primary constraints, and thus design drivers for NanoSpec, can be split into 3 main
categories. The first is the restricted area and volume of the TubeSat, and is perhaps the most
stringent constraint. Fig. 3a is a diagram of the PCBs that form the floor areas of i-INSPIRE
and hold the spacecraft systems and payload. The science payload (including all optics,
detectors/sensors and any additional control electronics) must remain within this footprint.
Additionally the payload compartment, seen in the bottom of Fig. 3b limits the cumulative
height of the payloads to 50 mm.
The overall cost of the spectrograph is the second major factor. The i-INSPIRE mission is a
one-way trip, so anything that is launched into orbit will not be recovered. In fact, given that
we are scheduled on the first mission of IOS’s N45 launch vehicle, there is a significant risk
that the satellite will not achieve orbit. This lead to the decision to keep the payload costs as
low as possible, making use of commercially available parts and components where possible.
Further, due to the low altitude and the actual mission time being fairly short (<4 weeks), we
have neglected radiation hardness requirements in many of our components, opting for an
industrial version where possible.
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The third requirement arises from the limited power available to the payload in orbit. As an
isolated system in-orbit the power budget is strict, so the power requirements of the detector
used in the spectrograph are an important part of its design.
In order to satisfy both the cost the size and cost constraints the spectrograph will operate in
the visible (∼400-750nm). The performance of ‘off the shelf’ achromatic lenses reduces this
to a wavelength range 450- 700nm. A visible light design is further supported by the wide
availability of silicon CCD and CMOS detectors thanks to mass commercialisation of the
technology.
Optical Design
Input Fibre
The current implemented design has 8 single mode fibres set in a v-groove fibre array
manufactured by OzOptics4 forming the input slit for the spectrograph. The v-groove allows
the fibre inputs of the spectrograph to be precisely aligned and held. The fibre cores are
separated by 127µm, while the faces of the fibres are coplanar. The array of fibres is arranged
parallel to the axis of the diffraction grating such that their dispersed images form 8
independent spectra.
There are two different types of optical fibre used in NanoSpec. One is a typical step index
fibre where light guiding is achieved via a higher refractive index in the core of the fibre than
the cladding. The second is a photonic crystal fibre (PCF) where light is guided by a pattern
of air filled holes in the core of a silica fibre. To our knowledge this will be the first time the
use of PCF has been demonstrated in a space environment. If NanoSpec does suffer from
signal to noise ratio degradation due to Cerenkov light, we expect the PCF fibre to exhibit
better performance as it has less high-index material for the charged particle to pass through.

X
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Z

3D Layout

NanoSpec
Figure 4: Diagram
of thePrototype
currentDesign
layout for the NanoSpec micro-spectrograph. The v-groove
2/1/2011
array of input fibres are stacked perpendicular the page. Wavelengths are evenly spaced from
awg_nanosat_newport_3-4um.ZMX
450 to 700 nm.
Configuration: All 1

Collimator and Camera Optics
The collimator or collection system converts the f/5 (numerical aperture of 0.1) output beam
from the single mode fibres to a collimated beam, which can be spectrally dispersed by a
diffraction grating. After the beam has been dispersed it is then re-imaged onto the detector as
4

http://www.ozoptics.com/
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8 independent spectra. The collimating system in NanoSpec is composed of a carefully
selected ‘off the shelf’ achromatic doublet lenses manufactured by the Newport Corporation5
and Thorlabs6. The lenses are chosen to create the largest collimated beam (beam size is
directly proportion to the resolution), yet remain diffraction limited and fit within the size
constraints discussed previously. All lenses have an anti-reflective coating for visible light
(400-700nm).
There are currently two versions of the collimator to suit two different detector pixel sizes
(2.2µm and 6µm). The first is a doublet with an effective focal length (EFL) of 12.7mm.
Resulting is a Gaussian beam approximately 2 mm in diameter (d; the diameter is measured at
the points where the beam drops to 1/e2 of its peak intensity). The second version adds a
second doublet with a 7mm EFL positioned 1mm in front of the first lens. This reduces the
EFL of the collimator to 5.7mm and the beam width to 0.9 mm. The reduced beam size will
also reduce the resolution of the spectrograph. The camera lens is a doublet with an EFL of
25.4mm in both cases. In all instances the optics are essentially very close to diffraction
limited in the visible.
Grating
The dispersing element in the spectrograph is a volume phase holographic (VPH) grating
manufactured by Wasatch Photonics7. It disperses the light from the collimator spectrally
before it is re-imaged on to the detector. A VPH consists of a dichromate gelatine substrate
with a controlled thickness between two pieces of protective glass with an anti-reflective
coating. The VPH diffracts light via fringes of refractive index variation written in the
gelatine substrate [19], rather than the physical lines/rules found in traditional gratings. This
results in grating that is ‘blazed’ such that > 80% of diffracted light is transmitted in the 1st
diffraction order (m = 1) over an extended wavelength range at angles, θ, consistent with the
standard diffraction equation, dsinθ = mλ. Further, VPH gratings offer low scatter (which
simplifies the design) and low wavefront distortion (necessary for a diffraction limited
system).
In a spectrograph the number of combining beams generated at the diffraction grating gives a
fundamental limit on the resolution. This corresponds to the number of lines on the grating
that are illuminated by the collimated beam (N) and the diffraction order (m) as follows,

λ
= mN
(2)
,
Δλ uniform
where ∆λ is the smallest spectral feature that can be resolved (often the full width at half
maximum [FWHM] of the spectra line) and λ is the wavelength being measured. Note that
Eqn. 2 assumes uniform illumination of the lines, whereas the beam in NanoSpec is Gaussian
in nature. It can be shown that the resolution of the a Gaussian beam is given by the
following,
d
(3)
R = 2.38 tan θ ,
λ

R=

Gaussian

where θ is the diffraction angle and d is the collimated beam width. At first glance it would
appear that a Gaussian beam results in a higher resolution, however this is not the case as the
5

http://www.newport.com/
http://www.thorlabs.com/
7
http://wasatchphotonics.com/
6
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diameter in Eqn. 3 is only the 1/e2 width (i.e. a 1 mm Gaussian beam illuminates more grating
lines than a 1mm uniform beam, albeit unevenly).
Detector
There are two detectors used in NanoSpec, one is used for ground testing and observation and
the other will be used in flight. The first is 5MP (2552 x 1964) detector with 2.2µm pixels
while the second is of the smaller VGA (640x480) format with 6µm pixels. The advantages of
the VGA detector vs. the 5MP detector are a simpler TTL level serial interface and higher
sensitivity. However due to the increased pixel size it must be paired with the shorter focal
length collimator discussed previously. As a result the spectral resolution and range are
unsurprisingly reduced. The 5MP detector has a USB interface, and allows greater control
over pixel binning and exposure times. This allows for a more detailed study of NanoSpec’s
optical performance in the laboratory.
Preliminary results
Figure 5 is a spectrum from NanoSpec (using the 2.2µm detector) of the low-pressure gas
discharge lines of mercury and argon generated by a Hg-1 calibration source manufactured by
OceanOptics8. We have used this to calibrate the wavelength scale and probe the resolution of
NanoSpec. The inset in Fig. 5 is an expanded view of the first order mercury (Hg-I) spectral
lines at 576.96 and 579.06nm. From these we have determined the resolution, using Eqn. 2,
where ∆λ is the FWHM of the line. Measurements of both lines result in a resolving power on
the order of ~1400 (∆λ ≈ 0.4nm). The theoretical resolution given by Eqn. 3 for these
wavelengths is ~1450. Note that when the 6µm detector is used, we expect the resolution to be
roughly half (due to the decreased beam size). This is extremely promising as it demonstrates
that the device is diffraction-limited. Finally, initial measurements indicate that the
throughput of the spectrograph is ~70%, where the primary loss of light is in unused
diffraction orders of the VPH.

















 






































 







Figure 5: Example spectrum from NanoSpec of low-pressure gas discharge lines of mercury
and argon captured using the 2.2µm pixel detector. Inset: Zoom in of the spectral lines at
576.96 and 579.06nm fitted with Gaussian profiles to determine the FWHM.
8
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Imaging camera
The third instrument on i-INSPIRE is an imaging camera designed and built by LinkSprite for
the hobbyist community. It was chosen for two reasons: firstly it is controlled over a TTL
level serial interface allowing simple integration with the i-INPSIRE micro-controller;
secondly it has built in JPEG compression allowing higher resolution images in the available
data budget. The primary goal of the imager is to obtain images of the Earth from orbit (for
PR use). We also believe that a series of images taken at regular intervals will allow us to
determine an approximate attitude of the spacecraft, in case of inertial measurement unit
(IMU; [2]) failure. As i-INSPIRE does not have any attitude control, we cannot control where
it is pointing while in orbit. The imager will take images at regular intervals (that are out of
phase with the predicted pitch of the tumble) to ensure that an image of the Earth is taken.
There are two options for the orientation of the camera in the TubeSat, the first is pointing out
through a hole in one of the wall segments and the second is to point through the PCB floor.
The optimal position of the camera in the TubeSat has not been determined yet as the
expected profile of the TubeSat’s movement in orbit is still under investigation.

Future Plans
The next step beyond i-INSPIRE will likely be a larger payload on a balloon-based platform.
A balloon-based instrument will allow us to use scientific grade detectors (which have a
larger footprint) to construct a more sensitive NanoSpec. Paralleling that, we hope to move
toward a fully photonic device, likely using an arrayed waveguide grating. The first steps
towards such a device was recently been demonstrated by Ref [20].

Conclusion
Here we have presented the planned instrumentation of the i-INSPIRE satellite. The primary
instrument is the diffraction-limited micro-spectrograph dubbed NanoSpec, which has a
measured resolution of 1400 (∼0.4nm) @ ∼578nm. With this we will demonstrate diffraction
limited spectrograph in space and study the effects of the LEO radiation environment. With
the on-board radiation counter we will generate a map of the radiation environment in LEO
and correlate this with signals in NanoSpec data. Finally, with our on-board imager, we will
obtain the first images of Australia from an Australian university satellite.

References
1.

2.
3.
4.

L. Fogarty, I. Cairns, J. Bland-Hawthorn, X. Wu, C. Betters, J. Funamoto, S. G. Leon-Saval,
T. Monger, et al., "The initial-INtegrated SPectrograph, Imager and Radiation Explorer (iINSPIRE) - a university satellite project.," presented at the Proceeding of the 11th Australian
Space Science Conference, 2011.
S. Xiao, X. Wu, I. Cairns, J. Bland-Hawthorn, C. Betters, J. Funamoto, S. G. Leon-Saval, L.
Fogarty, et al., "i-INSPIRE Tube-Satellite Bus Design," presented at the Proceeding of the
11th Australian Space Science Conference, 2011.
E. R. Benton and E. V. Benton, "Space radiation dosimetry in low-Earth orbit and beyond,"
Nuclear Instruments and Methods in Physics Research B, vol. 184, pp. 255--294, sep 2001.
D. M. Sawyer and J. I. Vette, "AP-8 trapped proton environment for solar maximum and solar
minimum," NASA STI/Recon Technical Report N, vol. 771, p. 18983, December 1976.

Proceedings from 11th Australian Space Science Conference, 2011 						

Page 265

5.

6.
7.
8.
9.
10.

11.
12.
13.
14.
15.
16.
17.
18.
19.

20.

Page 266

D. Heynderickx, B. Quaghebeur, J. Wera, E. J. Daly, and H. D. R. Evans, "New radiation
environment and effects models in ESA's space environment information system (SPENVIS),"
presented at the Proceedings of the 7th European Conference on Radiation and Its Effects on
Components and Systems, 2003. RADECS 2003., 2003.
M. Kruglanski, E. de Donder, N. Messios, E. Gamby, L. Hetey, S. Calders, and H. Evans,
"SPENVIS - Space Environment, Effects, and Education System," spenvis.oma.be, 2011.
A. J. Tylka, J. H. Adams Jr, P. R. Boberg, B. Brownstein, W. F. Dietrich, E. O. Flueckiger, E.
L. Petersen, M. A. Shea, et al., "CREME96: A Revision of the Cosmic Ray Effects on MicroElectronics Code," Nuclear Science, IEEE Transactions on, vol. 44, pp. 2150--2160, 1997.
D. Biesecker and the Solar Cycle 24 Prediction Panel, "Solar Cycle Progression and
Prediction," \urlhttp://www.swpc.noaa.gov/SolarCycle/, May 2009.
G. D. Badhwar, "The radiation environment in low-Earth orbit," Radiation research, vol. 148,
pp. S3--S10, nov 1997.
J. Abraham, M. Aglietta, I. C. Aguirre, M. Albrow, D. Allard, I. Allekotte, P. Allison, J. A.
MuÃ$\pm$iz, et al., "Properties and performance of the prototype instrument for the Pierre
Auger Observatory," Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 523, pp. 50 - 95,
2004.
Y. Fukuda, T. Hayakawa, E. Ichihara, K. Inoue, K. Ishihara, H. Ishino, Y. Itow, T. Kajita, et
al., "Measurement of a small atmospheric $\nu_\mu / \nu_e$ ratio," Physics Letters B, vol.
433, pp. 9 - 18, 1998.
J. Lambert, Y. Yin, D. R. McKenzie, S. Law, and N. Suchowerska, "Cerenkov light spectrum
in an optical fiber exposed to a photon or electron radiation therapy beam," Applied Optics,
vol. 48, pp. 3362--3367, jun 2009.
S. H. Law, N. Suchowerska, D. R. McKenzie, S. C. Fleming, and T. Lin, "Transmission of
Čerenkov radiation in optical fibers," Optics Letters, vol. 32, pp. 1205--1207, may 2007.
S. H. Law, S. C. Fleming, N. Suchowerska, and D. R. McKenzie, "Optical fiber design and the
trapping of Cerenkov radiation," Applied Optics, vol. 45, pp. 9151--9159, dec 2006.
J. Bland-Hawthorn, J. Lawrence, G. Robertson, S. Campbell, B. Pope, C. Betters, S. LeonSaval, T. Birks, et al., "PIMMS: photonic integrated multimode microspectrograph," Proc.
SPIE, vol. 7735, p. 77350N, 2010.
R. Paschotta, Encyclopedia of Laser Physics and Technology: John Wiley & Sons, 2008.
D. Noordegraaf, P. M. W. Skovgaard, M. D. Nielsen, and J. Bland-Hawthorn, "Efficient
multi-mode to single-mode coupling in a photonic lantern," Optics Express, vol. 17, pp. 1988-1994, jan 2009.
S. G. Leon-Saval, A. Argyros, and J. Bland-Hawthorn, "Photonic lanterns: a study of light
propagation in multimode to single-mode converters," Optics Express, vol. 18, p. 8430, apr
2010.
S. C. Barden, J. A. Arns, W. S. Colburn, J. B. Williams, S. C. Barden, J. A. Arns, W. S.
Colburn, and J. B. Williams, "Volume-Phase Holographic Gratings and the Efficiency of
Three Simple Volume-Phase Holographic Gratings," http://dx.doi.org/10.1086/316576, vol.
112, pp. 809--820, jun 2000.
N. Cvetojevic, N. Jovanovic, J. Lawrence, M. Withford, and J. Bland-Hawthorn, "Developing
arrayed waveguide grating spectrographs for multi-object astronomical spectroscopy," Opt.
Express, vol. 20, pp. 2062-2072, 2012.

Proceedings from 11th Australian Space Science Conference, 2011

i-INSPIRE Tube-Satellite Bus Design
Size Xiao1, Xiaofeng Wu1, Iver Cairns2, Joss Bland-Hawthorn2, Chris Betters2, Jiro
Funamoto1, Sergio Leon-Saval2, Lisa Fogarty2, Tony Monger2, Xueliang Bai1
1

School of Aerospace, Mechanical and Mechatronic Engineering, University of Sydney,
NSW, Australia, 2006
2
School of Physics, A28, University of Sydney,
NSW, Australia, 2006

Summary: i-INSPIRE (initial - INtegrated SPectrograph, Imager and Radiation Explorer) is
a collaborative project between the School of Aerospace, Mechanical and Mechatronic
Engineering and the School of Physics within the University of Sydney. The project aims to
verify the ability of a 1 kg pico-satellite to carry advanced space and astronomical payloads
(a radiation counter, photonic spectrograph, and a CMOS [Complementary Metal Oxide
Semiconductor] imager). As the first pico-Sat to be fully constructed by one Australian
university and to be launched into space, the i-INSPIRE project will be a prototype for future
larger and more complex nano-satellite platforms. The satellite platform distributes the
power, communication and control subsystems into three individual PCBs (Printed Circuit
Board). Observational data from payloads will be collected and stored in an external memory
device, which is connected to the micro-controller by an SPI (Serial Peripheral Interface)
interface. A FM transceiver, the main part of the communication subsystem, will work in the
UHF (Ultrahigh Frequency) band and initially be in beacon mode. After obtaining a
confirmation signal from the ground station, the microcontroller will transmit house-keeping
and payload data to the ground station at the University of Sydney. The addition of a nanoIMU (Inertial Measurement Unit) is being considered to determine the current attitude of iINSPIRE, in order to complement and confirm the pointing inferred from the imaging
camera.
Keywords: TubeSat, On-Board Data Handling (OBDH), systems, UHF communication

I. Introduction
The primary objective of the i-INSPIRE project is to conduct multiple scientific observations.
As a secondary objective, new pico-satellite technologies for future projects will be
demonstrated. The satellite body is cylindrical with a 9 cm diameter and 13 cm height. Since
it has a tubular shape, this satellite is called a TubeSat. Including payloads, the expected full
weight can be less than 1 Kg. Fig.1 shows the overall bus design of the TubeSat. The launch
is planned for March-July in 2012. A polar, circular orbit near 310 km has been selected. For
on board data processing, a radiation counter, a photonic spectrograph, a CMOS imager and
other components are wired to a BX-24 controller which is integrated on OBDH board. The
UART (Universal Asynchronous Receiver Transmitter) and SPI bus provided on the
controller are efficiently used for realizing data transfer. For downlink and uplink
communication, data will conform to the AX.25 protocol and transmitted via the FSK
(Frequency-Shift Keying) modulation.

II. Satellite bus
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The mechanical structure of the TubeSat consists of five PCBs that are enclosed into an
aluminium frame, as shown in Fig. 1. A pair of dipole antenna are soldered on the top board
and physics payloads are located on the bottom layer within the TubeSat. In the middle of the
frame, power management, communication, and OBDH subsystems are distributed onto the
three remaining PCBs [6]. Tiny ribbon-cables will be used for all connections among boards.
As the core of the whole system, the OBDH board will control the peripheral components
while storing and retrieving data. In addition, one low power consumption IMU may be
added to provide satellite body attitude information which could be meaningful for the
scientific observation payloads.

Fig. 1: TubeSat structure
A. Power management subsystem
The Power Management (PM) subsystem consists of two parts, the solar panels and power
management components. Solar panels are designed to convert solar energy to electrical
energy, with a typical output of 2.52V per panel. The voltage is raised by a current sense
amplifier to 4.2V for charging the battery. Solar cells are attached to alternating long vertical
strips of the external surface of the TubeSat. All power management components are
integrated into one PCB. This Power Management board provides power to other subsystems
and also includes infrastructure for measuring the voltage delivered by the cells.

Fig. 2: PM PCB with solar cells
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Basically, the PM function is designed to connect the solar panel and the lithium-ion battery,
and to monitor the status of each solar panel. All the voltages needed by other subsystems are
converted by the PM board. The output voltage from solar cells will be regulated for two
times. A typical low dropout voltage (LDO) linear regulator and boost voltage converter are
used in the PM system. Original voltage from parallel solar cells will pass through the LDO
regulator and converted to 4.2V, which is the voltage for battery recharging. And then, boost
voltage converter will step up the power to 5.7V to feed other subsystems. The power
consumption details of TubeSat are listed in Fig. 3.
Power budget
Power(mW)
Subsystem
Power
1000
Onboard data handling
250
Communication
27~500
Payloads
Total Energy Available (mWh): 9620
Total Used (mWh):8100
Energy remaining (mWh)：1520

Duty cycle(hrs/day)
19.4
24
13

mWh/day
19,400
-3000
-2459

Fig. 3: Power management structure
In particular, current-sense amplifiers and one 8-bit SPI interface AD convertor make up the
monitor. A current-sense amplifier is a special purpose amplifier that output a voltage
proportional [3] to the current flowing in a power trail. It utilizes a "current-sense resistor" to
convert the load current in the power trail to a small voltage, which is then amplified by the
current-sense amplifier. Voltage level data will be transferred to the BX-24 controller via AD
convertor. It is worthwhile to point that the voltage level can roughly indicate Sun’s light
intensity since the output voltage of solar panel is directly proportional to light intensity until
saturation.

Fig. 4: Power management structure
B. On-Board data handling (OBDH) subsystem
The TubeSat uses a BX-24 module as the central controller. The BX-24 Microcontroller is
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based on an AVR single-chip [4], and is an integration of the Atmel AT90S8535 and its
application circuit. The BX-24 has 16 general purpose I/O (Input / Output) lines that are TTL
(Transistor Transistor Logic) and one SPI interface. When used for digital I/O, each line can
be set to one of four states -- output high, output low, input tri-state (hi-Z) and input with
pull-up resistor. Meanwhile, one PIC16F627 controller is integrated onto the OBDH board
uplink communications.

Fig. 5: ODBH PCB
Each proposed payload and the communication subsystem will occupy a pair of general I/O
ports for Transmitting/Receiving. The spare I/O ports can be used as handshake lines for the
data transfer. Fig. 6 shows how the BX-24 connects to the other subsystems.

Fig. 6: Data bus of TubeSat
The behavior of the OBDH subsystem is governed by a simple state machine and the relevant
program code is written in the Basic language. In this state machine, as shown in Fig. 7, all
states are in a loop. After successful initialization, the controller will start collecting
observation data from payloads, then establish the link with ground station and complete data
transmission.
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Fig. 7: States of processor operations
C. Communication subsystem
This system is for transmitting and receiving the signals and so must be able to switch from
transmitter mode to receiver mode. So the transceiver is designed to select a different
frequency according to three address pins. In order to ensure the power of the transmitting
signal is large enough to be received on Earth, an amplifier is used to increase the power of
the signal.
The current design uses a TR2M transceiver, which works in the frequency range of 433-434
MHz, at a power of 100 mW [5]. A 500mW RF amplifier AFS2 is used to extend the
operating range.

Fig. 8: TR2M transceiver (including AFS2 amplifier) with antenna
In order to obtain efficient data link, all the data in the uplink and downlink will be encoded
into AX.25 protocol packets and then transmitted with FSK modulation at a 1200 baud rate
[1]. Therefore, during the transmission mode, the BX-24 will work as the data packet encoder.
In receiving mode, the independent PIC controller together with one FSK modem chip
MX614dw is responsible for packet decoding and will deliver decoded instructions to the
BX-24 controller.
The communication subsystem will work as one state machine as well. It is described in
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Fig.9. When the satellite’s main program enters communication mode, Morse or AX.25
beacons will be transmitted at fixed intervals while the satellite is waiting for the ground
station’s response. When the response is confirmed, the TubeSat will transmit data via the
transceiver in AX.25 packet format. At the end, after sending all data, communication mode
will be terminated and then the system will return to main program.

Fig.9 Flowchart of communication
III.PAYLOADS AND STORAGE
As mentioned above, the TubeSat carries three devices: a radiation counter, photonic
spectrograph, and a CMOS imager. All of these are placed into one PCB at the bottom of the
TubeSat. Hence, the attitude of the TubeSat will affect the observational results, especially
for the CMOS imager. Under power conditions permits, an IMU could be useful for
determining the best times to collect data.
The BX-24 controller will collect observational data from the three observation payloads and
store them in order into an SD card through the SPI interface. When the satellite enters
transmitting mode, the BX-24 will address the payload data in memory space and transfer
them to the send buffer for transmitting.

Fig.10 photonic spectrograph and proposed payloads model [2]
CONCLUSION
This paper demonstrates the detailed bus design for the i-Inspire project. The distributed
subsystems leave more space for partial upgrade in the future. Based on UART and an SPI
interface, all subsystems are controlled by the main controller on the OBDH board and
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extended storage device is applied to increase memory space. The AX.25 protocol is adopted
in the UHF band communication to decrease the error rate and improve efficiency. IMU is
considered to assist payloads in getting ideal data. This design shows a reliable platform for
the payloads and fully employs the on-board hardware resources.
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Summary: This paper provides details on the design, testing, launch, orbital characteristics,
and operation of i-INSPIRE (the initial - INtegrated SPectrograph, Imager and Radiation
Explorer), a tube-shaped pico-satellite currently being developed at the University of Sydney
for an anticipated launch in 2012. i-INSPIRE is aimed to be the first pico-satellite to be
designed, built and operated in space by a single Australian university and is expected to
return the first spectra from a novel spaceborne photonics-based spectrograph, radiation maps
of the Earth at an altitude of 310 km, and the first images of Australia from an Australian
satellite. This paper complements a set of other papers about i-INSPIRE, those being (1) the
overview (Fogarty et al. [1]), (2) the onboard instruments (Betters et al. [2]), and (3) detailed
characterisation of the satellite subsystems and protocols (Xiao et al. [3]).
Keywords:

satellite, pico, Australia, university, spectrograph, photonic, radiation, camera

I. Introduction
i-INSPIRE, the initial - INtegrated SPectrograph, Imager and Radiation Explore (Fig. 1),
is a tube-shaped pico-satellite1 currently being developed at the University of Sydney for an
anticipated launch in 2012. i-INSPIRE carries three instruments, (1) a novel photonics-based
miniature spectrograph “NanoSpec”, (2) a radiation counter, and (3) an imaging camera.

Fig. 1: A simulated, cut-away image of the i-INSPIRE satellite in orbit
1
By definition pico-satellites have masses from 0.1 to 1 kg. Other classifications include nano-satellites with masses from
1 to 10kg, and micro-satellites with masses from 10 to 100kg.
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i-INSPIRE is a joint project between the University’s School of Aerospace, Mechanical
and Mechatronic Engineering and the School of Physics. It aims to be the first pico-satellite
to be designed, built and operated in space by a single Australian university.
The goals of i-INSPIRE are both technological and scientific. Detailed goals can be found in
Fogarty et al. [1]. Briefly, the technological goals include the successful design, construction,
launch and operation of i-INSPIRE. Scientific goals include the first ever tests of a photonicsbased miniature spectrograph (see Betters et al. [2]) in space, and the correlation between
Cerenkov light generated in the spectrograph optical fibres and the local radiation level
measured by a separate radiation counter.
i-INSPIRE is envisioned to be an initial, smaller test satellite for a larger future satellite,
INSPIRE. Where i-INSPIRE is a testing platform and technology demonstrator, INSPIRE is
intended to be a more scientifically capable satellite that will perform cutting edge science.
i-INSPIRE is therefore an important precursor of possible larger Australian satellites to come.
The following sections of this paper will describe various engineering-specific aspects,
including the design, testing, launch, orbital characteristics and operation of i-INSPIRE.

II. Design of i-INSPIRE
The basic design of i-INSPIRE was provided by the launch company Interorbital Systems
(IOS) as part of a pico-satellite launch package [4]. The three scientific instruments needed
to be integrated into this basic design.

Exterior physical characteristics
i-INSPIRE is a 0.75kg tube-shaped (specifically a hexadecagonal prism) pico-satellite with
a height and diameter of approximately 130 mm and 90 mm respectively (Fig. 2). i-INSPIRE
is similar in volume and mass to the successful mainstream ‘CubeSat’ series satellites, but
of different shape.

Fig. 2: Exterior view of the i-INSPIRE satellite. The exterior of the satellite is covered by
alternating vertical aluminium strips and solar panels. The two elements of the antenna are
secured to the top of the satellite, with a tip-to-tip length of approximately 330 mm.
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The vertical hexadecagonal faces of the satellite alternate between solar panels and aluminium strips, with the former providing energy to recharge the onboard battery and the latter
providing structural integrity necessary to withstand the g-loads and vibrations during launch.
The three small, white cylinders on each end of the satellite are bearings made of teflon
which help to slide i-INSPIRE out of its ejection tube (on the launch vehicle) into space.
Ejection is achieved by spring-driven ejection. The two elements of the centre-fed half-wave
dipole antenna on the top of i-INSPIRE are made from spring steel, allowing them to be bent
when packing i-INSPIRE in the ejection tube (Fig. 3).

Fig. 3: Packing of i-INSPIRE inside the ejection tube. Antenna elements are made from
spring steel and are bent inside the tube when i-INSPIRE is in the launch vehicle.

Interior physical characteristics
Fig. 4 shows the i-INSPIRE satellite without its aluminium strips and solar panels. The
interior of the satellite is separated into several compartments, divided by printed circuit
boards (PCBs) which hold electronic components and circuitry. Each PCB has a specific role
in the operation of the satellite. The PCBs from the top to the bottom of the satellite are:
•
•
•
•
•

antenna PCB (receives signals from and transmits signals to the ground station)
power management PCB (regulates power to the satellite from the solar panels)
transceiver PCB (decodes/encodes signals from/to the antenna)
micro-controller PCB (controls the instruments onboard, and processes and stores data)
experimental PCB (contains the electronic circuitry for the onboard scientific instruments)

These PCBs together perform everything i-INSPIRE needs to do, including collecting data
from the onboard instruments, storing data in memory, establishing communication with an
antenna on Earth (the ground station) and transmitting the data down to the ground station.
In Fig. 4, the lowest compartment of the i-INSPIRE satellite is empty. However, this
compartment will contain the scientific instruments of the i-INSPIRE satellite:
•
•
•

a miniature spectrograph (Fig. 5A),
a radiation counter (Fig. 5B), and
an imaging camera (Fig. 5C).

A detailed description of the instruments can be found in Betters et al. [2] and Fogarty et
al. [1], and is not repeated here.
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Fig. 4: Interior view of the i-INSPIRE satellite. The aluminium strips and solar panels have
been removed, exposing the internal electronics and various compartments of the satellite.
These compartments are separated by layers of electronic circuit boards (green).

Fig. 5: A) miniature spectrograph “NanoSpec”, B) a radiation counter similar to the model
being used, C) imaging camera. Images B and C from www.sparkfun.com. Pictures not in
absolute or relative scale.

III. Testing
At the time of writing, comprehensive tests have not been performed on a fully integrated
version of i-INSPIRE. The major tests to be performed are vacuum testing, radiation testing,
vibration testing, and thermal testing. Three versions of i-INSPIRE will be built; an engineering model for testing, a flight model, and a flight spare. The flight model should be identical
to the final engineering model, which will include modifications and revisions implemented
as a result of the testing process. The basis of the tests and details of some testing facilities
are now described.
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Vacuum testing
Vacuum testing (simulating the vacuum environment of space) is necessary to verify that
there are no unexpected structural or electronic failures caused by pressure differential (possibly by pockets of air trapped in components or compartments of the satellite) or outgassing.
Any such failed components will be replaced or redesigned with vacuum-safe alternatives.
Vacuum testing will be performed to a pressure of around 10−3 Pa, corresponding to about
10−8 atmospheric pressure. The vacuum chamber proposed to be used for this study is the bell
chamber situated in the Fusion Studies Laboratory of the School of Physics at The University
of Sydney, run by A/Prof. Joe Khachan.
Radiation testing
A significant level of radiation (a combination of high energy particles and electromagnetic
radiation) exists at the operational altitude of 310 km for i-INSPIRE. To simulate the radiation
damage to the satellite over a specified period (e.g. 1 month), the equivalent radiation dose
will be applied to the satellite using controlled sources of radiation, and the actual damage
monitored. This will be an important test for i-INSPIRE which uses off-the-shelf electronic
components.
Vibration testing
i-INSPIRE will experience large vibrational loads during launch, due to launch vehicle
acoustics, resonant modes, and engine vibrations [5]. If the components and electrical connections inside the satellite are not properly fixed in place, or the satellite structure is not
robust enough, these vibrational loads at launch could critically damage i-INSPIRE before
reaching space. A vibration testing machine (a “shaker”) will be used with vibration frequency
spectrum data for the launch vehicle to be used (see Section “Launch”) provided by the launch
company.
Thermal testing
In orbit, i-INSPIRE will periodically move in and out of the shadow of the Earth. As a
result the temperature of parts of i-INSPIRE are expected to fluctuate between approximately
-20 and +70 degrees Celsius. Such thermal cycling continually contracts and expands satellite
hardware, damaging the satellite over many cycles. The most accurate thermal cycling tests
are done in a vacuum environment to allow for radiative heat transfer as the only means of
heating and cooling of the satellite (as in space). i-INSPIRE will be tested in an appropriate
thermal vacuum chamber, such as the bell chamber in the School of Physics.

IV. Launch
Once i-INSPIRE is built and tested, a launch vehicle will take i-INSPIRE into orbit. The
following section presents the details of the launch vehicle expected to transport and deploy
i-INSPIRE into orbit.
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Launch date, location, and company
The i-INSPIRE satellite is scheduled for launch in mid to late 2012. The launch company is
a private United States of America aerospace company founded in 1996, called “Interorbital
Systems” (IOS), based in Mojave, California.
Much of the testing of the launch vehicle has been performed at the Mojave Air and Space
Port by IOS. However, the actual launch is expected to be from an offshore platform about 250
km off the coast of California. The launch will be operated under a United States (US) launch
license. In addition, for the i-INSPIRE satellite a separate Overseas Launch Certificate from
the Australian Government is also necessary and an application is currently in-preparation.

Launch vehicle
The launch vehicle expected to carry and deploy i-INSPIRE into orbit is IOS’s Neptune
45 launch vehicle (Fig. 6).

Fig. 6: The Neptune 45 launch vehicle developed by IOS. The Neptune 45 consists of 7
smaller rockets clustered together. The Neptune 45 can carry 45 kg to a polar Earth orbit
of 310 km altitude. Image from [6].
The Neptune 45 has a modular rocket design, in which the complete launch vehicle is
composed of a cluster of 7 smaller rockets (called “common propulsion modules” by IOS).
Fig. 7 shows a common propulsion module rocket made for testing purposes.
As the launch vehicle ascends, different sets of common propulsion module rockets ignite
and fall away after use (staging), a necessity to increase the efficiency of the launch vehicle.
The Neptune 45 launch vehicle is a 3-stage launch vehicle (process shown in Fig. 8).
The Neptune 45 launch vehicle is capable of launching 45 kg into a polar Earth orbit at
310 km altitude. As a result, the Neptune 45 launch vehicle will launch a total of 32 tube
satellites and 10 cube satellites, of which i-INSPIRE is one. The other groups launching these
pico- and nano-satellites include various universities, high schools, and government entities
from around the world.
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Fig. 7: Common propulsion module rocket. Seven of these common propulsion module
rockets and an additional booster stage compose the Neptune 45 launch vehicle. Image
from [6].

Fig. 8: The staging sequence of the Neptune 45 launch vehicle. In the 1st stage of launch,
the outer 6 common propulsion modules ignite. After the 1st stage, the middle common
propulsion module ignites to comprise the 2nd stage. The 2nd stage rocket then falls off to
release the third and last stage which has a booster rocket to deliver the cargo (payload)
into orbit. Image from [6].

V. Orbital characteristics and lifetime
Orbit
The Neptune 45 launch vehicle is expected to launch i-INSPIRE and other satellites into a
310 km altitude, circular, polar (inclination 90 degrees) Earth orbit. An orbit at 310 km has
a period of approximately 90 minutes, resulting in roughly 16 orbits per day. A polar Earth
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orbit is advantageous in this situation as the satellite will be able to see every region of Earth
during one day2 . This allows maximum coverage of the Earth such that any satellite operator
will be able to ‘see’ their satellite at least once per day with a fixed ground station.

Lifetime
The lifetime of a satellite depends on numerous factors, with the most important being the
atmospheric drag at the altitude of orbit. The predicted lifetime of i-INSPIRE is 24 days. This
was calculated using the lifetime utility in the commercially available simulation software
“Satellite Tool Kit” by Analytical Graphics, Inc. The predicted lifetime could be lower if
unexpectedly high solar activity is present, as this expands the atmosphere, increasing drag
at all orbital altitudes.

VI. Operation
Downlink of scientific data
To obtain scientific data collected aboard i-INSPIRE, the scientific data must be streamed
from i-INSPIRE to a receiver on the ground (the ground station). For this downlink of scientific
data, there must be (1) a transmitter on the satellite and a receiver on the ground station, (2)
line of sight between the satellite and the ground station, and (3) a strong enough signal from
the satellite to be detected by the ground station.
Constraint (1) is satisfied by the design of i-INSPIRE in Fig. 4 incorporating a transceiver
(transmitter and receiver) system and by the existence of a dedicated ground station for iINSPIRE at The University of Sydney. For the ground station, a tracking antenna has been
mounted on the rooftop of the Electrical Engineering Building at The University of Sydney,
specifically for the purpose of receiving data from i-INSPIRE. There is also a possibility to
use international networks of ground stations to obtain a larger amount of scientific data per
day though the downlink of data over different regions of the world. However, this has not
yet been organised.
Constraint (2) is more difficult to satisfy (see Fig. 9). Since the satellite will be orbiting
the Earth, there will be limited time when the ground station has direct line of sight access to
the satellite. An orbital simulation using “Satellite Tool Kit” shows that as the satellite passes
overhead, a ground station can see the satellite for an average of 7 minutes per sighting,
and there will be 3 to 4 such sightings in one day. i-INSPIRE will be transmitting periodic
beacon signals which notify the tracking station when the satellite comes into line-of-sight
view. During each i-INSPIRE orbital passing, the ground station must track i-INSPIRE, and
this is done by the automated tracking system on the ground station.
Constraint (3) is a further restriction to communication. Although the satellite is in view of
the ground station, communication may not be possible if the signal strength from the satellite
2
While the i-INSPIRE satellite orbits the Earth from North pole to South pole and back, the Earth continually spins
beneath it, allowing the satellite to ‘sweep’ out continuously changing regions of the Earth and consequently the whole
surface of the Earth in a single day.

Page 282

Proceedings from 11th Australian Space Science Conference, 2011

Fig. 9: i-INSPIRE can only communicate with the ground station when the satellite passes
through the viewable/trackable disk of the ground station. As the satellite orbits the Earth,
the satellite only spends on average 7 mins in this trackable disk of the ground station.
Even though the satellite at 310 km altitude orbits the Earth approximately sixteen times in
one day, since the Earth continually rotates beneath the orbit of the satellite, this results in
only three to four such sightings of 7 mins each, over the course of a day. Images generated
in Satellite Tool Kit, Analytical Graphics, Inc.

is too weak for the ground station to distinguish over electrical noise. A weak signal can be
attributed to two major reasons: (i) signal attenuation due to too large a distance between
i-INSPIRE and the ground station, and (ii) polarisation or antenna orientation mismatches.
For communication analyses of this type, a useful calculation is that of the link margin (a
value in dB expressing the further attenuation a signal can suffer before being unable to be
detected by the ground station). For item (i) it is found that when i-INSPIRE is furthest away
while still being in view (this happens when i-INSPIRE is just on the visible horizon), for
a satellite transmission power of 0.5 W, the link margin is found to be approximately 6 dB,
assuming zero polarisation and ground station tracking losses. For item (ii), since there is no
attitude control system on-board i-INSPIRE3 , if we assume an average polarisation loss of
50% to the signal, we have a further 3 dB of attenuation and hence the link margin on average
at the visible horizon is 3 dB. It was also calculated that when the satellite is vertically above
the ground station (the closest i-INSPIRE gets to the ground station in orbit) the link margin
is approximately 19 dB, and the average link margin for a given sighting is approximately 9
dB. This shows that i-INSPIRE will on average be able to be detected as long as the satellite
is visible (line-of-sight) to the ground station.
Once communication access is made to i-INSPIRE, the transceiver and ground station must
work together to transfer data (for more details regarding communication protocols, see Xiao
et al. [3]). The transceiver on board the satellite can transmit at a maximum of 5 kilo bits
per second (kbps). Taking into account the data transmission rate and the communication
windows with i-INSPIRE, calculations show that the satellite can transmit around 1 mega
byte (MB) of data per day. This is enough for approximately 40 spectral images (each image
containing 8 individual spectra, and therefore 320 individual spectra in one day) or 50 VGA
JPEG images of the Earth. (The amounts of housekeeping data are negligible in comparison.)
This estimate assumes a 16:1 JPEG compression ratio. For more information on the images
and scientific instruments, see Betters et al. [2].
3
Satellite attitude simulations are currently being undertaken and will be used to get a better estimate of the time varying
attitude of i-INSPIRE.
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VII. Conclusion
This paper has described the engineering-specific aspects of i-INSPIRE. In particular,
the aspects discussed were the design (0.75 kg tube-shaped pico-satellite), testing (vacuum,
radiation, vibration and thermal), launch (IOS Neptune 45 from an offshore platform), orbital
characteristics (310 km polar Earth orbit with a predicted lifetime of 24 days), and operation
(dedicated ground station at the University of Sydney) of i-INSPIRE. The three onboard
instruments (novel miniature spectrograph “NanoSpec”, a radiation counter, and an imaging
camera) were mentioned and further sources of information given. i-INSPIRE is intended to be
a technology and capability demonstrator that points a way towards future, larger, Australian
satellites.
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Summary: Recent developments in astrophotonics herald a new era for ground-based
astronomy. These technologies are now being extended and adapted to space-borne
instrumentation over the coming decade. One of the revolutionary developments is the
photonic integrated multimode microspectrograph (PIMMS) that greatly reduces the size of
any spectrograph, independent of the telescope aperture, the slit aperture or the spectroscopic
resolution of the instrument. We now extend these ideas to space instrumentation where a
much broader spectral range can be explored. We are focusing our efforts on the UV to midinfrared (0.15-15µm) window that is increasingly becoming more accessible to photonic
technologies.
Keywords: space photonics, astrophotonics, space sciences, astronomy

Introduction
During the period 1999-2002, our team in Australia worked on the development of
optical/IR laser communications in space to vastly increase the data rates from satellite
missions [1,2]. The idea here was to exploit the many small astronomical telescopes that were
widely regarded as having passed their prime in order to assist vastly higher data download
rates from ESA and NASA satellites. This led to the Centre for Space Photonics
(www.aao.gov.au/lasers) which was established with a view to exploiting the huge investment
in photonic technologies. Extended conversations with NASA led to a workshop at the Jet
Propulsion Laboratory (2002) and a Special Session at the IAU General Assembly in Sydney
(2003). In the years that followed, ESA and NASA, both of whom have their own longstanding developments, successfully demonstrated the viability of Gbs data-rate interplanetary
transmissions [e.g. 3].
This early work convinced us of the huge potential that photonics would bring to the
development of astronomical instruments, an international field we now know as
astrophotonics [4]. This has already led to a number of remarkable new photonic technologies
(e.g. Fig. 1): the integrated beam combiner [5], the aperiodic ultra broadband Fibre Bragg
Grating (FBG) [6], the photonic lantern [7,8,9], the multicore FBG [10], the hexabundle [11],
the 3D fan-out and 3D photonic lantern [12,13], the photonic microspectrograph [14,15], the
vortex coronograph [16,17], inter alia. All of these devices are now being realized in
astronomical instruments on ground-based telescopes.

Fig.1.(left panel) Optical photograph of a 61 core Hexabundle. (middle panel)
Schematic representation of a 3D photonic lantern and optical images of the
endfaces; (right panel) multicore fibre and 3D fan-out device transforming a 2D
core hexagonal array into a 1D core array for interfacing to a spectrograph.
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In 2010, the Australian government announced funding in space science for the first time.
We now propose to expand the field of space photonics to include the many new exciting
capabilities that have arisen from astrophotonics. In fact, there are existing parallels already in
place, including adaptive optics and laser metrology. Later this year our group at the
University of Sydney will launch its first photonic fibre-based microspectrograph on a
TubeSat. The i-INSPIRE TubeSat satellite shown in Fig. 2 [18,19], a pico-satellite (<1 kg)
which will be the first to be built, launched and operated by a single Australian university.
This is to be followed by CubeSat and a balloon-borne instrument in 2012-2013.

Fig.2. (left panel) Top image: Neptune 45 (N45) rocket developed by the United
States company Interorbital Systems (IOS) that will launch the i-INSPIRE satellite
in 2012-2013. Bottom image: NASA balloon launch. (right panel) Optical
photograph of the actual i-INSPIRE satellite; inserts of the three different satellite
payloads: a fibre-based microspectrograph (NanoSpec), a radiation counter and an
imaging camera.

The Domain of Space Photonics
The Earth’s atmosphere is a major limitation to ground-based observations, and completely
opaque in certain wavebands (e.g. extreme UV, gamma rays). This has led to a veritable
armada of space-borne observatories since the 1960s in order to explore new spectral (energy)
domains.
The photonic revolution has been fuelled by the telecom industry, although its huge
financial investment is almost entirely focused on a narrow spectral window near 1.5µm.
Astrophotonics has expanded this window to 0.4-2.2 µm. However, we consider the window
accessible to space photonics to be much broader, specifically two decades in wavelength
centred at the C band (0.15-15 µm). This spectral window is of great interest to remote
sensing, astrophysics, planetary and space science.
There are many challenges in photonics at both extremes of this wavelength range. Fibres
with good UV response (over short lengths) are commercially available down to at least
0.2µm. Chalcogenide fibres and materials find use in space optics providing a good
performance up to 15µm [20,21]. Both ends of this wavelength range can also be exploited by
using hollow core fibres [22,23], where the absorption limitations of the material can be
overcome. Further material and photonic developments at mid-IR and UV wavelengths are
already being explored by Centre of Ultrahighbandwidth Devices for Optical Systems
(CUDOS) and the Institute of Photonics and Optical Sciences (IPOS), both based at the
University of Sydney.

Page 286

Proceedings from 11th Australian Space Science Conference, 2011

Space Hazards
For the photonics technology to be useful for space applications, it must be able to withstand
one of the harshest environments, namely, space. The space environment includes extremely
low pressures, liquid helium to liquid nitrogen temperatures, as well as vast amounts of
radiation and particles [24,25]. Furthermore, the extreme launching conditions such as
vibration levels should be also considered. Test standards are well defined in the literature
fuelled by the extensive studies in current standard photonics technologies deployed on space
to date, such as fiber optic networks, laser diodes and detectors [26]. In the 1990s, the NASA
COBE satellite first detected fine structure in the cosmic microwave background. For this
groundbreaking work, the Nobel Prize in Physics was awarded to John Mather and George
Smoot. What is not widely known is that large-core multimode fibres aboard the spacecraft
almost sabotaged the experiment [27]. Charged particles passing through the satellite
produced Cerenkov flashes within the fibres which overloaded the system. These same
particles can interact destructively with on-board electronics and other components. This fact
is well known to space agencies who carry out extensive radiation testing on payloads prior to
launch. In collaboration with the Medical Physics group at the School of Physics, local
medical facilities and nuclear physics labs, we are engaged in detailed radiation testing of all
components that make up a space photonic instrument.

Microspectrographs
Photonics has advanced from the historic bulk-optic systems that were organized on an optical
bench using many separate optical components, to relatively compact fiber-optic and
integrated-optic devices that can combine several optical functions on one fiber or waveguide
substrate. Integrated photonic technologies offer significant improvements in terms of
manufacturing, size, weight, processing speed and power consumption over distributed bulk
and micro-optic systems. This technology is ideal for use in harsh environments – e.g. space as optical chips and fibres are compact, light weight, and as a result of the monolithic nature,
highly robust.
It has long been recognized that highly integrated miniature spectrometers have many
advantages for remote sensing and interplanetary science [28]. But there has been a sense that
small spectrographs are fundamentally limited in terms of the observational parameter space
(e.g. spectroscopic resolution) that is accessible to them. The revolutionary PIMMS concept
has swept aside this limitation [15] (Fig. 3).
A completely general expression for the resolving power R of an ideal dispersing element is
R = λ/δλ = mN where N is the number of combining beams (or finesse) and m is the spectral
order of interference. But this is only achieved in practice for diffraction-limited instruments.
A simple illustration serves to demonstrate how far astronomical instruments fall short of this
ideal. Consider a spectrograph with a grating line density of ρ = 1000 lines mm-1 placed at a
pupil with diameter, say, Dpup = 50 mm. In a perfect system, for a flat pupil illumination, the
peak spectral resolving power is then R = mρDpup = 50,000 where we adopt the simplest
configuration for which m = 1. Diffraction-limited optical lenses are commercially available
such that the overall length of the instrument is roughly L ~ 4FDpup, or about 40 cm in length
(F=2). This is much smaller than any large aperture, broadband spectrograph working at such
high resolution and, furthermore, these other instruments operate typically at m > 1 to achieve
higher resolving power.
The importance of striving for an ideal system can be seen by expressing the resolving
power as R = εmN where ε is the factor (ε<1) by which a spectrograph falls short of the ideal
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in terms of the number of combining beams available to the designer in a diffraction-limited
system. An ideal instrument can be made a factor of 1/ε smaller in linear extent to achieve a
given resolving power R. A review of widely used seeing-limited spectrographs reveals that ε
~ 0.003-0.03.

Fig.3. PIMMS concept [15]: (top left panel) optical photograph and scanning
electron microscope images of a Arrayed Waveguide Grating (AWG) device use as
the dispersive element for the microspectrograph; (top right panel) Schematic of the
AWG working principle (image courtesy of N. Cvetojevic); (bottom panel) the
photonic lantern accepts incoherent light and converts it to single-mode propagation
and a set of diffraction limited point spread functions (i.e. single-mode fibres)
aligned along a slit to couple into an AWG that serves as the dispersive element.
Here we show an asymmetric rather than a folded AWG [14].
So why are spectrographs so large? A spectrograph matched to a perfect telescope can be
reduced to its diffraction-limited, minimum configuration (ε=1, m=1). But at optical and nearIR wavelengths, AO systems fall short of the diffraction limit. However, with the aid of a
remarkable device, known as the photonic lantern, even an aberrated psf from an imperfect
AO system can be efficiently matched to a minimum configuration spectrograph (Fig. 1).
Finally, we find that any source of incoherent illumination can also be matched to a minimum
configuration spectrograph. A by-product of our solution is that incoherent light from a fast
input beam (F≥2) can be fed to a spectrograph with an arbitrarily high resolving power.

Conclusion
This leads us a new way of thinking about spectrometers. We can separate the performance
of the telescope and/or entrance aperture from the performance of the instrument. We can now
speak of compact diffraction-limited integrated photonic instruments regardless of the source
of illumination. This has major implications for the cost of developing and building space
instruments. But then nothing comes for free. Our radical approach requires a new generation
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of high-performance, small pixel detectors. The minimum configuration spectrograph is
expensive in its use of detector pixels, but the cost is manageable.
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Summary: An emerging electric propulsion system, the Charge Exchange Thruster (CXT)
is discussed. The CXT is an electric powered ion propulsion system, providing thrust by the
acceleration of ions along a potential difference on the order of 15 kV. The novel characteristic
of the CXT is the need to no longer neutralise the exhaust particles. This is because the
accelerated ions in the CXT undergo charge exchange reactions, thereby already resulting in
an exhaust of neutral particles. This internal and implicit neutralisation of the accelerated ions
gives the CXT a large advantage over conventional designs that require large electron guns to
neutralise the exhaust ions. The CXT also has an extremely simple and robust design. These
characteristics allow the CXT to be miniaturised to extremely small sizes like a pencil. Current
CXTs have produced 86 µN at 0.4 W of power. Applications include orbital station-keeping,
manoeuvring and orbital maintenance. Such small thrusters could be used on nano-satellites
to prevent orbital decay and extend their lifetime from a matter of weeks to the order of
years.
Keywords:
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I. Introduction
Electric propulsion in this paper refers to the spacecraft propulsion technology using
electricity as the main power source. When compared to other forms of spacecraft propulsion
(e.g. chemical), electric propulsion is typically characterised by low thrust but extremely high
fuel efficiency [1]. Electric propulsion is beneficial for long duration missions and for orbital
station keeping where fuel efficiency is a necessity. This paper will describe a new type of
electric propulsion device, the Charge Exchange Thruster (CXT) which uses a simple and
novel plasma mechanism (charge exchange) to achieve an electric propulsion device which
can be scaled down in physical size to one befitting a pico- or nano-satellite. The CXT was
invented by the Fusion Group in the School of Physics at the University of Sydney, and
is now pursued as a collaborative project with the School of Aerospace, Mechanical and
Mechatronic Engineering also at the University of Sydney. To appreciate the full advantage
of the CXT over other forms of propulsion (specifically other available electric propulsion
systems) the basics of electric propulsion and the problems faced by commercially available
electric propulsion systems will be outlined in this introduction section before describing the
novel propulsion device, the CXT.
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Basics of electric propulsion over chemical propulsion
Electric propulsion is a propulsion technology using electrical energy as the main power
source, whereas chemical propulsion uses chemical energy as the main power source. The
propellant on the other hand is the same for both “propulsion devices” (“thrusters” we will
call these) and embodies the high speeds gas particles exiting the thruster. It is only through
the propulsion of propellant particles in the backward direction that an equal and opposite
momentum is transferred to the thruster in the forward direction. The thruster is therefore
simply a device which takes energy from the power source and transfers it to the propellant
particles (which impart their momentum to the thruster along the direction they are propelled).
Again, it must be stressed that the power source and the propellant should be considered
as two distinct entities; this is indeed the case for electric thrusters, but is not for chemical
thrusters. This will help in understanding why the kinetic energy of the propellant particles
can be increased for electric thrusters but must stay effectively constant for chemical thrusters;
a property that allows electric propulsion to theoretically be many orders of magnitude more
fuel efficient than chemical thrusters.
In an electrical thruster, the power source and propellant are two distinct entities. The power
source is often a battery or electrical generator on the spacecraft whereas the propellant is a
gas. The gas is ionised and accelerated through a electric potential difference, transforming
electrical energy to kinetic energy of the propellant. It is thus evident that an increase in
particle energy (and hence momentum transferred to the thruster) can be easily gained by
accelerating the propellant across a larger potential difference.
On the other hand, in a chemical thruster (such as a typical “rocket”) the power source
is the chemical energy acquired from the breaking of chemical bonds, and the propellant is
the constituents and products of the chemical reaction. The power source and propellant are
therefore part of a single entity, the initial fuel-oxidiser mixture. From this property, it can be
deduced that an increase in kinetic energy of each propellant particle is difficult to obtain. This
is because to increase the energy of the propellant particles, more chemical energy is needed.
However, to attain more chemical energy, more fuel-oxidiser must be burnt, proportionally
increasing the number of particles the total chemical energy must be shared amongst. In the
end, burning more fuel-oxidiser in the combustion chamber in general does not change the
energy per propellant.
Whether the kinetic energy of each propellant particle can be changed determines the fuel
efficiency of the thruster and is therefore of extreme importance. This is because the kinetic
energy determines the exit velocity of the propellant particles, which in turn is a measure
of the fuel efficiency (a measure of the momentum attained by the thruster/spacecraft per
mass of fuel spent) of a propulsion system. The higher the exit velocity (and hence kinetic
energy) the greater the fuel efficiency. This is evident by considering that any total change
in momentum of the satellite ∆p must be composed of small momentum contributions from
each propellant particle (of which we will assume for this argument to be a single atomic
species of mass m and average velocity v); thus ∆p = N mv, where N is the total number of
particles needed for the total change in momentum ∆p. To minimise the number of propellant
particles N spent for a given change in thruster/spacecraft momentum ∆p it is seen that the
exit velocity (and hence the kinetic energy) of the propellant particles must be as high as
possible. Unlike chemical thrusters, electric thrusters allow acceleration of the propellant
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particles to theoretically any subluminal velocity (by increasing the potential difference along
which the particle is accelerated), and therefore can theoretically attain orders of magnitude
higher fuel efficiencies than chemical thrusters.
The downside is that increasing the kinetic energy of the particles requires more electrical
power from the spacecraft. In space however, fuel efficiency is often of more importance,
as electrical energy is renewable (through solar panels) whereas fuel is not; this is an even
greater consideration for long duration or deep space missions.

Problems with existing electric propulsion units
There are three major issues with existing propulsion units which limit their lifetime and
performance. These problems will be described here so they can be addressed in the following
section about the CXT. Although there are various types of electric propulsion, the main focus
of this paper will be ion propulsion (propulsion attained by accelerating ions over a nominally
static potential difference). Ion propulsion has been studied for more than 50 years and the
two main systems currently available commercially are the Gridded Ion Thruster (GIT) and
the Hall-Effect Thruster (HET) [1].
The first issue with existing thrusters is the limit on the lifetime of the thruster due to
physical erosion of the thruster components by high energy propellant ions. In both the GIT
and HET systems, ions are accelerated across a potential difference on the order of kV and
these ions can cause physical erosion to components which lie in the path of the accelerated
propellant. For the GIT, the accelerating grid(s) (which is a physical mesh in the path of
the propellant plume, providing the potential difference needed for propellant acceleration)
undergoes erosion. For the HET, despite an absence of a physical accelerating grid, the interior
ceramic erodes, limiting the lifetime of the HET [1].
The second issue is that although the GIT and HET are electric thrusters, they can not
completely attain the full benefit of electric propulsion; the full benefit of electric propulsion
being the ability to accelerate the propellant to any subluminous velocity and thereby reaching
the highest of fuel efficiencies. For the GIT, this is because the acceleration potential difference
can not be increased over approximately 5 kV, as a further increase causes much increased
grid erosion. For the HET, the source of the potential difference is a cloud of trapped electrons,
and increasing their density and hence bulk potential difference is difficult past a particular
voltage [1]. These limits on the potential difference (and hence propellant exit velocities)
attainable in the GIT and HET designs place a cap on the maximum fuel efficiency possible
with these thrusters.
The third issue with the GIT and HET is that they require an external neutralisation source.
This external neutralisation source sprays electrons into the propellant plume neutralising the
outgoing propellant (ions). If this is not done, 1) the particles will pull the thruster back in
the opposite direction, 2) the thruster will attain a large opposite charge over time (this also
results in pulling all particles back on to the spacecraft, and other undesirable effects). To
neutralise the exiting particles, the GIT and HET designs both use external electron guns,
which may be heavy and/or bulky [1].
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II. Overcoming existing problems: The Charge Exchange Thruster (CXT)
The Charge Exchange Thruster (CXT) is an electric thruster which addresses all three main
limitations of existing systems mentioned above by relying on a plasma phenomenon novel
to electric propulsion systems, charge exchange. The CXT does not use accelerating grids or
a ceramic interior, is not limited to a few kV (15 kV thrusters have been tested) allowing
greater fuel efficiency, and does not require an external neutralisation source as the exiting
particles are already neutral (through charge exchange reactions). The subsections below will
outline 1) the physical characteristics and 2) the physics of operation of the CXT.

Physical characteristics of the CXT
The CXT designs created so far are tubular in shape and consist of a hollow insulating tube
separating an anode plate covering one end and a funnel-shaped cathode (nozzle) on the other
(Fig. 1). A gas feed must be present somewhere in the thruster and is present on the back
anode plate for the thruster in Fig. 1. The thruster must have relatively air tight (hermetic)
seals between the insulating tube and the cathode/anode (electrodes), with the only exit for
particles being the hole in the cathode nozzle. The anode is usually at ground potential and
the cathode charged negative up to (and over) 15 kV; more on the operation in the proceeding
subsection.

Fig. 1: An old CXT prototype in operation. The length of the thruster is approximately 20
cm, with a diameter of 4 cm. The anode plate and cathode cone are made from steel. The
insulating tube separating the anode and cathode is made from glass, allowing an inside
view of the thruster in operation.
Newer designs of the CXT have seen miniaturisation to extremely small sizes, smaller than
a pen. One such thruster can be seen in Fig. 2. The length of this miniaturised CXT is only
5 cm, with an internal diameter of approximately 1 cm.
Small versions of the CXT are less than 50 grams in mass and allow its use in extremely
small satellites such as nano- or pico-satellites (such as the relatively common 1 kg “CubeSat”
series satellites). Even smaller versions are currently being developed and tested at the
University of Sydney. To current knowledge, the operation of the CXT thruster is not affected
by miniaturisation of the thruster, as long as pressure and voltage scaling is applied to maintain
effectively the same plasma dynamics inside the thruster. The plasma dynamics of the CXT
will be explained in the following subsection about the physics of operation.
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Fig. 2: Miniaturised CXT. The CXT is the device enclosed by the yellow dashed line. Anode
and cathode made from brass and insulating tube from an opaque fused quartz glass tube.
The steel pipe connected to the CXT is a gas feed pipe.

The physics of operation
A schematic of the essential elements of the CXT is shown in Fig. 3 (note: this schematic
does not show the gas feed, but should be present somewhere in the thruster). The CXT
is operated in a vacuum environment. Neutral gas particles (hydrogen and argon have been
tested) are pumped into the CXT chamber at a mass flow rate of a few standard cubic
centimetres per minute (sccm), and a potential difference is applied between the anode and
cathode. The anode is usually at ground potential and the cathode at a voltage up to -15 kV.

Fig. 3: A schematic of the essential elements of the CXT. Note that there should be a gas
feed to the inside of the thruster, but is not shown here. The anode is usually at ground
potential, and the cathode at a voltage up to -15 kV relative to ground potential.
With the application of a potential difference, some of the neutral gas ionises into ions
and electrons. The ions and electrons are accelerated across the potential difference, causing
further ionisation in the neutral background gas in the thruster. Somewhere along the flight of
the ion, the ion undergoes a charge exchange reaction with a neutral background gas particle.
Charge exchange is the process in which an ion and neutral gas particle come sufficiently
close that an electron on the neutral gas particle finds it more energetically favourable to bind
to the ion. This interaction therefore changes a high energy ion and slow neutral to a high
energy neutral and slow ion. The high energy neutral (former ion) is then able to exit the
hole in the cathode without being attracted to the cathode itself.
The presence of high energy neutrals exiting the thruster was first confirmed with spectroscopy of the light emitted out of the cathode nozzle of the thruster. The energy of the
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neutrals have been measured using the technique of Doppler spectroscopy and found to
correspond to up to 90% of the applied potential difference [3].
The complete details of operation of the CXT is not yet fully understood. A comprehensive
theoretical model is also not yet available. However, neutralisation of high energy ions via
charge exchange reactions is thought to be the predominant reaction responsible for the
ejection of neutrals from the thruster. This is due to the fact that charge exchange reactions are
the predominant neutralisation phenomenon for a plasma with energy and density parameters
close to that operated within the CXT [3, 4].
It is interesting to note that the results from Doppler spectroscopy show that the ion
undergoes charge exchange mostly within the cathode nozzle rather than in the volume of
the thruster before the nozzle. This could be due to the charge exchange cross section being
greater for higher energy ions (highest energies ion are found closer to the cathode where
they have had maximal acceleration through the potential difference of anode to cathode), or
due to the possible setup of a virtual anode space charge within the cathode nozzle (discussed
in Israel et al. and Blackhall et al. [2, 3, 4]).
Although a comprehensive theoretical model is yet to be devised and will be future
work in this area, a variety of analysis techniques, including Langmuir probes and Doppler
spectroscopy have been used by Israel et al. and Blackhall et al. to analyse the physics of
the CXT and have supported the present model of charge exchange reactions. Other evidence
which supports this model is empirical evidence from results of spectroscopy and thrust
measurement experiments as described in the following section.

III. Thrust measurements and efficiency
The thrust produced by the CXT has been measured using a torsional balance, called a
momentum transfer pendulum (MTP) which deflects under the action of a force (for further
details see Israel et al. [3]). The measurement plate of the torsional balance (the MTP)
is placed in the path of the thruster propellant plume and the deflection of the balance
is measured and compared against a calibration chart of deflection to force (see Fig. 4).
These thrust measurements constitute indirect thrust measurements as the MTP measures the
momentum of the plume of the thruster and indirectly deduces the force on the thruster,
rather than measuring the force on the thruster directly. This method was used because it is
extremely difficult to perform µN level direct thrust measurements on the thruster (mainly due
to frictional forces caused by the gas pipe or high voltage leads attached to the thruster, and
any bearings supporting the thruster). Therefore, all thrust measurement results come from
indirect thrust measurements using a MTP. Future studies will venture at performing direct
thrust measurements.
The thrust from a 12 cm long, 1.5 cm diameter miniaturised CXT (Fig. 4) was measured.
This CXT can be seen connected to the gas feed (blue pipe) and the necessary electrical
connections in Fig. 4. The MTP can be seen on the other side of the aluminium plate. The
aluminium plate electrostatically shields the charged cathode to the measurement plate of the
MTP, which without electrostatic shielding would cause movement of the plate by electrostatic
forces during operation. There is a small hole in the aluminium plate which allows the thruster
plume to hit the MTP. A laser shone on the other side of the MTP is used to determine the
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deflection of the plate accurately. The CXT was operated in a vacuum environment at a
pressure of around 10−5 torr (or 10−3 Pa).

Fig. 4: Photograph of the 12 cm long, 1.5 cm diameter CXT used for obtaining the thrust
measurements found in this paper. The CXT is on the left and the MTP is on the right. An
aluminium plate is used to electrostatically shield the CXT cathode from the MTP
measurement plate.
Results obtained from the CXT described above constitute the most recent measurements of
a CXT (the 12 cm long, 1.5 cm diameter CXT). For these measurements two different gases
were tested, hydrogen and argon. Note that we expect higher thrust from argon over hydrogen
due to the approximately 40 times heavier mass, easier ionisation and higher charge exchange
cross section of argon. It can be seen that these properties have also resulted positively in
better power consumption, higher thrust and lower flow rate of the argon propellant CXT.
Table 1: Thrust produced by the most recent CXT (12 cm long, 1.5 cm diameter).
Gas
Hydrogen
Argon

Mass flow rate [sccm]
7
<1

Applied voltage [kV]
12.5
15

Power use [W]
2.7
0.4

Thrust [µN]
18
86

In both cases the specific impulse (a measure of the fuel efficiency of a propulsion system,
equal to the change in momentum gained per unit weight of fuel spent) of the CXT was
estimated by Doppler spectroscopy to be on the order of 10000 s (with hydrogen propellant
having slightly greater and argon slightly lower values). This is over a factor of 2 larger than
the GIT and HET conventional electric propulsion systems [1], and denotes a proportional
factor of fuel efficiency over the GIT and HET systems. This can be attributed to the fact
that the CXT is not limited in the voltage we apply, and we had applied voltages significantly
greater than, and therefore attained propellant exit velocities substantially overwhelming that
of typical GIT and HET systems.
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This specific impulse value of 10000 s however has not taken into account the fuel expended
from leakage of neutral gas from the hole in the cathode during operation. This property is
yet to be measured accurately and will be an update in a future paper when determined.
Currently, if all the fuel was coming out as energetic neutrals, then the exit velocity of the
neutrals is such that the specific impulse would be the aforementioned approximately 10000
s. This denotes that the CXT may not be more fuel efficient than the GIT or HET designs
depending on the neutral gas leakage rate from the cathode hole. This must be determined
conclusively in a future study. Nonetheless, there is little change in the fact that 86 µN was
attained for a power of 0.4 W using argon propellant, with fuel efficiency possibly greater
than existing electric thrusters.

IV. Applications
The aforementioned low power requirements and small CXT sizes enable major applications
in pico-, nano-, and micro-satellites (satellites of 0.1-1 kg, 1-10 kg, and 10-100 kg mass
respectively). It is believed that currently no known efficient propulsion system exist for
satellites in the 1-10 kg range. Nano-satellites such as the popular “CubeSat” series nanosatellites are often used by many educational institutions around the world. Many of these
satellites enter low Earth orbits (LEOs) beneath approximately 500 km altitude where the
atmospheric drag is still relatively significant such that the satellite could spiral back to Earth
in a matter of weeks or months [5]. If a miniaturised CXT is flown on a nano-satellite in
LEO, the CXT could possibly extend the lifetime of the satellite from a matter of weeks or
months, to the order of years through orbital station-keeping. Furthermore, 0.4 W of power for
the CXT is very reasonable even to the strict limited power budget of a nano-satellite, since
typical solar panels of 10 cm2 on a nano-satellite can produce more than 2 W of power when
directed at the sun. Multiple CXTs can also being considered for increased thrust output and
other manoeuvres such as accurate satellite attitude changes and satellite formation flying.

V. Current work and future directions
To develop the CXT to a space ready system many developments still need to take place.
In particular, (1) the thrust as a function of power and gas consumption must be characterised,
(2) the most efficient design (diameter, length, and cathode shape) of the CXT needs to be
determined, and (3) the CXT must be made into a complete standalone space-ready system.
For item (1), although many experiments have been conducted and a general trend in thrustpower and thrust-fuel rate found, work still needs to be done in completely characterising
the phenomena. In particular, it has been found recently that an optimum mode of operation
exists for the thruster where applying a higher electric potential changes the plasma mode
of operation and the measured thrust dramatically decreases. Such phenomena are yet to be
studied completely.
For item (2), although a variety of thruster designs and sizes have been tested, it is of
importance from a application standpoint to find the most efficient design. In this process, it
is also of great interest to study the point to which the CXT can be shrunk before the plasma
dynamics can no longer be reproduced.
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Item (3) is the most important for the final space-ready thruster. The gas canister, high
voltage converter (and possibly power supply), and the thruster itself must be integrated into
a single device. Of particular importance is insulating the high voltage cathode from the
remaining satellite electronics. To reduce the size of the gas canister, ablated or sublimated
solid fuel could be used and their possibilities are currently being investigated.

VI. Conclusion
The CXT is a radical, novel electric propulsion system that solves the three main constraints
of existing commercial electric propulsion systems. These conditions met are the absence of
any eroding structure (such as an accelerating grid) increasing the thruster lifetime, unlimited
application of voltage allowing extremely high fuel efficiency, and the absence of bulky neutralisation sources. Furthermore, the extremely simple design and absence of the neutralisation
sources allows the CXT to be miniaturised to sizes smaller than a pencil. Such small and
efficient propulsion systems have major applications in pico-, nano-, and micro-satellites,
where efficient propulsion systems are underdeveloped and unknown.
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Summary: This paper discusses an investigation into the use of photogrammetric techniques
at the University of Southern Queensland’s Ludwieg tunnel facility. The aim was to show that
photogrammetric techniques and compact cameras could be used to achieve sub-millimetre
precision in hypersonic speed tracking. The paper provides details on the setup of the imaging
cameras, video capture, photogrammetric computation and the results of two aerodynamic
experiments. A free-flying projectile constructed from a hollow metal cylinder with a roundnose and flat-tail was tracked using two low-cost Casio high-speed cameras. A set of retrophotogrammetric targets of known coordinates was used for camera relative orientation
purposes. Corresponding frames were extracted from the video clips using VirtualDub
software and a photogrammetric adjustment was applied to these frames to extract a set of 3D
coordinates of the tracked targets. The results showed that the photogrammetric technique
gave a 3D object-space measurement accuracy of 0.064 mm when the projectile was in a
static position and a precision of 0.11 mm during its flight in a pressurized airflow.
Keywords: low-cost high-speed camera, free-flying projectile, 3D data capture, hypersonic
wind tunnel

Introduction
The use of photogrammetric techniques for 3D dynamic data capture of free-flying objects in
wind tunnel testing using conventional video recording system began in the mid-1980s. In the
early 1990s, the previously popular Direct Linear Transformation (DLT) approach was
replaced by resection/intersection solutions which required accurate calibrated lens
parameters. Advances in video technology allowed low-speed solid-state CCTV cameras (30
Hz or 30 fps) to be used for video recording and six degree of freedom (6dof) dynamic studies
in wind tunnels in the mid 1990s (Shortis and Snow 1997). The authors discussed an
application involving the study of the characteristic of spin modes and spin recovery of
aircrafts either at the design stage after certain modifications to existing design; or weapon
loads. Based on the research results it was clear that no other electronic sensors could provide
6 degrees of freedom (dof) that was as flexible, accurate and reliable as the photogrammetric
technique. Then, Liu et al. (2000) showed that photogrammetric techniques could be used to
measure the effect of temperature and pressure-sensitive paint in test model deformation. Two
Hitachi CCTV cameras (sensor: CCD; pixel count: 640x480 pixels; pixel resolution: 0.0013
mm) using Sony and Cosmicar lenses were utilized in the study at NASA’s Ames 12-Ft
Pressure Wind Tunnel, which was a closed circuit facility with testing capabilities of Mach
number from 0 to 0.55. In the investigation, the photogrammetric technique was used to
provide accurate mapping of the areas affected by heat and pressure changes during trials.
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Pitcher et al. (2009) presented the results of using three purpose-built Basler 501k high speed
digital cameras (pixel count: 1280x1024; framing rate: 75 fps; pixel size: 0.0012 mm;
synchronization: electronic) in a low-airspeed wind tunnel of around 70 kph to determine the
wing aerodynamic performance of a Nighthawk Mini-UAV (also known as TacMav). The
measurement accuracy was 0.1 mm. The investigation showed that the photogrammetric
technique provided an important tool to observe and measure the unstable flutter behaviour of
UAV wings during flight; thus the technique could play a vital role in the development of
future lightweight manned AV systems.
Currently, compact, high-speed cameras are readily available and they are very portable. A
common application of these cameras is to capture fast movement such as sprinting at high
speed, and then play back the video clip in normal speed, thus producing a slow motion of the
movement for methodical analysis. These cameras are capable of capturing up to 1000 frames
per second (fps). In the present study, two Casio cameras were available for the investigation
of the dynamics of a free-falling projectile at the University of Southern Queensland,
Toowoomba. The objective of this investigation was to determine the accuracy of such
compact, high-speed cameras for the capture of spatial data representing the dynamics of a
free-falling projectile; such as the measurement of gravitational acceleration and movement in
hypersonic speed airflow.
The University of Southern Queensland Wind Tunnel Facility
Recently, an aerodynamic study of a free-falling object in hypersonic speed airflow was
carried out at the University of Southern Queensland’s (Toowoomba, Queensland) wind
tunnel facility. The facility known as TUSQ was designed to be used for low Mach and
Reynolds numbers. Experiments can be conducted for hypersonic speed airflows of up to
Mach 6. More detail of the capability of the wind tunnel can be found in Buttsworth (2009). In
this investigation, the free falling projectile was subjected to the maximum achievable
hypersonic-speed (Mach 6) air flows. A schematic diagram of the test chamber is shown in
Fig. 1.

Fig. 1: A schematic diagram of the TUSQ wind tunnel
EQUIPMENT AND SOFTWARE
The high-speed low-cost camera
Page 302

Proceedings from 11th Australian Space Science Conference, 2011

Two low-cost high-speed cameras were utilized in this investigation, namely: Casio Exilim
EX-F1 and Casio Exilim EX FH20 (Table 1). As shown in the table, these cameras do not
have similar high-speed framing rate past 60fps. The first camera records video in MOV while
the latter records in AVI format. These cameras do not have any built-in electronic
synchronization capabilities that are available on the considerably more expensive purposebuilt industrial high-speed cameras. However, they do not require a computer to operate,
hence they are extremely portable and they can be operated in extreme environments in the
field.
The software
Two types of software were required in this investigation and they were photogrammetric
processing software and video processing software. The photogrammetric software consisted
of: 1) camera calibration software (Photomodeler and Australis); and 2) multi-image bundle
adjustment software (Australis); whereas the video processing software were: 1) video format
conversion software (AVS4YOU); and 2) image frame extraction software (VirtualDub). The
latter was an open-source software.
TABLE I: High-speed camera and imaging sensor specifications.
Brand
Casio Exilim EX-F1
Casio Exilim EXFH20

Range of zoom
(mm)
7.3-87.6
4.6-92

Effective format size
(mm)
300 fps: 0.716x0.537
600 fps: 0.604x0.368
1200 fps: 0.470x0.134
210 fps: 0.528x0.396
420 fps: 0.246x0.185
1000fps: 0.246x0.062

Pixel Count
(pixel)
300 fps: 512x384
600 fps: 432x192
1200 fps: 336x96
210 fps: 480x360
420 fps: 224x168
1000 fps: 224x56

Pixel Size
(mm)
0.0014
0.0014
0.0014
0·0011
0.0011
0.0011

The photogrammetric control and camera orientation device
A piece of 200 mm wide and 12 mm thick steel was fabricated as a small section of a tube to
suit the round inner surface of the test chamber where the nozzle meets the test chamber.
Photogrammetric retro-targets were fastened onto the inner surface of the steel tube and the
relative (in a 3D Cartesian coordinate system) positions of the targets were calibrated using
the high-precision photogrammetric self-bundle adjustment technique. The Y-axis and Z-axis
of the reference coordinate system were aligned parallel to the airflow and parallel to the
gravity line as accurately as possible during the installation. For the latter, a surveying
precision spirit bubble was used to align the control targets.
Free Falling Projectile
The black metallic projectile with cylindrical shape used in the study has a length of 110 mm,
a diameter of 30 mm with a flat tail and round nose. A strip of seven test retro-targets (Hubbs
Machine & Manufacturing, Inc., Cedar Hill, Missouri USA) was glued onto the side of the
projectile. These test targets were placed in a position where they can be seen from the
cameras. This strip of targets was calibrated using high-precision photogrammetric calibration
and the 3D distances between the targets were used to provide scale during the bundle
adjustment of the captured images during trials.
The Mathematics of the Photogrammetric Technique
Multi-Image Bundle Adjustment
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The mathematical equations used in this investigation are known as collinearity equations.
These equations represent the geometry between the perspective centre of a camera lens, the
ground coordinates of an object and the image coordinates of the object. They give the
geometry of a bundle of rays connecting the perspective centre, image point and the object
point, as shown in Fig. 2. In the figure, the perspective centre of the lens is represented by (X0,
Y0, Z0), with rotation angles ω, φ, κ around the X, Y and Z axis respectively, the image
coordinates of point N (xN, yN) and the object coordinates of N (XN,YN, ZN). The collinearity
equations are given as follows:
!
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where c = focal length of lens, �!!! and �!!! , are lens distortion corrections (see equations 4
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Fig. 2: Multi-image/station Bundle Adjustment

Camera Calibration
Optical imaging systems must be calibrated to obtain the lens parameters such as the lens’s
focal length or the principle distance (c) as commonly known in close range photogrammetry,
the lens distortion parameters and the lens decentring parameters. These parameters are
required for subsequent imaging processing in order to eliminate systematic errors such as
radial lens distortion and lens centring distortion. The concepts of camera lens calibration can
be found in a number of textbooks and journal articles (e.g. Luhmann et al. 2006).
Alternatively, a self-calibration technique can be used because it does not require a set of
known high-accuracy object-space coordinates of the signalized-targets photographed. This
type of calibration involves the determination of the principal distance (c); the principal point
offset (x0, y0), radial lens distortion parameters (K1, K2, and K3), the decentring parameters (P1
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and P2), and the dynamic fluctuation (affinity and shear or C1 and C2). In this project, the
decentring parameters and the dynamic fluctuation parameters were not computed as the
contribution of these parameters in the overall error budget was insignificantly small. The
following equations are used in photogrammetric self-calibration technique (Luhmann et al.
2006):
�!′! =   �!′0 −
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: axis-related correction values for imaging errors,
: small corrections for perspective centre (X0, and Y0),
: small correction for principal distance,
: lens distortion parameters,
: lens decentring parameters,
: affinity and shear parameters, and
: radial distance.
Methods

Camera Calibration (sensor calibration)
Firstly, the effective format size of the frame at the various framing rates was determined
(Table I). Then, the camera was calibrated according to the framing rate used in this
investigation; they were 210 fps for Casio EX-FH20 and 300 fps for Casio EX-FX-1. Fig. 3
(a) shows the Casio EX-FH20, a retractable lens mount system, and (b) shows a Casio EXFX-1, a fix lens mount system. To calibrate the camera for each framing rate, video clips of
twelve convergent angles (four at upright position, four rotated 90º to the left and four rotated
90º to the left) were captured of a camera calibration range at the fps setting (Chong 2001; Fig
3 (c)). A set of twelve images were extracted from the video clips using VirtualDub software;
they were digitized and bundle-adjusted using Australis software.

Fig. 3: (a): Casio EX-FH20’ a retractable lens mount system; (b): Casio EX-FX-1, a fix lens
mount system; and (c): camera station configuration for calibration. Note the white dots are
retro-targets used in the calibration.
Camera (imaging sensor) set up for the TUSQ projectile tracking trial
The TUSQ round test chamber has three round glass windows, one at the top and one on each
side. One of the cameras was placed at the top and one at a side window, thus the optical axes
of the cameras intersected at a right angle. To avoid the introduction of the TUSQ system
vibration on the cameras, they were positioned close to the window (Fig 1). Investigation into
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the effect of glass refraction was not included in the study as the size of the error is not
significant for the trials (Maas 1995). An accuracy threshold above 0.03 mm may require the
determination of glass refraction.
System Evaluation
Before the imaging system was set for tracking free-falling projectiles in pressurised airflow,
an evaluation was carried out to determine the precision of stationary object measurements.
The task involved taking high-speed video clips of the calibrated 3D distance of the targets on
the projectile which was restrained in position by a set of strings. The method of evaluation
involved a comparison of the measurement and the calibrated distance between the retrotargets which were fastened on to the projectile shell. Subsequently, the reliability of the
imaging system was further evaluated in two settings; the first involved dropping the
projectile without activating the pressurized airflow, and the second involved dropping the
projectile into the pressurized airflow (Fig 4 left and middle). In the first trial, the gravitational
acceleration value was obtained using the time lapse between two sets of image frames and
the calculated 3D distance travelled by the projectile between the frames. In this investigation,
the projectile was allowed to fall for 280.4 mm. In the second trial, the projectile was
subjected to pressurized airflow at a speed of Mach 6. Fig. 4 (right) shows the relative
planimetric position of the cameras, the photogrammetric control and the projectile.
Camera video frame synchronization
Matching images were extracted from the recorded video clips. As an electronic camera
synchronization technique was not applicable to these low-cost cameras, frame
synchronization was dependent on an event in the test chamber. Two events were found
suitable for this purpose, namely: 1) the cutting of the holding string of the projectile; and 2)
the moment when the holding string was blown off by the pressurized airflow. Tests showed
that the projectile falling from stationary were not as clear as the instant when the holding
string was blown off by the pressurized air. The latter showed an instantaneous disappearance
of the string. Thus, the latter was the most suitable event for synchronizing the recorded frame
in the pressurized air-flow trial.
Time synchronization based on framing rate
As the cameras were recording at different rates, the time tag of the recorded frames started to
differ from the start of the synchronized frame (the departure of the holding string from the
projectile body). To improve the precision of the measurement of the projectile position, it
was necessary to estimate its image position in-between-frames for the slower camera. Once
the time tag of a frame (e.g. frame 6770) from the faster camera (Casio FX-1) was selected,
the time tag was used to determine which two adjoining frames (e.g. 1187 and 1188) in the
slower camera (Casio EX-FH20) should be used. Next, the two frames of the slower camera
were digitized in Australis. A program was written to calculate the shift in image position of
the object for the slower camera by using the digitized image coordinates and the time tag of
frame 6770.
Image Processing in Australis
After the targets of the corresponding video frames were digitized, they were processed in the
Australis photogrammetric bundle adjustment software. The process involved: 1) setting up
the camera template and entering lens parameter values (Equations 4 and 5); 2) digitizing the
control targets on the floor of the test chamber and the targets on the projectile; 3) executing a
bundle adjustment of the images; 4) removing erroneous observations; and 5) computing the
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coordinate of the test targets. The process provided a set of coordinates of the targets of the
projectile.
Results and Analyses
Camera Calibration
The camera calibration results are provided in Table II. The Casio EX-F1 camera which has a
longer focal length showed the largest variation between the c during video recording at highspeed and the c of standard photography. The large variation showed the need to calibrate the
camera accurately, particularly when high-speed mode was used.
Table II: Video camera calibration results.
Camera
Casio EX-F1
300 fps format
Casio Ex-FH20
210fps format

c
(mm)
7.996 (7.3)

x0

y0

K1

K2

K3

0.0146

-0.102

2.76E-3

5.83E-5

-4.78E-7

4.445 (4.6)

0.021

0.043

8.01E-3

-2.85E-4

6.71E-7

System Evaluation
The results show that the precision of the system was 0.064 mm when the projectile was
stationary. As the object was 110 mm in length, the measurement accuracy is 1: 1720.
However, the system was capable of measuring objects of longer length at similar precision.

Fig. 4: Left: Casio EX-FH20 image at 210fps; Middle: Casio EX-FX-1 image at 300fps;
Right: A schematic diagram of the camera, control and the projectile location.
Gravitational acceleration test
In the test, the projectile was allowed to fall freely for 280.4 mm. Image frames of the fall
were extracted at 11 mm, 44 mm, 100 mm, 180 mm and 280 mm position. A graph showing
the Z-coordinate (vertical component) of the six selected frames is depicted in Fig. 5a. In the
graph, all seven targets of the projectile are seen as one point because their coordinate values
were within 3 mm. The calculated gravitational accelerations between two adjacent epochs
were approximately 9.91, 9.89, 9.92, 9.93 and 9.90 m/s2. The average gravity acceleration was
9.910 m/s2. The difference between the standard and measured value was 0.1 m/s2. The
slowest tracking was 210 fps using the Casio EX-FH20 camera. Hence, the tracking precision
was 0.4 mm per second2. The results showed that the system has the capability to track
acceleration at sub-millimetre precision. Also, the trial showed that an improved
synchronization with the “string cut” signal could produce a more accurate gravitational
acceleration value. The X and Y component of the target coordinates change was minimal for
the frames tracked, thus the error from this source in the estimation of the gravity acceleration
was very small. Plots of the X and Y coordinates of the six frames are provided in Fig. 5b and
5c respectively. The X-coordinate graph shows a small shift (0.2 mm) to the left from epoch
0 to epoch 1, and then it maintained the same position in epoch 4. The shift could be caused
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by a small rotation clockwise of the projectile as the targets exhibited a small change in
orientation from the top camera. The Y-coordinate graph shows no apparent backward or
forward displacement of the projectile between epoch 0 and epoch 4.

Fig. 5a: A plot of the Z-coordinates of the six frames.

Fig. 5b: A plot of the X-coordinates of three selected frames.

Fig. 5c: A plot of the Y-coordinates of three selected frames.
Projectile performance in pressurised air-flow
By using the “disappearance of the holding string” from the scene as a time benchmark,
Camera FX-1 frame 6770 was selected as time zero (epoch 1) in the pressurized airflow.
Frame 6774 (epoch 5) was selected as the terminating frame before the projectile disappeared
out of view. The total length of time from frame 6770 to 6774 was approximately 0.0133
second. The relative positions of the projectile in the three reference coordinate axes as
calculated from the frames are shown in Fig. 6a, Fig. 6b and Fig. 6c respectively.
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Fig. 6a: X-axis Coordinate change in the pressurized airflow.

Fig. 6b: Y-axis Coordinate change in the pressurized airflow.

Fig. 6c: Z-axis Coordinate change in the pressurized air-flow.
Fig. 6a shows small displacements in the X-axis direction from epoch 1 through to epoch 5. It
is apparent that the projectile was tilted to the right of the airflow direction. However, the
projectile movement was more or less parallel between epoch 1 and epoch 5. Fig. 6b shows
the Y-coordinate of the seven tracked targets. It is apparent that the projectile was pushed
backward by a small displacement of roughly 4 mm during the 0.01333 second of tracking.
Fig. 6c shows the Z-coordinate of the targets. It is evident that the projectile experienced an
upward tilt of a small angle from 6770 to 6774 as denoted by the relative height (Z) difference
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between Target 6 and target 7 in the events. The position of the point of the centre of gravity
was roughly 53 mm from base of the projectile, thus the tilt angle increased from +1.01, +1.86
and +2.47 degrees respectively.
Comments
Based on the measurements obtained in the two trials, it was clear that the Z-axis of the
photogrammetric control should be accurately aligned with the direction of the gravitational
field. The free drop test provided some important information in this regard, however the
information was masked by factors such as projectile rotations (roll, pitch and yaw) and
accurate measurements of the centre of gravity of the projectile. The angle of attack was an
important factor in the pressurized airflow. The projectile tilt angle increased substantially
before it propelled out of sight.
Based on the experience gained from the two trials, it appears that there are a number of
benefits and drawbacks in the developed photogrammetric technique for tracking the
projectile in a compact wind tunnel.
The benefits include:
1. The use of multiple camera configurations strengthens the imaging geometry for least
squares multi-image bundle adjustment.
2. Collinearity condition and camera self-calibration algorithms provide robust solutions
which produce high accuracy 3D coordinates of signalised targets.
3. The capture of 3D coordinates of the target on the projectile provides additional data
for the study of its dynamics compared to the current Schlieren imaging or
photography.
4. A dense 3D point cloud of the surface may be computed if the projectile surface
texture has sufficient contrast quality.
The drawbacks are:
1. Two or more high-speed cameras are essential to achieve a set of satisfactory results.
2. An advanced photogrammetric laboratory and a set of self-calibration software are
essential for high-quality camera calibration.
3. Retro-targets may impede the projectile dynamics during flight.
4. An adequate number of control targets in the imaged area must be available for
resection and bundle adjustment.
5. Accurate orientation of the Z-axis to the gravity direction is essential for gravity
acceleration studies. The use of a plumb line or laser plumbing device may reduce the
error.
6. Glass refraction is known to produce a small distortion in the image, thus producing a
small amount of error in the calculated coordinates when the image was captured of an
object obscured by glass.
Conclusion
The objective of this investigation was to determine the accuracy of compact high-speed
cameras for the capture of spatial data representing the dynamics of a free-falling projectile
such as the measurement of gravitational acceleration and movement in hypersonic speed
airflow. Two low-cost high-speed cameras were used in the trial. Three tests were carried out:
1) measurement precision evaluation using a calibrated scale; 2) a free-drop without
pressurized airflow to evaluate the 3D measurement quality by the determination of the value
of the gravity acceleration; and 3) a free-drop in a pressurized airflow to evaluate the capacity
to obtain accurate spatial data of the flight dynamics of a projectile. By and large, the image
system set-up was straightforward and the results of the first and second tests were promising.
The system could capture 3D spatial data accurate to 0.070 millimetre in the object-space and
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the gravitational acceleration could be determined at sub-millimetre per second2 precision.
The results of the third test showed 3D measurement root mean squared error of one tenth of a
millimetre in the X, Y and Z axis.
Based on the strength of the photogrammetric technique in precision 3D measurement it is
recommended that the technique should be utilized in compact wind tunnels where high-speed
monitoring is required. Further research will be carried out in the area of precision alignment
of the photogrammetric control with the gravitational field. Improving the mathematical
modelling of the aerodynamics of the projectile using the captured 3D spatial data is another
area of research interest.
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Summary: Drag reduction is important to improving the performance of scramjets operating
at so-called “Access to Space” Mach numbers. One demonstrated method for the reduction of
skin friction drag along a surface exposed to hypersonic flow is the injection and combustion
of hydrogen fuel in the boundary layer. However, ethylene fuel is also of interest in scramjet
applications. The current analytical model for boundary layer combustion of hydrogen is
extended to a general fuel injection condition, and then applied to the problem of ethylene
combustion in a hypersonic turbulent boundary layer. It is demonstrated that ethylene
boundary layer combustion can yield a 50% reduction in skin friction drag. Examination of
the predicted boundary layer profiles uncovers the physics contained in the model that
account for the differences between hydrogen and ethylene boundary layer combustion.
Keywords: hypersonic turbulent boundary layer, skin friction, drag reduction, scramjet,
ethylene

Introduction
In recent years, the push for more economical access to space has lead to renewed interest in
scramjet propulsion, with the goal of improving engine performance to the point of real-world
viability. When faced with the task of improving scramjet performance, most researchers have
rightfully turned towards increasing combustion efficiency. However, it can be argued that the
solution to making an engine generate net thrust requires more than just improved
combustion; minimizing internal flow drag is also vital to improving scramjet
performance [1].
One such loss is due to the drag force acting on the scramjet. This drag is caused in part by
skin friction generated through the interaction of the flow with the engine’s internal surfaces.
Reduction of the drag force acting on the engine can therefore be achieved by controlling the
hypersonic boundary layer attached to the combustor walls. One such control method is
known as “film cooling,” due to its original use for reducing heat transfer rates. Film cooling
entails the injection of a gas into the boundary layer, reducing the momentum near the wall,
and therefore reducing skin friction [2].
Others have examined the use of energy addition to the boundary layer for skin friction drag
reduction. In 2003, Levin and Larin showed that electrical discharge heating of a hypersonic
turbulent boundary layer could also provide significant reductions in skin friction [3]. Around
this same time, researchers at the University of Queensland began testing a technique that
combines the effects of film cooling and energy addition: boundary layer combustion.
Goyne et al., for example, demonstrated skin friction reductions of 70 percent through the
combustion of hydrogen in the boundary layer of a Mach 4 combustor flow [4].
While experiments (e.g. [4]) showed the utility of boundary layer combustion of hydrogen,
there was no predictive framework available for estimating the effect of boundary layer
combustion in other flows. This changed in 2005, when Stalker published an analytical theory
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for the combustion of hydrogen in a turbulent hypersonic boundary layer [5]. The theory
presented in Ref. 5 agrees well with experimental measurements of skin friction drag, but has
a major limitation: it was developed solely for the case of combusting hydrogen. Since there
are many practical applications for scramjet-propelled vehicles in which the long-term storage
of hydrogen is not a feasible option, there is value in re-deriving Stalker’s theory to a more
general state that can cover hydrocarbon fuels such as ethylene. There is similarly great value
in deriving the expressions for boundary layer thickness and profiles. These expressions
allow for the physics underpinning the reduction of skin friction via boundary layer
combustion to be readily examined.

Analysis
The derivation of equations for skin friction reduction due to boundary layer combustion of a
general fuel follows the analysis presented in Ref. 5 quite closely, which is itself based on the
popular Van Driest II compressible turbulent boundary layer analysis [6]. The end goal of this
derivation is to obtain an expression for the coefficient of friction, cf, which is proportional to
the shear stress acting on the wall, τW:
cf =

2τW
,
ρeU e2

(1)

where ρe and Ue are the density and streamwise velocity at the edge of the boundary layer,
respectively. Without any additional terms for fuel injection, Van Driest’s theory can be used
€
to obtain an analytical expression
for cf along a flat plate in hypersonic flows. The agreement
Van Driest II with experimental hypersonic flows is well documented. As such, it forms a
solid base for the analysis below.
Combustion Model
Beginning with a model for combustion of gaseous fuel with oxygen, it is assumed this
reaction occurs spontaneously and instantly at the point sufficient quantities of the two
reactants come into contact, regardless of temperature. This model is known as the
equilibrium non-premixed laminar diffusion flame model. The complete combustion reaction
takes the general form
O2 + χF F  Σ χiPi

(2)

where χ is the stoichiometric fraction of each species, F is the fuel chemical formula, Pi is a
placeholder for reaction products, and subscripts F and i refer to fuel and product species,
respectively.
As a consequence of the above assumptions, this model implies that oxygen and fuel cannot
coexist. On one side of the flame there can be no oxygen present, with no fuel present on the
other side; these species are entirely consumed in the combustion reaction at the flame front.
This model for combustion is obviously much simpler than the real process, and is limited by
some minimum ignition temperature. For hypersonic flows, we expect temperatures across the
majority of the boundary layer to be higher than the auto-ignition temperature for most fuels.
On this basis, the simple combustion model above is assumed to suffice. It may overestimate
the heat release and exaggerate the effects of combustion, but can be taken as an upper limit
to the effects observed.
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Flow Model
The flow modelled to obtain the analytical skin friction expression is a two-dimensional, zero
pressure gradient hypersonic turbulent boundary layer flow along a flat plate. Gaseous fuel is
injected fuel in the streamwise direction along the surface and burns inside the boundary
layer.

Figure 1: Schematic of Flow Model
The flow is illustrated in Figure 1. Fuel is injected at the leading edge of the plate (the blue
arrow), and diffuses toward the freestream. It then reacts with oxygen, forming the diffusion
flame front represented by the dashed orange line. By convention, the positive x-direction is
defined as the direction of flow along the plate, and the positive y-direction is upward normal
to the wall.
This model is a simplification of the flow geometry of most experimental studies to date,
which use slot or porthole injection to add fuel to the boundary layer. Following the rationale
of Stalker in Ref. 5, it is assumed that local similarity holds everywhere downstream of the
injection point where the mass fraction of the fuel at the wall, cFW, is not constant and has a
value between zero and one. Thus, the simplified geometry above can be, and has been, used
to model boundary layer combustion experiments that utilize streamwise slot injection of fuel.
Boundary Layer Density
Following the analysis of Ref. 5, the flow is assumed to have Prandtl and Lewis numbers of
unity. That is, the molecular, thermal, and viscous diffusivities are assumed equal across the
boundary layer. Using Shvab-Zeldovich coefficients [7] to couple flow parameters together,
along with the assumptions listed previously, it is possible to rewrite the boundary layer
momentum, species and energy transfer equations in a common form:

ρu

∂Z i
∂Z
∂ ⎡ ∂Z ⎤
+ ρv i = ⎢ε i ⎥ ,
∂x
∂y ∂y ⎣ ∂y ⎦

(3)

where u and v are the x- and y-components of velocity, ε is the total viscosity, and Zi is one of
the Shvab-Zeldovich coefficients ZFO, ZOT, and ZFT, defined as:
€

and

ZFO = cO – cF / f ,
ZOT = cO + H / [fΔQ] ,
ZFT = cF + H / ΔQ.

(4)
(5)
(6)

H is flow enthalpy, ΔQ is the heat release due to combustion, f is the stoichiometric mass ratio
of fuel to oxygen, c is the mass fraction of a given species, and subscripts O, F, and T refer to
oxygen, fuel, and temperature, respectively.
Following Stalker, it is possible to solve the three equations represented by (3) for the
variation of density across the boundary layer, versus a locally constant density at the wall:

Proceedings from 11th Australian Space Science Conference, 2011 						

Page 315

ρW RC psW C psT
,
=
ρ
RW C ps HW

(7)

where R is the gas constant of the mixture, Cps is the mixture specific heat at constant
pressure, T is temperature, and the subscript W refers to the wall boundary condition. In order
€
to keep the solution analytically
tractable, it is assumed that the value of Cp for each species is
constant. This constant value is taken for an intermediate temperature between the wall and
freestream temperatures. Solutions for ZOT and ZHT yield CpsT/HW as a function of the streamwise velocity ratio, u/Ue, across the boundary layer. Therefore, the density is a function of this
velocity ratio as well.
Aside from a change to the definition of the combustion reaction, the analysis has not yet
diverged from that of Ref. 5. However, at this point attention must be given to the ratio of gas
constant and specific heats in equation (7). This ratio can be expressed entirely in terms of the
species mass fractions through the Zeldovich coupling functions. These species mass fractions
can in turn all be related directly to the mass fraction of fuel below the boundary layer, and
one of the product mass fractions above the boundary layer. The equations developed are
plotted in Figure 2 for both hydrogen and ethylene fuel. Note that the ratio always trends
towards 1 at the wall, and the plots for behaviour above and below the flame front meet at the
point where fuel mass fraction cF is 0, and product mass fraction is at its maximum.

Figure 2: Behaviour of RCpsW/RWCps across a turbulent boundary layer with combustion of
(a) Hydrogen, and (b) Ethylene. cl and cd are water and CO2 mass fractions, respectively.
Stalker assumed that the ratio of gas constants and specific heats is one for hydrogen. As
demonstrated in Figure 2a, this assumption is sensible, as even when cFW equals one, this ratio
varies by less than 10% from unity across the boundary layer. Figure 2b shows that the same
cannot be said for ethylene, however. The blue line shows that the variation of the ratio across
the boundary layer is less than 15% when cFW < 0.2. However, as cFW goes to one (the black
line), the ratio varies by nearly 50% at the boundary layer edge! Thus a new assumption is
required for modelling density variation in the boundary layer when ethylene is injected and
burned.
The local similarity assumption implies cFW is locally constant. Therefore, modelling the ratio
of gas constants and specific heats as a function of cFW simply adds a new constant to the
analysis below. This assumption lends itself well to a tractable formulation of the problem; a
more exact form for the variation of the ratio quickly leads to analytically unsolvable
equations. With a range of values of the gas constant and specific heat ratio for every value of
cFW, a sensible choice is needed for this constant. It can be shown that for values of cFW less
than 0.2, the mean value across the boundary layer will yield an error of plus or minus 10%.
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The mean value for higher cFW has greater error, but is still at most ~20% from the exact
value. This constant is carried forward in the analysis as R*, where

R =
*

RC psW

1

∫ R dz .

(8)
RW C ps 0
Using the mean value described above yields a maximum difference from exact value
anywhere in the boundary layer that is on the same order as the 10% error introduced in
Stalker’s assumption for hydrogen.
€
Coefficient of Friction and Mass Flow Rate

=

∗

It is necessary to define two variables: the ratio of velocity to freestream velocity at any point
in the boundary layer, z = u/Ue; and the height of the flame front from the wall, g, which is a
function of cFW and f. There is a discontinuity in fluid composition at g due to the combustion
reaction, the relation between z and y must be derived separately above and below the flame
front. Following Stalker, and using (8), the rate of change of velocity with distance from the
wall is
For 0 < z < g:

⎛
⎛ 2a 2 z − b1 ⎞
⎛ b1 ⎞⎫⎞
KU e ⎧
υW
dy
⎜
⎨
+
arcsin
= Ue
exp
B
+
arcsin
⎜
⎟
⎜ ⎟⎬⎟⎟ ,
⎜ 0 av * R *0.5
(v*) 2
dz
⎝ Q1 ⎠
⎝ Q1 ⎠⎭⎠
⎩
⎝

(9)

and for g < z < 1:

€

⎛
⎛ 2a 2 g − b2 ⎞
⎛ 2a 2 z − b2 ⎞ ⎫⎞
KU e ⎧
υ
dy
⎨
+
arcsin
= U e W 2 exp⎜⎜ B1 +
arcsin
⎜
⎟
⎜
⎟ ⎬⎟⎟ ,
(v*)
av * R *0.5 ⎩
dz
⎝ Q2 ⎠
⎝ Q2 ⎠ ⎭⎠
⎝

(10)

where νW is the kinematic velocity near the wall, v* is the friction velocity at the wall, K is the
von Karman constant, and B0 and B1 are constants. It is assumed that (9) and (10) are
€
continuous
at g. The variables a, b1, b2, Q1, Q2, and α are defined as:
a 2 = U e2 2HW ,
b1 = (H e − HW + fc oe ΔQ) /HW ,
b2 = (H e − HW − c FW ΔQ) /HW ,
€

and

€
€
€

Q1 = b12 + 4a 2 ,

(11)
(12)
(13)
(14)

Q2 = b22 + 4a 2 (1+ α ) ,

(15)

α = c FW ΔQ /HW ,

(16)

€
where coe is the mass fraction
of oxygen in the freestream.

€
These expressions can be integrated
to yield an analytical expression for the boundary layer
momentum thickness. Similarly, using the Shvab-Zeldovich coupling term for fuel and
combustion products, the mass flow rate of fuel can be found as a function of this momentum
thickness. If the boundary layer momentum balance is differentiated with respect to x, and
solved using equations for the momentum thickness and fuel mass flow rate, an implicit
expression for the coefficient of friction in a boundary layer with combustion can be obtained:
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⎛ c f Re x µe ⎞
F1
+ 3.97log 1 − c FW + (c FW + fc oe ) u j U e
4.15log⎜
⎟ +1.7 =
⎝ µW ⎠
c f (Taw − Te ) /Te

([

⎛
⎧
+3.97log⎜1+ G exp⎨(F2 − F1)K 2
⎩
⎝

] [1+ fc ])

⎫⎞
c f (Taw − Te ) /Te ⎬⎟.
⎭⎠

oe

(17)

Taw is the adiabatic wall temperature for this flow, uj is the injection velocity of the fuel, and
Rex is the streamwise Reynolds number. The value of the constants is determined by setting
B0 = -3.46, to match the Van Driest model as cFW goes to 0. G, F1, F2 take the form:

€

G = 0.5(b1 − b2 )g(1 − g) /(1+ b1g − a 2 g 2 ) ,

⎛ b ⎞
⎛ 2a 2 − b2 ⎞
⎛ 2a 2 g − b1 ⎞
⎛ 2a 2 g − b2 ⎞
F1 = arcsin⎜ 1 ⎟ + arcsin⎜
⎟ + arcsin⎜
⎟ − arcsin⎜
⎟ ,
⎝ Q2 ⎠
⎝ Q1 ⎠
⎝ Q2 ⎠
€⎝ Q1 ⎠

€

⎛ b ⎞
⎛ 2a 2 g − b1 ⎞
F2 = arcsin⎜ 1 ⎟ + arcsin⎜
⎟ .
⎝ Q1 ⎠
⎝ Q1 ⎠

and

(18)
(19)

(20)

Several things are immediately evident about (17). The first is that the constant R* has
cancelled out; (17) is identical to the equation for skin friction for hydrogen boundary layer
€ in Ref. 5. It can be shown that the expressions for mass flow rate and
combustion developed
the skin friction coefficient when combustion is suppressed are also identical to those in Ref.
5. Thus, the only change required to examine the efficacy of ethylene combustion for drag
reduction in a hypersonic turbulent boundary layer is to substitute in the appropriate
properties. While R* certainly has an effect on the underlying physical mechanisms leading to
skin friction reduction, its effect seems to buried within the other terms present in (17).
Boundary Layer Profiles
While (17) is useful in determining the effect of a fuel being burned in the boundary layer, it
does not explain why this is effective at all. Therefore, it is worthwhile to derive the
expressions that allow the boundary layer profiles for velocity, density, temperature, and total
viscosity to be analysed. It should be noted that the expressions above are already defined as
functions of velocity. Thus, rather than deriving an expression for z as a function of y, y is
derived as a function for z by integrating (9) and (10), yielding the following expressions:
For 0 < z < g:

⎡
⎧⎪ ⎛
⎛ b ⎞
⎛ 2a 2 z − b1 ⎞⎞ ⎫⎪⎤
⎢ A Q12 − (2a 2 z − b1 ) 2 + 2a 2 z − b1 exp⎨ A⎜ arcsin⎜ 1 ⎟ + arcsin⎜
⎟⎟ ⎬⎥
⎪⎩ ⎝
Q
Q
B 0 ⎢
⎝
⎠
⎝
⎠⎠ ⎪⎭⎥ , (21)
1
1
y = Pe
⎥
⎢
⎥
⎢
− A Q12 − b12 − b1
⎦
⎣

(

)

(

€
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and for g < z < 1:
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⎡
⎛ 2a 2 z − b2 ⎞
⎛ 2a 2 g − b2 ⎞⎞⎪⎫⎤
⎪⎧ ⎛
⎢ A Q22 − (2a 2 z − b2 ) 2 + 2a 2 z − b2 exp⎨ A⎜ F2 + arcsin⎜
⎟ − arcsin⎜
⎟⎟⎬⎥
⎪⎩ ⎝
Q
Q
B 0 ⎢
⎝
⎠
⎝
⎠⎠⎪⎭⎥ . (22)
2
2
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⎥
⎢
⎥
⎢
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⎦
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The following definitions complete (21) and (22):

€

P=

€

A=

µW (Taw − Te )

,

(23)

K 2
KU e
,
0.5 =
av * R *
c f (Taw − Te ) /Te

(24)

ρeU e a 2 2K 2Te + c f [Taw − Te ]

(

)

Similar equations are easily developed for suppressed combustion, and non-injection cases.
Note that R* remains present in the final forms of the equations, inferring that the choice in
€
constant affects the variables
that in turn drive changes in skin friction. With (21) and (22)
providing a relation for y(z), and equation (7) being an expression for density as a function of
z, it is possible to extract a density profile across the boundary layer.
The variation of species concentration across the boundary layer is obtained by solving the
Shvab-Zeldovich coupling functions for each species to obtain an expression as a function of
z. Cps is a function of the local concentration of each species and its (constant) specific heat
and therefore also dependent on z. Knowing that CpsT/HW is itself function of z, and HW is
locally constant, it is possible to extract a temperature profile, T(z).
It is necessary to find an expression for the eddy viscosity, as it and the fluid’s laminar
viscosity add together to make the total viscosity. This is derived using the Van Driest
formulation for shear stress in a boundary layer, with the von Karman mixing length:
⎛ du ⎞ 4
τ = ρK ⎜ ⎟
⎝ dy ⎠
2

⎛ d 2 u ⎞ 2
⎜ 2 ⎟ .
⎝ dy ⎠

(25)

This expression can be re-stated in terms of dy/dz, and by using (9) and (10), the eddy
viscosity in a boundary layer with fuel combustion is found to take the form below.
€
For 0 < z < g:

⎛
⎡
⎛ 2a 2 z − b1 ⎞
⎛ b1 ⎞ ⎤⎞
µt = µW exp⎜⎜ B0 + A ⎢arcsin⎜
⎟ + arcsin⎜ ⎟ ⎥⎟⎟ ,
⎝ Q1 ⎠
⎝ Q1 ⎠ ⎦⎠
⎣
⎝

(26)

⎛
⎡
⎛ 2a 2 z − b2 ⎞
⎛ 2a 2 g − b2 ⎞⎤⎞
µt = µW exp⎜⎜ B0 + A ⎢F2 + arcsin⎜
⎟ − arcsin⎜
⎟⎥⎟⎟ .
⎝ Q2 ⎠
⎝ Q2 ⎠⎦⎠
⎣
⎝

(27)

and for g < z < 1:

€

From the form of (26) and (27), it can be seen that close to the wall the turbulent viscosity
will go to a value that is a small fraction of the wall laminar viscosity, µW. This fits with
€
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expected behaviour, where the turbulent structures that are represented by the eddy viscosity
will dissipate close to the wall. As before, a similar expression for µt can be derived for fuel
injection with suppressed combustion.

Results and Discussion
It is convenient at this point to adopt a standard flow condition for the purposes of comparing
ethylene performance with that of hydrogen. To this end, mainstream conditions identical to
those used in Ref. 5 are adopted. The freestream flow stagnation enthalpy is 7.54 MJ/kg, the
velocity is 3380 m/s, density is 0.159 kg/m3, and static temperature is 1500K. The wall (and
therefore fuel) temperature is assumed to remain constant at 300K. Since the properties of
hydrogen and ethylene differ greatly, the injection Mach number and equivalence ratio of the
two fuels are set to be identical. Stalker’s choice for a standard hydrogen flow rate of 0.2 kg/s
at 1550m/s yields an injection Mach number of 1.17. The ethylene fuel mass flow rate must
be 0.468 kg/s to match the injection condition for hydrogen.
The fuel flows are assumed to be steady, and injected at the leading edge of the plate as
shown in Figure 1. The fuel then flows downstream and diffuses out toward the boundary
layer edge. If combustion is not suppressed, the fuel encounters oxygen and burns, creating
the diffusion flame front discussed earlier. These processes directly affect the shear stress
generated in the boundary layer which, when interacting with the wall, generates skin friction
drag acting on the plate. Calculating cf using (17), the data plotted in Figure 3 are obtained.
The skin friction reduction due to boundary layer combustion is greatest near the point of
injection, where effects from both film cooling and combusting flow mechanisms are strong.
As shown by comparing either fuel’s combusting and non-combusting curves in Figure 3, the
effects from combustion remain strong moving downstream, while film-cooling effects
quickly drop off as cFW decreases. The rate of change in cf is high just downstream of the
injection point, which corresponds to the fuel diffusing away from the wall. As cFW drops, the
diffusion rates also drop, leading to the characteristic shape of the curves.

Figure 3: Comparison of skin friction reduction between hydrogen (black) and ethylene (red)
fuelling, with (solid lines) and without (dashed lines) combustion
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Figure 3 shows that hydrogen out-performs ethylene in reducing skin friction relative to a
non-injection case everywhere along the plate, regardless of fuel burning. This is expected,
owing to hydrogen’s higher combustion heat release and lower viscosity. Another important
behaviour is observed in the non-combusting case for ethylene: film-cooling effects only
improve skin friction drag over a portion of the surface downstream of the injection point.
Further downstream, a slight increase in skin friction occurs if combustion does not occur.
Boundary Layer Analysis
Understanding how the injection and combustion of fuel inside the boundary layer affects the
skin friction generated along the wall surface requires some attention to the flow physics
predicted by the model. Recalling that the general equation for shear stress (and therefore skin
friction coefficient) acting on the wall takes the form
⎛ du ⎞
τW = µW ⎜ ⎟ ,
⎝ dy ⎠W

(28)

it becomes obvious that any mechanism that reduces skin friction will affect the total viscosity
at the wall, and/or streamwise velocity gradient normal to the wall. In an effort to understand
€
which combusting flow features
affect which components of the wall shear, three
representative “snapshots” of the boundary layer profiles for combustion of both hydrogen
and ethylene are presented in Figure 4.
Figure 4a shows the temperature, density, and velocity profiles for the boundary layer at a
point very close to the fuel injection location. This corresponds to the far left-hand side of
Figure 3, where the reduction in skin friction drag is highest. Figure 4b corresponds to the
region where the skin friction reduction is changing fastest, while Figure 4c shows the
boundary layer profiles at approximately the middle of the flat plate represented in Figure 3.
On all plots an orange line has been added to indicate the location of the flame front inside the
boundary layer. The vertical scale is normalized by the local boundary layer thickness,
temperature is normalized by the freestream temperature, and velocity and density are
normalized by their freestream values.
In all cases presented in Figure 4, the flow temperature rises steeply from the wall, reaches its
maximum at the flame front, and then drops to match the freestream temperature at the
boundary layer edge. The peak temperature, and therefore the flame front, moves closer to the
wall as the boundary layer develops downstream of injection. The temperature behaviour
should have some effect on the viscosity of the bulk flow, and therefore the viscosity close to
the wall. The heat release at the flame front should also affect the Reynolds (turbulent shear)
stresses. Both these effects are discussed further on in the analysis.
The velocity profiles in Figure 4 show no evidence of the flame front location. This lack of a
discontinuity is in contrast to the temperature and density behaviours. This is expected, as a
discontinuity in velocity would imply a discontinuity in shear stress, which is assumed
constant by the Van Driest boundary layer model this analysis is based upon. While there are
almost certainly changes to the velocity gradient close to the wall, there is no convenient way
of visualizing this concurrently with the other flow variables of interest.
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Figure 4: Combusting boundary layer profiles for hydrogen (left) and ethylene (right) for
(a) just downstream of injection, (b) an area of rapid drop in cf reduction, and (c) mid-length
Figure 4 shows that there are marked differences in boundary layer thicknesses for boundary
layers containing different fuels. This difference is largest close to the fuel injection point,
where cFW is largest. The main contributor to the boundary layer thickness difference is likely
due to the higher mass of ethylene required to consume the same amount of oxygen as a given
amount of hydrogen. Also of note is that there is a larger portion of the boundary layer
contained beneath the flame front when hydrogen is burned, compared with ethylene.
The density profile of the boundary layer is striking in its behaviour beneath the flame front.
While the density at the wall is large (in some cases nearly five times that of the freestream)
due to the low TW, it rapidly drops to a nearly constant low value beneath the flame front. This
is at least in part due to the heat release from combustion, but is curiously insensitive to the
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temperature. Given that the pressure across the boundary layer remains constant, this seeming
lack of coupling between density and temperature is due to the changes in concentration of the
constituent gas species between the wall and the flame front. Regardless, this behaviour in
mean density is important, due to its proportional coupling to the Reynolds stress, defined as
Rij = ρui u j ,

(29)

where the subscripts i and j indicate derivatives in the principle directions. Thus, if density is
small, the Reynolds stress is lower. In the boundary layer beneath the flame front, this results
€ transport of momentum to the wall when compared with
in an overall lower rate of turbulent
non-combusting cases. This causes the velocity profile to be less full, which implies lower
shear stress and a higher skin friction reduction.
How much of this density effect is due to combustion versus fuel properties can be examined
through direct comparison. A typical set of density profiles for cFW = 0.5 is shown in Figure 5.
The non-combusting hydrogen case does show some significant reduction in bulk density near
the wall, but significantly less than that of combusting hydrogen. Combusting ethylene
produces densities below the flame front that are only slightly higher than burning hydrogen.

Figure 5: Variations in density profiles for a turbulent boundary layer without
injection (blue), hydrogen injection (black), and ethylene combustion (red). Combusting and
non-combusting injection cases are marked as solid and dashed lines, respectively.
When ethylene burning is suppressed, however, the normalized density profile is virtually
indistinguishable from the density profile of a turbulent boundary layer with no fuel injection.
While combustion should have some effect on the velocity perturbations in (22), it is likely
that the magnitude of change in density dominates turbulent transport to the walls through
Reynolds stress effects. The change in total viscosity due to injection of fuel is demonstrated
clearly in Figure 6. Without taking any combustion into account, the total viscosity near the
wall with injected ethylene is half that of a pure-air boundary layer. The reduction from
injecting hydrogen is closer to 75%. If combustion is taken into account, as represented by the
solid lines in Figure 6, there is some further decrease in total viscosity.
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Because laminar viscosity is solely a function of temperature in this model, it is constant next
to the isothermal wall. The drop in total viscosity observed in Figure 6 for either fuel injection
case is due to the eddy viscosity being lowered as an effect of combustion. This effect is
relatively minor; eddy viscosity only accounts for a fraction of the total viscosity at the wall.

Figure 6: Total viscosity (in Pa*s) near the wall boundary for no injection(blue), ethylene
injection(red), and hydrogen injection(black)
To summarize, there are two primary non-viscosity related effects that act to lower skin
friction: the thickening of the boundary layer due to the addition of low momentum fuel, an
effect which is stronger for ethylene at a given stoichiometry; and the reduction of Reynolds
stresses due to lower densities beneath the flame front, whose effect is stronger for hydrogen
at a given stoichiometry. The thinner boundary layer of hydrogen implies a higher rate of
turbulent momentum transport for that fuel, but it must be remarked that even if this is the
case, the increase in turbulence intensity is more than offset by the lower viscosity at the wall,
leading to better performance than the possibly less turbulent ethylene boundary layer.

Conclusions
An analytical model for skin friction reduction due to the injection and burning of hydrogen in
a hypersonic turbulent boundary layer has been extended to apply to hydrocarbon fuels such
as ethylene. The analysis shows that ethylene is a viable fuel for skin friction reduction
provided that the fuel in the boundary layer is guaranteed to burn.
An examination of the boundary layer structure suggests that the low viscosity of the fuel
being injected into the boundary layer is mostly responsible for changes in the viscosityrelated portion of skin friction. Both low fluid density beneath the flame front, and increased
boundary layer thickness due to fuel injection influence the velocity gradient at the wall.
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A Parametric Study of Oxygen Enriched Scramjet
Combustion
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Australia

Summary: A two-parameter investigation into the effects oxygen enrichment has on
combustion within a simplified scramjet engine was performed. The aim of this investigation
is to quantify the influence of oxygen enrichment upon combustion efficiency over a range of
fuelling conditions. This investigation utilised two-dimensional Reynolds-Averaged NavierStokes simulations at Mach 12 equivalent free stream conditions with multiple fuel
equivalence ratios and enrichment percentages ranging between 0.8 – 1.4 and 0.0% - 20.0%,
respectively. From these simulations it was found that oxygen enrichment produces notable
gains in combustion efficiency due to both the presence of partially pre-mixed reactants and
increases in the rate of mixing between reactant streams.
Keywords: hypervelocity, scramjet, oxygen enrichment, access-to-space

Introduction
The use of scramjet engines for access-to-space is advantageous due to the significantly
higher specific impulse produced by these engines in comparison to rockets [1]. The
challenge of implementing a scramjet-based system is to operate the engine effectively over
the wide range of flight Mach numbers (M∞) associated with an accelerating trajectory. A
three-stage rocket-scramjet-rocket system has been proposed [2] so that the scramjet engine
only operates within its high-performance regime. Constant free stream dynamic pressure (q∞)
is maintained along such a trajectory for both flight control purposes and to avoid excessive
heating and drag [3]. At higher Mach numbers, both mass capture ( m&C ) of air into the engine
and flow residence time within the engine decrease, having an adverse effect on the
combustion. A simple analysis using the definition of dynamic pressure and the onedimensional continuity equation shows:

m&C = AC√(2q∞ρ∞)

(1)

This expression illustrates that the captured mass flow rate is proportional to the square of the
free stream density (ρ∞), which decreases by approximately three orders of magnitude when
travelling from the Earth’s surface to an altitude of 47km [4]. Variations in capture area (AC)
are assumed to be trivial by comparison. In the hypersonic limit (M∞ >> 1), the capture area
becomes constant provided the angle of attack is constant.
Oxygen enrichment is a technique designed to increase the Mach number ceiling of scramjet
engines hence extending the practical operation of scramjets for the purpose of accessing
space. Enrichment is the process of introducing more dense substances into injected hydrogen
fuel and was proposed [5] as a means to augment scramjet thrust. Premixing oxygen with
hydrogen has the benefit of shifting the injected mixture mass fractions towards
stoichiometric. The introduction of enriching oxygen means that there are now two sources of
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oxygen for the combustion process: oxygen homogeneously mixed with fuel prior to
injection, where the fuel is in stoichiometric excess; and combustion between residual fuel
and oxygen within the ingested air. “Pre-mixed combustion” is a term used to conceptually
isolate combustion which hypothetically involves only enriching oxygen and fuel. In practice,
both aspects of combustion may occur simultaneously. A theoretical performance analysis of
a restricted class of scramjet powered vehicles was performed [6], which showed that
increasing the fuel density had the beneficial effect of increasing payload mass whilst
reducing the vehicle launch mass.
An experimental study of oxygen enriched hypervelocity combustion was performed [7]
within the T4 shock tunnel facility at the University of Queensland. The shock tunnel test
conditions were chosen to produce pressures entering the model combustor comparable to a
Mach 12 Rectangular-to-Elliptical Shape-Transition (REST) engine [8] travelling at M∞ =
12.3 and q∞ = 40.2 kPa. The injection system employed a Ludwieg tube able to supply a near
constant flow of hydrogen fuel. Experiments involving oxygen enrichment used an equivalent
system to supply a 74.6/25.4 (% by volume) oxygen/nitrogen mixture. Two broad conclusions
were reported using the sparse experimental data documented in this study: combustion is
mixing limited at these flight conditions and that oxygen enrichment improves combustion
efficiency, but by an amount that cannot be distinguished from that purely due to pre-mixed
combustion. This suggests that oxygen enrichment is a technique with potential to enhance
scramjet performance. The motivation for this study is to expand further upon the current
knowledge of oxygen enrichment and its influence on scramjet combustion efficiency by
simulating combustion within a simplified scramjet engine model using a matrix of fuelling
conditions.

Model Geometry and Simulated Conditions
The experimental model consists of three primary features: a planar intake, a constant area
planar duct, an injector strut and an expansion surface inclined at an angle 11° to the flow
direction. The intake is angled at 8° to the in-coming flow. The duct has a length of 866 mm,
a height (h) of 47 mm and a width of 100 mm. An injector strut with a height of 14 mm
injects propellant through a 1 mm × 100 mm slot located on the backward face. A crosssectional schematic of the experimental test section is shown in Fig. 1.
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Fig. 1: Schematic of the experimental model [7]
The simulations presented in this study utilized this model geometry, excluding the expansion
ramp. The model was separated into two grids which were individually simulated. The first
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grid modelled the compression wedge and the second modelled the rectangular duct. Air
enters the planar intake from the left and is modeled in our simulation as a uniform freestream at the nominal shock tunnel conditions [7], which are a Mach number of M0 = 5.70, a
static pressure of p0 = 6.00 kPa and a static temperature of T0 = 1000 K. The fuelling
conditions of the experiments are described by two parameters: fuel equivalence ratio ( φ ) and
enrichment percentage (EP). The fuel equivalence ratio for hydrogen combustion is given by:

φ = ( m&H 2, IN /MH2)/(2×0.23 m&C /MO2)

(2)

EP = (2 m&O 2, IN /MO2)/( m&H 2, IN /MH2)

(3)

Where m&H 2, IN is the injected mass flow rate of hydrogen fuel, MH2 is the molar mass of
molecular hydrogen and MO2 is the molar mass of molecular oxygen. Enrichment percentage
(EP) [7] is defined as the percentage of injected fuel which would be consumed in a
stoichiometric reaction with any enriching oxygen. The enrichment percentage for hydrogen
fuel is given by:

Where m&O 2, IN is the injected mass flow rate of molecular oxygen.

Numerical Methodology
NASA’s Viscous Upwind aLgorithm for Complex flow Analysis (VULCAN) version 6.1.0
[9] was the numerical solver used in this investigation. Vulcan can simulate two and three
dimensional flows on multi-block structured grids by solving cell-centred integral forms of
the Reynolds-averaged Navier-Stokes (RANS) equations [10]. The Diagonalised
Approximate Factorisation (DAF) temporal advancement scheme was used to achieve steady
state solution convergence with a Courant-Friedrich-Levy (CFL) regime ranging from 0.1 to
3.2. The fluid is treated as a thermally prefect mixture of gases that obeys empirically derived
3-interval 9-coefficient caloric curve fits, for temperatures between 200 K and 20,000 K [11].
The combustion of hydrogen was modelled using the 9 species and 18 finite rate reactions
described and validated by Drummond [12]. Turbulence was modelled using Wilcox’s k-ω
model [13]. This model was shown to reliably simulate mixing in a coaxial jet by Cutler et al.
[14]. A second order accurate scheme was used for the convective terms in the turbulence
equations. Sutherland’s law is used to compute the molecular viscosity. Thermal conductivity
is computed from viscosity assuming a constant Prandtl number of 0.72 and 0.90 for laminar
and turbulent cells respectively. The molecular diffusion coefficient is computed from
viscosity assuming a constant Schmidt number of 0.22 and 0.50 for laminar and turbulent
cells respectively. Simulations were run until the Euclidean (l2) norm of the governing
equation (total mass flux, x,y,z-momentum fluxes and the total energy flux) residuals was at
least four orders of magnitude less than the initial residuals Euclidean norm value.
The numerical model of the planar intake was constructed to determine the flow conditions
entering the rectangular duct. The flow enters the planar intake domain from the left and is
modelled as a uniform free stream of air at the nominal shock tunnel conditions. The inflow
turbulence intensity and turbulent to molecular viscosity ratio were set to 0.01 and 0.10
respectively. Wall boundaries were modelled as 300 K isothermal walls where the flow
solution was solved to the wall. To estimate the discretisation error, a grid convergence study
was performed using the methodology presented by Roache [15]. This involved analysing the
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mass flow rate entering the duct on three planar intake grids with varying refinement. A
summary of the planar intake grid convergence study is provided in Table 1.
Table 1: Grid convergence study of the planar intake model
Grid
Fine
Medium
Coarse

Normalised
Grid Spacing

Total Number
of Cells

Max. y+

1
2
4

638,976
159,744
39,936

0.54
1.24
3.23

&C
m

kg/sec
0.670
0.665
0.650

The study found that an order of convergence equal to 1.56 with a grid convergence index
[15] between the medium and fine grid of 0.49%. Note that the tabulated quantity Max. y+ is
the maximum distance between the wall and the nearest adjacent cell centre measured in wall
units.
The numerical model of the rectangular duct was used to analyse the performance of different
fuelling conditions. The inflow profiles which enter the planar duct domain from the left were
obtained from the outflow profile of the intake simulation. The injected fuel mixture entered
the domain subsonically via the modelled plenum chamber with a stagnation temperature of
300 K. The injected mass flow rate and species mass fraction were determined from the
desired fuelling condition. The pressure in the plenum chamber is always sufficient to cause
sonic flow at the injector exit. The turbulence parameters of the injected inflow, wall
boundaries and outflow boundaries were modelled in an equivalent manner to those of the
planar intake simulation. A summary of the planar duct grid convergence study is provided in
Table 2.
Table 2: Grid convergence study of the rectangular duct model
Grid
Fine
Medium
Coarse

Normalised
Grid Spacing

Total Number
of Cells

Max. y+

∫Qrelease

1
2
4

1,078,292
269,568
67,392

0.62
1.41
3.67

kW
725
718
652

The study found the order of convergence to be 3.12 with a grid convergence index between
the medium and fine grid of 0.17%. All succeeding numerical results were obtained from
simulations using the medium grid.

Results and Discussion
The following section begins with an examination of the compressible flow field through the
previously described scramjet model, followed by an analysis of combustion efficiency,
focusing on how it is altered by oxygen enrichment.
Compressible Flow Features
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Numerical schlieren images of the flow field were generated by performing a gradient
magnitude operation upon a simulated density field using Tecplot [16]. These images clearly
identify major compressible flow features within a flow in a similar way to experimentally
obtained images. A schlieren image of the flow through the planar intake is shown in Fig. 2.

Fig. 2: Numerical schlieren contours of the flow through the planar duct
The oblique shocks produced by the leading edges of both the compression wedge and the
injection strut are shown to escape through the designed shock traps. The flow entering the
duct remains relatively uniform, weakly perturbed by the oblique shocks generated from the
leading edge of the duct wall and expansion waves originating from the injection strut. The
flux conserved one-dimensional flow properties entering the duct were MC = 3.37,
pC = 41.5 kPa and TC = 2140 K. Several numerical schlieren images of the flow downstream
of the point of injection are shown in Fig. 3.
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Fig. 3: Numerical schlieren contours (top to bottom): (i) φ = 0.0, EP = 0.0%, (ii) φ = 1.0,
EP = 0.0% and (iii) φ = 1.0, EP = 15.0%
The boundary-layers along the injection strut detach at its base to form an initial shear layer
between the ingested air flow and the re-circulating fluid behind the strut. Expansion fans
originating from the downstream corners of the strut deflect the ingested air flow into the
lower pressure wake behind the injection strut. The injected subsonic fuel flow is expanded to
a choke point occurring at the base of the injection strut. The injected fuel then further
expands into the relatively low pressure re-circulating flow. Expansion of the injected flow
stops when it meets the ingested flow. At this point, the air flow is straightened by oblique
shocks while two distinct flow structures can form in the fuel depending on the stagnation
pressure of the injected flow. For injected flow stagnation pressures lower that 290 kPa, a
Mach disk forms to instantly alleviate the pressure gradient between the injected flow and the
ingested flow, shown in Fig. 3 (ii). Higher stagnation pressures cause an oblique shock pattern
to form, shown in Fig. 3 (iii). Both flow features produce a subsonic region where the flow is
re-directed in a stream-wise direction.
Combustion Efficiency
Improving the combustion efficiency of a scramjet combustor is a primary design objective of
these engines. The following section examines the effects of oxygen enrichment on
combustion efficiency in our simulations, comparing overall results to experimentally derived
values where possible. The presence of water indicates the completion of the hydrogen
combustion process. One definition of combustion efficiency (ηc) is the ratio of the mass flow
rate of water through the combustor at a given stream-wise location over that expected if all
available fuel is combusted, which is defined as:
ηc = ( m&H 2O (x)/MH2O)/( m&H 2, IN /MH2)

(4)

The benefits of oxygen enrichment upon combustion efficiency at locations half the length
and the full length of the duct from injection are shown in Fig. 4.
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Fig. 4: Combustion efficiency against EP (left to right): (i) x/h = 9.19 and (ii) x/h = 18.37
Combustion efficiency is observed to decrease with increasing fuel equivalence ratio as
additional fuel produces less than the desired stoichiometric increase of generated combustion
product. Combustion efficiency is observed to increases with enrichment percentage. These
trends compare reasonably well to the experimentally derived values shown in Fig. 4 (ii)
despite differing definitions of combustion efficiency, the exclusion of injected nitrogen,
ignoring three-dimensional effects and simulating with nominal shock tunnel conditions.
For all cases, the downstream combustion efficiency characteristics seem relatively
insensitive to the two distinctly different near field flow structure caused by varying the
injected mass flow rate, which is identified by the dotted black curves shown in Fig. 4.
Examination of the mixing layer just downstream of these near field flow structures indicates
why the combustion efficiency is insensitive to the change. For this analysis, the spatial
growth-rate theory of Slessor, Zhuang and Dimotakis [17] has been applied to the mixing
layer just downstream of the near field flow structure. According to this theory, the mixing
layer growth rate is given by:
δ' = 0.36[(1-r)(1+√s)/(2(1+r√s))][1-(1-√s)(1+√s)/(1+2.9(1+r)(1-r))][1+4Πc2]-0.5

(5)

Where r is the velocity ratio of the slow moving (injected) stream over the fast moving
(ingested) stream, s is the corresponding density ratio and Πc is a compressibility factor, given
by:
Πc =max(√(γi-1)/ai)Δv

(6)

Where γi and ai are the ratio of specific heats and speed of sound respectively for flow i
(either the slow or fast moving flow) and Δv is the velocity difference across the mixing layer.
For a fuel equivalence ratio of 1.0, an enrichment percentage of 2.0% produces a Mach disk
near-field flow structure and an enrichment percentage of 5.0% produces an oblique shock
near-field flow structure, shown in Fig. 5.
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Fig. 5: Numerical schlieren contours at φ = 1.0 and (left to right): (i) EP = 2.0%, (ii)
EP = 5.0%
At a location approximately one duct height downstream from the point of injection, the Mach
disk near-field flow produces a mixing layer with a velocity ratio of r ~ 0.20, a density ratio
of s ~ 0.62 and a compressibility factor of Πc ~ 1.78 which yields a compressible mixing-layer
growth-rate of δ' ~ 0.077. The oblique shock near-field flow at the same location produces a
velocity ratio of r ~ 0.26, a density ratio of s ~ 1.22 and a compressibility factor of Πc ~ 1.76
which yields a compressible mixing-layer growth-rate of δ' ~ 0.078. These results support the
claim that mixing and combustion of fuel and ingested air is not strongly dependent on the
near-field flow structure in spite of varying velocity and density ratios across the mixing
layer.
The introduction of premixed combustion means that increases in combustion efficiency will
no longer strictly indicate an increase in the amount of fuel that has combusted with the
ingested oxygen. As such, a modification to the combustion efficiency definition is put
forward to elucidate the percentage of residual fuel which combusts with the ingested oxygen,
defined as:
ηc,OxEn = (ηc-EP)/(1-EP)

(7)

This parameter cannot increase if premixed combustion is the only source of the observed
improvements in overall combustion efficiency. However, the Fig. 6 shows increasing oxygen
enrichment increases the efficiency with which injected fuel combusts with ingested air.
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Fig. 6: Oxygen enrichment modified combustion efficiency against EP (left to right): (i)
x/h = 9.19 and (ii) x/h = 18.37
It is hypothesised that this improved combustion efficiency between the injected fuel and
ingested air is a result of stronger shear between fuel-air interfaces generating better mixing
across the fuel-air interfaces. This stronger shear increases the production of turbulent kinetic
energy (TKE) within the mixing layer, which can be seen in Fig. 7.

Fig. 7: Turbulent kinetic energy contours at φ = 1.0 and (top to bottom): (i) EP = 5.0%, (ii)
EP = 10.0% and (iii) EP = 15.0%
The most vigorous production of turbulent kinetic energy within the mixing layer occurs at
approximately 4-5 duct heights downstream of injection. By increasing the enrichment
percentage from 5.0% to 15.0%, the turbulent kinetic energy is amplified by more than 50%
in this region. This additional turbulence enhances mixing between the fuel and the ingested
air, leading directly to the observation that residual fuel is being combusted more efficiently
in the simulated model.
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Conclusion
Numerical simulations of a simplified hypervelocity scramjet have revealed significant new
details of the influence of oxygen enrichment upon combustion efficiency, which could not be
obtained from earlier experimental studies. It was shown that oxygen enrichment increases the
shear and density ratio across the fuel-air interfaces in the geometry considered, leading to an
increase in turbulent kinetic energy production and mixing layer growth rate. Consequently,
combustion efficiency increases by a greater margin than that expected by simply consuming
the enriching oxygen. Trends in combustion efficiency were found to largely agree with
previously documented experimental data despite slight differences between experimental and
simulated conditions. These findings indicate oxygen enrichment has multiple effects that
may be beneficial in scramjet-based access-to-space systems.
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Summary: A sensor based on tunable diode laser absorption spectroscopy is designed to
measure the properties of the hypersonic gas flow in a supersonic combustion ramjet engine
inlet. A fitting routine is applied to simultaneously retrieve the Mach number and angle of
attack of the hypersonic flow in a planar two-plate inlet using the absorption spectrum obtained
from the inlet. The absorption process is numerically modelled and simulation is carried out
to check the efficiency of this routine at various noise levels. Even in the presence of high
Gaussian noise, the fitting routine converged to the correct value of angle of attack and Mach
number.
Keywords:

Scramjet, TDLAS, distribution fitting, Mach number, angle of attack

Introduction
Information regarding the hypersonic gas flow inside the inlet of a supersonic combustion
ramjet (scramjet) engine is important for the proper monitoring and control of the scramjet.
In addition, it is helpful for optimal design of inlets, and a proper design of inlet is critical for
efficient combustion process in the engine. Sensors used for studying high speed flows should
be non-intrusive and fast responding. Tunable diode laser absorption spectroscopy (TDLAS)
is a non-intrusive technique which has been proven to be an efficient method to measure the
properties in hypersonic flows [1], [2]. The first experimentation of this technique in an actual
hypersonic flight test was carried out in HIFiRE Flight1 [3] [4]. In this paper, we demonstrate
a fitting routine which can be used to simultaneously measure the Mach number and angle
of attack of a hypersonic flow from the absorption spectrum obtained from the inlet using a
TDLAS-based sensor. The sensitivity of the method to different noise levels is also analysed.
A least squares fitting technique was used by Sanders et al. to determine line-of-sight gas
temperature distributions [5]. A similar fitting technique was used by O’Byrne and Wittig [6]
to retrieve the Mach number and angle of attack from absorption measurements, and a twoplate model of scramjet inlet was simulated and studied at an angle of attack of 2 degrees and
a Mach number of 8. In that paper, Levenberg-Marquardt algorithm was used for fitting, and
the fitting routine worked well for Mach number. However, in the case of angle of attack, the
fitted value was always underestimated by .25◦ . Also, the fitting was successful only for single
variable fitting ie, using either angle of attack or Mach number as free variable and assuming
the other parameter known. Here we modify the fitting routine using a trust-region-reflective
algorithm and improve it such that both variables may be unknown and both variables can
be simultaneously fitted without any systematic error. Accuracy of the fitting routine has
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been verified for different values of angle of attack between -5◦ and +5◦ , and Mach numbers
between 6 and 12. The spectrum obtained during the actual flight test will be polluted with
noise due to mechanical vibrations and thermal variations which cause misalignment of optical
components, and due to electronic noise. Hence it was necessary to study the effect of noise
on the accuracy of the fitting routine. So the Monte-Carlo simulation was repeated for six
different noise levels. We also extend the study to a 3-dimensional conical inlet and discuss
the challenges related to this.
We start with the configuration of the sensor components and necessary theoretical background of absorption modelling. Then we describe the fitting routine and discuss the results
of simulation. Finally, we discuss the difficulties in extending the fitting routine to a 3dimensional problem and the approaches to be taken for meeting these challenges.

Configuration of the sensor
The configuration of the sensor is shown in Fig. 1. The optical arrangement contains a
tunable diode laser which scans over the oxygen A-band near 760 nm. A vertical cavity surface
emitting laser (VCSEL) is used because VCSELs are compact, inexpensive, fast, less power
consuming and have no moving parts, so they are less susceptible to vibrations. Also, they
have only single longitudinal mode which makes its output spectrally pure. Compared to other
types of diode lasers, it can be current-tuned at a faster rate over a broad wavelength range
that covers many absorption lines of oxygen. Even though water vapour has been the target
in many of the combustion studies using TDLAS, oxygen is selected as the target species
in our application because the concentration of water vapour is very low at the altitudes at
which scramjets operate while oxygen concentration in the atmosphere is much higher at
those altitudes [7].
Using a polarising beam splitter, the laser beam from the VCSEL is split into a sample beam
and a reference beam. The reference beam intensity is measured by a reference photodetector
located next to the beam splitter. The sample beam is allowed to pass through the flow region
of the inlet at an oblique angle to the flow. The beam is allowed to pass multiple times through
the inlet using coaxial retroreflectors [8]. The more times the beam passes through the inlet,
the more absorption takes place and hence the larger the signal-to-noise ratio will be. However,
the number of passes through the flow is limited by the space constraints in the flight design.
In our case, the maximum number of passes possible was six. The sample beam intensity, after
these multiple passes, is measured using a sample photodetector. The photodetectors used are
PIN photodiodes. The outputs of the sample and reference photodetectors are supplied to the
inputs of a log102 log-ratio amplifier circuit, which directly gives the absorption spectrum as a
voltage that can be sampled by a high-speed analogue to digital converter. Log-ratio detection
has high signal-to-noise ratio since most of the common mode noise will be cancelled out in
the log ratio [9].

Absorption Modelling In Two-plate Inlet
When a laser beam, scanned over a particular frequency range, passes through a medium
having uniform physical properties throughout the beam path, it is partially absorbed at certain
resonant frequencies, corresponding to the electronic transitions in the molecules constituting
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Fig. 1: Sensor mounted on the conical inlet. Only the first laser beam is shown in the figure
for clarity. The dotted lines represent the maximum deviated beam path possible within the
system.
the flow, and an absorption spectrum is detected using a photodiode at the end of the laser
beam path. The absorbance is a function of frequency and is given by Beer-Lambert Law
[10],
absorbance = ln(I0 /I) = κ(ν)ρz
(1)
where κ(ν) [cm2 molecule−1 ] is the absorption coefficient ρ [molecule cm−3 ] is the number
density or the number per unit volume of molecules and z [cm] is the distance travelled by
the laser beam through the medium. I0 and I [W cm−2 ] are the incident and transmitted light
intensities respectively. The absorption coefficient is related to linestrength S [cm molecule−1 ]
according to
κ(ν) = Sg(ν − ν0 )

(2)

Here g is a generic lineshape function which depends on the pressure, temperature and
composition of the gas. The profile function chosen in this study is the Voigt profile [10]. By
definition, for any given line shape, g is normalised such that
 ∞

−∞

g(ν − ν0 )dν = 1

(3)

Since g is normalised, on integrating the absorption coefficient κ(ν) over all frequencies,
the linestrength of a particular line is obtained as
S=

 ∞

−∞

κ(ν)dν
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The linestrength S is the property of a particular transition and is a function of the
temperature of the gas and of the particular absorption transition, as defined by


Q(T0 )
hcE
exp
S(T ) = S(T0 )
Q(T )
kT



1
1
−
T
T0



(5)

where Q(T ) is the partition function of the absorbing molecule at temperature T , T0 =
296 K is a reference temperature and E is the ground-state energy. For our calculations, the
values of S(T0 ) and Q(T )/Q(T0 ) were obtained from HITRAN 2000 spectroscopic database.

Effect of Mach Number, M on Absorption Spectrum
As seen in Fig. 1, the laser beams passes at an oblique angle to the flow through the inlet.
So each beam has a velocity component parallel to the flow. This causes a Doppler shift to
the laser frequency, proportional to the velocity, u, of the flow,given by:
i.e.

u
ν0 cos ψ
(6)
c
where ψ is the angle between the air flow and the beam, ν0 is the actual frequency and c is
the velocity of light.
∆νD =

1.2

M=8
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Fig. 2: A calculated spectrum at an angle of attack of 3◦ and Mach Number of 8, for conditions
at 30 km altitude.
Hence the absorption takes place at a frequency either red-shifted or blue-shifted from
the actual laser frequency, depending on the direction of beam propagation. Since 3 beams
travelling downwards have a parallel component opposite to the flow and 3 beams travelling
upwards have a parallel component in the direction of the flow, effectively each absorption
peak is split into two. The Mach number can be calculated from the separation between the
two peaks. In addition to the splitting effect, the Mach number also decides the post-shock
conditions such as temperature and pressure, which in turn affect the strength of absorption
taking place in this region. Fig. 2 shows an example of calculated absorption spectrum at a
Mach number 8 and an angle of attack 3◦ .
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Fig. 3: Effect of angle of attack on shock layers. a.) Angle of attack is zero, b.) Angle of
attack is non-zero.The regions shaded in green represent the shock layers.
Effect of Angle of Attack, α on Absorption Spectrum
The hypersonic flow in a two-plate inlet can be divided into 5 regions- a free stream
region, two shock layers and two boundary layers near the surface. At flight conditions of
interest, the thickness of the boundary layers is small compared to the thickness of the freestream layer and shock layers, in the case of two-plate inlet. In addition, the temperature in a
boundary layer is much higher than in the free-stream region since the flow through the inlet
is hypersonic. Since the absorption at high temperatures is low for the oxygen A-band, which
is used in our study, the contributions of the molecules in this layer to the total absorption
spectrum is too low and can be neglected. What remains are the two shock layers and the free
stream layer. The laser beam traverses the first shock layer, then the free stream layer and the
second shock layer before completing its one way path through the inlet. Each of these layers
has different physical properties such as temperature, pressure and velocity. However, within
each layer, these properties are almost constant in the case of a two-plate inlet. Absorption
spectrum of a molecular species is a function of these physical properties. So these regions
contribute differently to the total absorption signal. As the angle of attack changes, the shock
angles of the shock waves on either side change as predicted by the equations [11],




2
M∞
sin2 β1 − 1
tan(θ + α) = 2cotβ1
M 2 (γ + cos2β1 ) + 2
 ∞

2
M∞
sin2 β2 − 1
tan(θ − α) = 2cotβ2
;
2 (γ + cos2β ) + 2
M∞
2

(7)
(8)

where θ is the angle between the axis of the inlet and its edges, M∞ is the freestream mach
number, γ is the ratio of specific heats, which is 1.4 in our case, δ is the angle between laser
beam and plane normal to the inlet axis and β1 and β2 are the shock angles on either walls
of the inlet. The shock angles of the two shocks are different and their thicknesses along the
beam path are also different as seen in Fig. 3. Once the shock angle is calculated, from the
geometry we can determine the optical paths travelled by the laser beam in each of the layers
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inside the inlet, using normal triangle relations.The following equations can be derived:
(y − 2l1 sinθ)sinδ
cos(θ + δ)


sin(β1 − (θ + α))
d1 = l1
cos(β1 − (δ + α))


sin(β2 − (θ − α))
d2 = l2
cos(β2 + (δ + α))
y − (l2 + l1)sind(θ)
d0 =
− (d1 + d2);
cos(δ)
l2 = l1 −

(9)
(10)
(11)
(12)

Here l2 is the the length downstream of the inlet tip along the surface at which the beam
enters the inlet during its 1st pass, l1 is the length at which the beam exits the inlet, y is the
cross-sectional diameter of the upstream face of the inlet, and d1, d2 and d0 are the optical
paths travelled by the beam in the regions of shock and in the free stream region respectively.
So the angle of attack determines the relative contributions of the different layers to the
total absorption spectrum as seen from Eq. 7 and Eq. 9. Also, from Eq. 1, the total absorption
spectrum is the sum of the contributions from all these layers [5]. Hence the over all shape of
the resulting absorption spectrum is determined by the angle of attack. The above flow model
was simulated in MATLAB and the discrete absorption spectrum in each layer was computed
as a function of wavelength, GENSPECT Matlab codes, which is a set of MATLAB programs
developed for absorption modelling [12], and HITRAN spectroscopic database [13]. These
discrete absorption spectra due to each layer were summed up to get the total absorption
spectrum.

Absorption Modelling In 3-Dimensional Conical Inlet
Unlike in the case of a two-plate inlet, the physical properties within the shock layer in
a conical are not constant along the beam path. Hence we cannot simply assume that the
flow is divided into the free-stream layer and the shock layer. The flow in the shock layer
can be assumed to be divided into a large number of thin concentric layers diverging from
the tip of the inlet [11] and the physical properties of these layers are different from each
other. So the analytical approach used in the case of two-plate inlet is not meaningful for
a 3-dimensional conical inlet. The only practical solution to this problem is to compute the
properties along the beam path for a particular set of free-stream Mach number and angle of
attack, using computational fluid dynamics (CFD) softwares and use this data for calculating
the absorption spectrum.
The 3D grid used in this study was based on a 2D grid used in a previous study [14]. In
that case, the flow was at 0◦ angle of attack. Therefore, the problem could be modelled as
axisymmetric, using only half the symmetry plane of the inlet. The grid was mostly structured
(except in parts of the free-stream). In particular, the inlet was approximated with a grid of
200 (horizontal) by 100 (vertical) cells. The grid-height at the wall was 510-5m. The grid had
29000 elements in total. A grid-convergence study was performed, and the grid was found
to be adequate. In particular, the boundary-layer was well captured with more than 10 cells
along its height. For the 3D grid, the above grid was rotated 180◦ , assuming symmetry in
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the half-plane. 100 cells were used along the circumference. As in the 2D case, the grid was
mainly structured, except in the vicinity of the axis; since it was a geometrical singularity,
prism elements had to be used along its length. In total, the grid had 2.9 million cells, of
which 2 million were used in the inlet itself. A comparison was done between this grid at 0◦
angle of attack and the axisymmetric case, for the same free-stream conditions. The results
were close enough for the 3D grid to be considered acceptable for the present study.
The flow was assumed laminar, based on the calculated Reynolds number. Therefore, the
laminar Navier-Stokes equations were solved using the commercial CFD code ANSYS Fluent
v.13. A density-based fully-coupled scheme was used to solve all the equations. Air was
modelled as calorically-perfect gas, since it was expected that, at the temperatures to be
encountered, the Cp would be small enough. A 2nd-order Roe Flux-Split scheme was used
for spatial integration, while a 1st-order time-implicit algorithm was used to converge to a
steady-state solution. The solution was considered converged when the mass-balance within
the inlet was less than 1% the exit mass-flowrate. The free-stream conditions correspond to
a hypersonic vehicle at an altitude of 30km: M∞ = 8.09, p∞ = 1200 Pa, T∞ = 226.5 K. The
walls were assumed isothermal, with a constant temperature of 400 K. As mentioned before,
the half-plane was modelled as a symmetry plane. A Mach number profile of the conical inlet
for an angle of attack of 4◦ , calculated using CFD, is shown in Fig. 4.

Fig. 4: Mach number profile of the flow inside a 3-d conical inlet, calculated using CFD for
angle of attack = 4◦ and Mach Number = 8.
The beams in a conical inlet are displaced from each other along the flow direction (Fig. 1),
unlike in a two-plate inlet where the beams were displaced within a plane perpendicular to the
free-stream flow [6]. Hence the optical path travelled in the inlet by each beam is different.
However this problem is easily solved because the distances travelled by the beams inside the
inlet increase linearly as we move in the direction of the flow. Hence the total absorbance,
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resulted by 6 beams displaced equally from each other along the flow direction, will be equal
to six times the absorbance caused by a beam placed at the mean position of these beams.
This simplifies the problem.

Fitting Routine and Simulation
The simulation starts with a known Mach number and angle of attack, and calculates an
absorption spectrum using the theoretical model explained above. Then we add random white
Gaussian noise to the spectrum. This noise was generated in MATLAB using a pseudo-random
number generating algorithm which uses a ziggurat algorithm with a seed obtained from the
computer time. Hence it is a pseudo-random function of time. This noisy absorption spectrum
is considered as the actual ‘measured’ spectrum. Then a least squares fitting routine is initiated
with an initial value of angle of attack=0 and Mach number=9. A theoretical spectrum is
calculated using these initial parameters. Using a ‘trust-region-reflective algorithm’ [15], the
fitting routine tries to minimise the difference between this calculated spectrum and the actual
‘measured’ spectrum by changing the values of angle of attack and Mach number over each
iteration, and thus tries to fit to the actual values of these parameters. The above mentioned
initial guesses were taken since they represent the approximate mean values of angle of attack
and Mach number expected during the actual flight. In order to test the efficiency of the fitting
routine, a Monte Carlo simulation was conducted with 50 different arbitrary combinations of
angle of attack between -5◦ and +5◦ , and Mach number between 6 and 12. The Monte-Carlo
simulation was repeated for six different noise levels – 5%, 10%, 20%, 30%,40% and 50%
noise. These values represent the amplitude of the noise in percentage, with respect to the
signal amplitude which is the peak absorption in our case. The results are discussed below.

Results and Discussion
All the cases of fitting within the tested limits, for all the noise levels, converged to the
correct values of angle of attack and Mach number. This shows the efficiency of the fitting
routine. The routine worked especially well for Mach number in all noise levels. Even in the
presence of 50% noise level, all the fitted Mach numbers were accurate within ±0.1 from the
actual value. This high accuracy in the case of Mach number is expected because the main
effect of Mach number is the separation between the split peaks as explained earlier, and this
separation is not considerably affected by noise content. However, in the case of angle of
attack, the accuracy was considerably affected by the noise level. Fig. 5a and Fig. 5b show
the actual values and the fitted values of Mach number and angle of attack respectively, at
three different noise levels. The straight line shows the perfect fit. For each value of Mach
Number in the figure 5(a), there is a corresponding value of angle of attack in figure 5(b).
In both the cases the values are sorted in the ascending order in order to fit a straight line to
the data. As seen from the figure, in the case of angle of attack, the fit becomes more and
more scattered with increasing noise level. Hence, the standard deviation of the fit increases
with increasing noise level.
Another point to be noted is that, there is no correlation between the difference between the
initial guess and actual value of parameters and the accuracy of the fitting routine. In many
cases, even when the values of angle of attack and Mach number were much different from
the initial guesses (extreme points in the graph), the routine fitted to the correct values with
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Fig. 5: Results of simulation for a.) Mach number and b.) angle of attack. The x-axis shows
the actual values and the y-axis shows the fitted values. Standard deviation of the fitted values
is also shown for each case.
great accuracy. This means that, the inaccuracy of fitting in angle of attack at high noise levels
is not due to a systematic error in the fitting routine, but because available information in the
spectrum is deteriorated by noise. So the actual challenge is in obtaining a good absorption
spectrum with high signal-to-noise ratio in the actual flight test. The lower the noise level,
the more accurate the fitting will be.

Difficulties in Simulation of 3-D Conical Inlet
As explained earlier, CFD results for the distribution of physical properties such as temperature, velocity and pressure in a 3-dimensional conical inlet need to be used for calculating
the resultant absorption in it. Hence, while used in a least squares fitting routine, for each
iteration of the routine, CFD simulations have to be run and the result of this simulation
have to be imported and used for calculating absorption. But this is an extremely time
consuming process. This problem can be overcome by preparing a database of simulation
results at different angle of attacks and Mach numbers. Preparation of such a database is time
consuming since CFD calculations for all combinations of Mach numbers and angle of attacks
within the expected limits have to be conducted with good resolution. However, once such
a database is prepared, it can be used to calculate (by fitting) the values of these physical
parameters for any combination of Mach number and angle of attack obtained during the
iterations of the fitting routine, without depending on repeated CFD calculations. Since we
are not making any change to the fitting algorithm, the fitting routine will be equally efficient
in the case of conical inlet also.
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Conclusion
A least squares fitting routine is used to retrieve the Mach number and angle of attack
simultaneously from an absorption spectrum. The routine was applied to simulated absorption
spectra in a two-plate model as well as in a 3-dimensional conical inlet, and tested successfully
using a Monte Carlo simulation at different noise levels. It was found that the routine works
accurately for the case of Mach number even at high noise levels, but in the case of angle of
attack the accuracy of fitted value started decreasing with increasing noise level. This shows
the necessity for reducing noise levels during the actual flight, for trustworthy measurements
of angle of attack using the fitting routine.
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Summary: Optimisation is a key element in today’s design processes and there is an
ever increasing emphasis on development of efﬁcient algorithms to deal with computationally
expensive optimisation problems. While surrogate assisted optimisation methods are commonly used for such problems, there are few studies that attempt to understand the optimal
solutions to help in directing the optimisation process in the hope of faster convergence. This
paper introduces a novel scheme to uncover hidden relationships among the variables in the
promising regions of the search space. Such relationships can be subsequently used to separate
promising and unpromising designs. The study is conducted using a scramjet inlet design
optimisation exercise, where the optimal geometry is sought by simultaneously maximising
the compression efﬁciency and minimising the inlet drag and the maximum adverse pressure
gradient. Results clearly indicate that the scheme has the potential to reduce evaluation of
unpromising solutions to about 50%. The paper also provides new directions on how such
schemes can be adopted on-the-fly within an optimisation framework thereby accelerating its
rate of convergence and reducing computational cost.
Keywords:

Post-optimal analysis, Multi-objective Optimization, Evolutionary Algorithms

I. Introduction
Computationally expensive design optimisation problems are commonly encountered in
the industry. Such problems often involve a large number of variables and highly non-linear
objective and constraint functions. Typical evaluation of a single solution could range in the
order of 40–100 CPU-hours, depending on the simulation ﬁdelity. The presence of multiple
nonlinear objectives and constraint functions pose a substantial challenge and limitation to
the applicability of conventional gradient-based optimisation methods.
While population-based stochastic algorithms such as evolutionary algorithms (EA), particle swarm optimisation (PSO), differential evolution (DE) or hybrids including memetic
algorithms (MA) are capable of dealing with such problems involving nonlinearity, they all
require evaluation of numerous solutions prior to their convergence. Hence, it is impractical
and computationally prohibitive to use these algorithms in their native form. In an attempt
to contain the computational cost of an optimisation exercise within affordable limits, surrogates or approximations are regularly used within the optimisation framework. Surrogates
for approximations are periodically trained by using data from actual evaluations (analysis)
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and employed in lieu of expensive analysis. A Signiﬁcant amount of literature exists in the
ﬁeld of surrogate assisted optimisation [1]–[4], and applications of such methods for design
optimisation problems [5]–[8].
The following sections discuss the optimisation problem whose solutions are mined in the
current work. The ﬁnal section provides a summary of ﬁndings and research directions that
can be pursued to improve the efﬁciency of the optimisation process.

II. Scramjet Inlet Design Optimisation
In an earlier study [9], an approach to optimise the design of an axisymmetric scramjet inlet
was presented while considering three major design criteria, namely compression efﬁciency
(ηB ), inlet drag and maximum local adverse pressure gradient. These objectives were chosen to
achieve high-performance scramjet inlets, which typically require efﬁcient compression with
minimum viscous or shock losses, minimum contribution to the vehicle drag, and minimum
adverse pressure gradient to suppress separation, while achieving adequate compression to
induce ignition [10]. A constraint was also added to the optimisation problem in the form of
mean temperature at the inlet exit, T2 , which must be greater than 850 K, a typical self-ignition
temperature.
x 10

6

optimal
feasible
infeasible
baseline

6

dp/ds

max

[Pa/m]

8
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2

Fig. 1: Geometry of the Axisymmetric Inlet
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Fig. 2: Non-dominated Solutions
obtained after 50 generations during the
optimization exercise (Equation 1)
The geometry of the axisymmetric inlet comprising three ramps was represented by six
variables (out of the eight geometric parameters in Figure 1), that is, ramp lengths l2 and l3 ,
ﬁrst ramp angle, θ1 , ramp angle increments △θ2 and △θ3 and exit radius, rc , designated as
x1 ..x6 . The optimisation problem can thus be stated as follows:
Min. f1 = 1 − ηB ,
f2 = drag,
f3 = dsdp
,
max
¯
Subject to T2 ≥ 850K,
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The freestream conditions are M∞ = 8.0, p∞ = 1197P a and T∞ = 226.5K, assuming
scramjet operation on a constant dynamic pressure trajectory of 53.6kP a at an altitude of 30
km. The rate of the mass flow captured by the constant inlet area is 0.78kg/s. The Reynolds
number based on the inlet radius (0.075m) is Re∞ = 2.26e5. Inlet flowﬁelds are computed by
using a commercial solver CFD++ [11], from which the values of the corresponding objective
functions are obtained. An implicit algorithm with second-order spatial accuracy is used to
solve the Reynolds Averaged Navier-Stokes equations for steady flowﬁelds and convergence
is accelerated by the multigrid technique. Standard air in thermochemical equilibrium state is
assumed for the gas and the inlet surface is assumed to be an isothermal cold wall at 300K.
The inflow is assumed to be fully turbulent, modelled by the two-equation SST k − ω RANS
model. Computations are performed until the energy residual drops to the order of 10e − 5,
based on a convergence dependency study, where all objective functions have been found to
vary less than 0.07% at higher orders.
The mesh resolution was chosen based on a mesh sensitivity study and the reader is referred
to our earlier mentioned work for the details [9].
The above optimisation problem was solved by employing a surrogate assisted evolutionary
algorithm (SAEA) framework, using an ensemble of surrogate models - response surface
model, Kriging approximations and radial basis functions. Among these models, the one
with the least error within a threshold of 10% is used to predict the objective and constraint
functions in place of actual CFD (computational fluid dynamics) evaluations.
While the previous study analysed these solutions to understand the effects of the variables
and their contributions to the objective functions, this study takes a step further to introduce
a generic technique to uncover relationships and illustrates its utility within an optimisation
framework.
The motivation for such a study comes from the premise that there must be a reason for
which some solutions show optimal behaviour and others do not. If a mathematical model
can be found to express the solutions exhibiting optimal behaviour, the reason for optimality
of a particular design can be understood. A study discussing principles of uncovering the
optimal design of high-speed craft was recently reported [12].
In the next sections, we present the analysis and inferences that we have obtained from the
experimental data of the above design optimisation experiment.

III. Analysis and Inference
It is clear from Figure 2 that the non-dominated solutions to the optimisation problem
lie on constraint boundary i.e. on the edge separating the feasible and infeasible solutions
with respect to the temperature constraint (T¯2 ≥ 850K). In the parlance of multi-objective
optimisation, the non-dominated solutions represent a set of solutions such that no solution in
this set is better than the others in all the objectives, forming the Pareto optimal front, as seen
in Figure 2. These solutions represent the approximation to the best trade-off solutions that
are attainable for the optimisation problem under consideration. The SAEA was run with a
population of 64 individuals evolving over 50 generations that invoked 753 CFD computations,
of which 561 solutions were feasible and 22 solutions were non-dominated.
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From an optimisation point of view, such non-dominated solutions need to be close to the
Pareto front and possess signiﬁcant diversity. Diversity of solutions ensures a set of optimal
solutions which demonstrate varying degrees of trade-off characteristics among the multiple
objectives. It is important to highlight that the set of dominated solutions i.e. 731 of them are
not of interest from the designers point of view. The motivation of this work stems from the
above observation and attempts to address the following questions:
1) Is there any scheme that would allow a designer to merely look into the design variables
and identify if they are worth evaluating via CFD, that is, are they potentially promising
solutions?
2) Can such schemes be developed that are able to sieve promising solutions by using the
information on the intermediate pressure ﬁeld?
3) Finally, is there such a mechanism that allows us to derive design rules for complex
design problems?
The normalised variable values of the non-dominated solutions and the set of feasible
solutions are presented in Figures 3 and 4. It is clear from the ﬁgure that the non-dominated
solutions are characterised by design variables with a limited range of variation, except for
the variable,l3 (x4 ). Solutions with the values of the ﬁrst variable θ1 close to the upper bound
also suggests possible improvement by using a higher upper bound for this variable.
1
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Fig. 3: Non-dominated solutions (Each
solution is represented by a different colored
polyline)
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0
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x2
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x6

Variable

Fig. 4: All feasible solutions (Each
solution is represented by a different
colored polyline)

A self-adaptive clustering scheme was used to cluster the feasible set of solutions in the
variable space. Out of 35 clusters identiﬁed, 6 of them contribute one or more solutions to
the non-dominated set. Furthermore, cluster 4 contributes the maximum number of solutions
to the non-dominated set. Since the interest is to identify the non-dominated set, regions
represented by clusters 1-6 are of importance from a search point of view (Figure 5).
The same self-adaptive clustering method was applied to promising solutions in each
objective function f1 , f2 and f3 independently and the results are presented in Figures 6,
7 and 8. The methodology for uncovering variable relationships are explained below in the
context of non-dominated solutions which can also be used to derive variable relationships
that correspond to promising designs with respect to f1 , f2 and f3 independently.
In order to investigate the relationships among the variables that are influential on the
performance, an optimisation problem expressed below was solved to seek the coefﬁcients
Ai ’s of the regression model that minimise the score, S for all feasible solutions:
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i
Min. S = A7 − 6i=1 xA
i ,
Where −1 ≤ Ai ≤ 1(i = 1, .., 7)

(2)

The above problem was solved with the minimum error of 1.87021e−010 by employing an
Elitist Real-coded Genetic Algorithm. The corresponding coefﬁcients are: [A1, A2, A3, A4, A5, A6, A7] =
[−0.99352171, 0.91232957, −0.316770640.44389553, 0.25612035, 0.990777860.00005008].
Using the above expression (Equation 2), the scores of all feasible solutions are computed
and presented in Figure 9, where blue squares indicate unpromising solutions with scores
higher than the maximum score of non-dominated solutions (threshold score), while red circles
indicate promising ones with lower scores.
It is clear from Figure 9, that the score deﬁned by the expression is able to identify

Proceedings from 11th Australian Space Science Conference, 2011 						

Page 355

1

1

0.9

0.9

0.8

0.8

0.7

0.7

−5

−10

10

−15

0.18

0.2

0.22

0.24

0.26
0.28
f1 (1−ηB )

0.3

0.32

0.34

0.36
r (normalised)

10

−5

error

10

−10

10

−15

10

140

160

180

200
f2 (Drag [N] )

220

240

260

−5

error

10

0.6
0.5
0.4

−10

0.6
0.5
0.4

0.3

0.3

0.2

0.2

0.1

0.1

0

10

r (normalised)

error

10

0.5

1

1.5
p [Pa]

2

2.5
5
x 10

0

0.5

1

1.5
p [Pa]

2

2.5
5
x 10

−15

10

0

1

2

3

4
5
6
f3 (dp/dsmax [Pa/m])

7

8

9

Fig. 9: Scores of feasible solutions

10
6

x 10

Fig. 10: Pressure proﬁles at the inlet
exit:(a) Non-dominated Solutions, (b) All
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promising solutions with a score lower than the maximum score of the non-dominated solution
set (S = 1.87021e − 010, as shown by a dashed line). Since the score is derived based on the
variables only, it is extremely economical to evaluate only promising solutions whose score is
lower than the threshold score during the course of optimisation. The above scoring scheme
identiﬁed 375 solutions out of 761 feasible solutions as unpromising.
While the above discussion focused on uncovering variable relationships of promising
solutions, we extend the concept to identify promising solutions based on a next level of
computation i.e. computed pressure distributions at the inlet exit.
Plotted in Figure 10 are the pressure proﬁles of all feasible solutions and the non-dominated
solutions at the exit of the inlet. It is evident that there are signiﬁcant differences between
the proﬁles for the non-dominated solutions and those for dominated ones.
The pressure values on discrete 5001 points between r = 0 and 1 were linearly interpolated
to 50 points for each design, upon which dominant eigenvalues of the system were computed
by using the method of snapshots [13]. The representation percentage with respect to the
number of eigenvalues in Figure 11 clearly suggest that 10 reduced dimensions are able to
capture the data with sufﬁcient accuracy.
While the principle of uncovering relationships as explained earlier can still be applied to
the above variables in the transformed space, a simpler scheme that just relies on the limits
of the transformed variables is presented here.
The upper and lower bounds of variables Xi ’s (i = 1,..,10) in the transformed space for
the non-dominated solutions are computed ﬁrst (Figures 12,13). Using the bounds, solutions
that do not conform to the above bounds can be identiﬁed as potentially unpromising. The
application of this criterion has identiﬁed 269 solutions among 561 feasible solutions as
unpromising.
Figure 14 shows the number of solutions identiﬁed as unpromising by the score analysis
on the variable space and those identiﬁed by the analysis of the transformed variables based
on the exit pressure proﬁles. It is noteworthy that there are a large number of solutions which
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have been identiﬁed to be unpromising commonly by both procedures. This is an indicator that
a signiﬁcant proportion of the solutions can be safely labelled as unpromising. Integrating the
insight obtained here into the optimiser merits a more thorough analysis to assess the generic
applicability of the inferences here.

IV. Summary and Conclusion
While existing methods with surrogate-assisted optimisation typically focus on improving
the efﬁciency of the optimisation algorithm and representation accuracy of the surrogate models, limited studies have focused on computationally economical means to identify promising
solutions at an earlier stage. This paper introduces such an approach based on the results
from a previous scramjet inlet design study.
This paper has presented a principle to uncover relationships in the context of post analysis
in a data-mining manner. It has been demonstrated that the solution set contains a large number
of solutions that have commonly been identiﬁed as unpromising in light of two assessment

Proceedings from 11th Australian Space Science Conference, 2011 						

Page 357

criteria, i.e. score analysis of the variable space and the variable limits in the transformed
space based on the exit pressure proﬁles.
The use of this concept within the course of optimisation offers considerable promise by
signiﬁcantly reducing the number of CFD evaluations to be performed. When used in an
optimisation cycle, such relationships need to be evaluated periodically and can be used to
sieve promising solutions.
Furthermore, a set of design rules can be formed from the developed relationships which
can be computed easily.
Our analysis and discussions here focused only on the pressure ﬁeld information. Applying
a similar analysis to other flow properties such as temperature and velocity may also underpin
the interesting ﬁndings and insight reported in the present study.
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Summary: For a planetary rover to successfully traverse across unstructured terrain autonomously, one of the major challenges is to assess its local traversability such that it can
plan a trajectory to achieve its mission goals efficiently while minimising risk to the vehicle
itself. This paper aims to provide a comparative study on different approaches for representing
the geometry of Martian terrain for the purpose of evaluating terrain traversability. An accurate
representation of the geometric properties of the terrain is essential as it can directly affect
the determination of traversability for a ground vehicle. We explore current state-of-the-art
techniques for terrain estimation, in particular Gaussian Processes (GP) in various forms,
and discuss the suitability of each technique in the context of an unstructured Martian terrain.
Furthermore, we present the limitations of regression techniques in terms of spatial correlation
and continuity assumptions, and the impact on traversability analysis of a planetary rover
across unstructured terrain. The analysis was performed on datasets of the Mars Yard at the
Powerhouse Museum in Sydney, obtained using the onboard RGB-D camera.

I. Introduction
Robotic missions have been utilised to explore various scientific aspects of the Mars surface,
including surface geology and the possibility of life. Teleoperating robots from Earth is
proving difficult due to the communication delay between Earth and Mars which can be as
long as 22 minutes. Early Lunar exploration rovers such as the Lunokhod required a five-man
team to operate by sending driving commands from Earth in real time. Despite having a much
smaller communication of 3 seconds, the team experienced many challenges to manoeuvre the
Lunokhod on the Lunar surface. To perform the robotic mission more efficiently, low order or
time-critical tasks such as obstacle avoidance and motor control can be handled autonomously,
while high order mission tasks such as “explore area A” or “travel to rock B” can be handled
by ground operators on Earth. By incorporating autonomous or semi-autonomous capabilities
to the rover, operations from Earth can be more focused towards high level mission goals.
To achieve autonomy for high order tasks, planetary rovers need to be capable of traversing
across the terrain in an efficient and safe manner. The level of autonomy of the rover is related
to its capability to sense, represent and interpret the surrounding environment. An environment
such as the Mars surface involves a great diversity in terrain features, including highly uneven
geometry which is difficult to model, therefore accurate and reliable techniques are required
to represent the terrain surface.
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Many recent advances have been made in the area of terrain modelling to better estimate
terrain geometry in areas with little or no data, such as techniques to preserve discontinuities
in terrain models [7] and incorporating visibility constraints [9] to improve the accuracy of
the estimated terrain geometry. However, these techniques have not yet been applied in the
area of space exploration to construct accurate terrain maps in unstructured environments.

Fig. 1: Mars Rover (Mawson) at the back and Scout Rover at the front in the Sydney
Powerhouse Museum Marscape
Once the environment is modelled, the rover needs to be able to interpret the data and
assess the associated risks or difficulties of traversing across the terrain. Traversability analysis
provides a metric for evaluating planning and control strategies to avoid hazardous areas, and
thus provide efficiency and safety for rover operation. Numerous techniques for evaluating
traversability metrics have been implemented in existing rover platforms with varying degrees
of success, such as the systems implemented on the NASA Mars Exploration Rovers [1] and
the LAAS Marsokhod Rover [2]. However, with advances in terrain modelling and terrain
traversability, we need to explicitly draw the connection between the two fields, i.e. perform
terrain modelling purely for the purpose of traversability, to promote synergy in the system.
In this paper we compare state-of-the-art techniques for terrain estimation and discuss the
suitability of each technique in the context of an unstructured Martian terrain. By linking
previous work in the area of terrain modelling and traversability analysis, we investigate the
effects of terrain geometry models on terrain traversability analysis for planetary rovers, in
particular the effects on estimation of vehicle attitude and configuration on terrain models
constructed using terrain estimation techniques. We also reconsider state-of-the-art terrain
model estimation techniques based on experimental data, and present limitations of current
terrain estimation methods in the application of terrain traversability estimation.
In Section II, we outline previous work in the area of terrain modelling and traversability
analysis. Section III reviews the theory behind some terrain representation, in particular Digital
Elevation Maps (DEM) and Gaussian Processes (GPs), along with the limitations of each
technique. We describe the steps taken to evaluate the traversability metric using experimental
data in Section IV. Sections V outlines the experimental setup of the rover and the Mars
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Environment. In Section VI we show initial results of traversability analysis using different
terrain modelling techniques, and discuss the effects of linking terrain representation and
traversability analysis. Section VII summarises our conclusions and future work in this area.

II. Related Work
The area of terrain model estimation and terrain traversability analysis have been well
explored in each of their respective fields. Research in the area of terrain model estimation
aims to improve the accuracy and reliability of the predicted terrain geometry using available
sensor data, while the work in terrain traversability aims to best estimate vehicle behaviour
over the terrain.

A. Terrain Modelling
In the area of terrain model estimation, Digital Elevation Maps (DEMs) have been used
to create a discrete geometric representation of the terrain. Much work has been performed
to improve on Digital Elevation Maps (DEMs) to create a more complete model of the
terrain, i.e. to estimate elevation in regions of little or no data. Lang et al. proposed the
use of adaptive non-stationary kernel regression in Gaussian Processes (GPs) to deal with
varying data densities and to preserve discontinuities in terrain models [7]. Vasudevan et al.
compared the performance of different covariance functions for large scale terrain modelling,
and introduced multi-output GPs to incorporate the RGB and the elevation values in the
training data [8]. Hadsell et al. extended the traditional kernel-based learning approaches for
estimating continuous surfaces by providing upper and lower bounds on the surface [9]. This
was done by exploiting visibility constraints of the sensor to the terrain surface and applying
kernel-based regression techniques to improve the precision of the terrain geometry estimate.

B. Terrain Traversability
The development of the Grid-based Estimation of Surface Traversability Applied to Local
Terrain (GESTALT) system by Goldberg et. Al. has been successfully implemented on the
Mars Exploration Rovers (MER) Spirit and Opportunity [1]. It is based on Carnegie Mellon’s
Morphin algorithm [3,4] and is a local planner which uses stereo cameras to evaluate terrain
safety and avoid obstacles. The system uses stereo vision to calculate a disparity image, which
is mapped to a 3D Cartesian location using camera geometry to produce an elevation map.
Once the local elevation map is obtained, GESTALT determines the next best direction for
the rover to reach its goal safely. The traversability of each cell is determined by merging the
moment statistics of the set of Cartesian points on each grid cell to find the best fit plane, and
then using the plane statistics to calculate hazard measures [1]. Finally, hazard and waypoint
arc votes are used to select the set of arcs for the rover to follow until the desired waypoint is
reached. While GESTALT provides a computationally efficient method of calculating terrain
traversability, plane fitting methods may not provide accurate results specific to the vehicle.
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Lacroix et al. explored the possibility of long range autonomous navigation with a 6-wheel
Marsokhod chassis [2]. On rough terrains, the chassis internal configuration is calculated from
the digital elevation map (DEM) [5] and a path is selected to maximize the interest/cost ratio.
The DEM was preferred over other methods because critical constraints to traversing over
rough terrain are stability, collision and configuration constraints, in order for the rover to
overcome terrain irregularities. The proposed technique of short-range path planning using
elevation map considers rover mobility over the terrain and also reflects the capability of
the vehicle. However, this technique can become computationally expensive as it relies on
simulation to determine vehicle configuration.
More recently, Helmick et al. presented the Terrain Adaptive Navigation (TANav) system
[6], designed to enable planetary rovers to operate more robustly over a terrain of varying
slip. The system encompasses the areas of goodness map generation, terrain triage, terrain
classification, remote slip prediction, path planning, high fidelity traversability analysis, and
slip compensated path following. The goodness map generated is based on classification of
known classes, such as rocks, sand, gravel, with predefined properties. The TANav system is
able to efficiently determine terrain traversability but is limited to the defined terrain classes
which may be limiting on the Mars surface with different terrain properties.
It can be seen that there has been significant progress in the area of terrain modelling and
traversability analysis, but little effort has been made to link the two areas of research to
develop an accurate vehicle specific traversability model.

III. Terrain Representation
To accurately predict rover response on the terrain, terrain representation need to be performed in a manner that best represents the geometry and characteristics of the terrain, as
well as the associated uncertainties to determine the ”quality” of the prediction. In this section
we will be exploring representation using DEM from raw data, and using Gaussian process
regression.

A. Digital Elevation Map from Raw Data
Digital Elevation Maps are often used to model terrain surfaces. By representing the terrain
as an elevation map, the amount of stored data can be scaled using the grid size, which is
favorable in applications where memory and computational resources are limited. Using raw
data from sensors such as stereo cameras or laser range finders, a DEM can be constructed
by taking the mean elevation of the data points at each grid cell. Figure 2 shows a DEM
produced using raw data from a single instance, and it can be seen that there are areas (shown
in white) which are occluded by rocks from the sensor field of view.

Page 362

Proceedings from 11th Australian Space Science Conference, 2011

Fig. 2: Digital Elevation Map Produced from Raw Data
B. Gaussian Process Regression
Even with the use of modern sensors, there always exists occlusions and areas with lower
density of data. In areas of little or no data, interpolation techniques can be used to estimate
elevation. Gaussian process (GP) regression provides a means of learning the underlying
model of spatially correlated data with uncertainty. As such, it has been the proposed method
for estimating missing information in incomplete datasets in applications such as mapping or
system identification. In our problem, we will be estimating the elevation (z) using the (x,y)
coordinates of the data point. Gaussian approaches can be thought of as a normally distributed
probability density function characterized by a mean m(x) and covariance function k(x, x )
m(x) = E[f (x)]
k(x, x ) = E[(f (x) − m(x))(f (x ) − m(x ))]
where x =





x
, denoting our input variable.
y

The covariance function, also referred to as kernel, defines the correlation between the
random variables in the training data. A popular kernel is the squared-exponential kernel,
which can be given as
k(x, x ) =




σf2



1
exp − (x − x )T Σ(x − x )
2





l 0
where Σ = x
is the length scale matrix and measures the rate at which the modelled
0 ly
function changes in the x and y direction (in our case, for a 2D grid); σf2 is the variance of
the modelled function.
An example of a DEM produced using GP regression with SE Kernel with mean affine
function can be seen in figure 3.

Proceedings from 11th Australian Space Science Conference, 2011 						

Page 363

Fig. 3: Digital Elevation Map Produced using GP regression and Squared Exponential
Kernel with Mean Affine Function

The neural network kernel is another commonly used kernel and can be given as


T





β + 2x Σx

k(x, x ) = σf2 arcsin  
(1 + β + 2xT Σx)(1 + β + 2xT Σx )
where β is the bias factor and Σ is the length scale matrix.
The squared-exponential kernel function is stationary, and has a smoothing effect on the
data by nature of the shape of the kernel function. Vasudevan’s work [8] showed that the
neural network kernel was more effective than the squared-exponential kernel function at
handling discontinuous data which is common in data sets containing unstructured terrain.
To learn the model using a training data set, a kernel needs to be chosen and the relevant
hyperparameters for the kernel need to be optimised. This is commonly performed by formulating the problem in a log marginal likelihood framework, then solving as a non-convex
optimization problem.
Defining X and z to be the inputs and outputs from the training data respectively, the log
marginal likelihood of the training outputs z given training inputs X and hyperparameters θ
is given by
X = [(xi , yi )]ni=1

z = [zi ]ni=1
The log marginal likelihood has three terms - the first describes data fit, the second penalizes
model complexity, and the third is a normalization constant for the number of data points.
By minimizing the log marginal likelihood, the optimal set of hyperparameters which fit the
data set is found. In this work, the Polack-Ribiere flavor of conjugate gradients was first
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used to compute search directions [10]. A line search using quadratic and cubic polynomial
approximations, and the Wolfe-Powell stopping criteria together with slope ratio method were
used to estimate the initial step sizes for gradient based optimisation.
Once the GP model is learned, it can be applied across a grid to estimate the elevation
information. This process is commonly known as Gaussian process regression.
Since the joint distribution of any finite number of random variations of a GP is Gaussian,
the joint distribution of the training inputs z and test outputs f* can be given as


z
f∗



∼N



0



K(X, X) + σn2 I K(X, X∗ )
K(X∗ , X∗ )
K(X, X∗ )

 

The posterior or expected value can be given as
f¯∗ = K(X∗ , X)[K(X, X) + σn2 I]−1 z
and the covariance or uncertainty can be given as

cov(f∗ ) = K(X∗ , X∗ ) − K(X∗ , X)[K(X, X) + σn2 I]−1 K(X, X∗ )
For n training points and n∗ test points, K(X, X∗ ) represents the n × n∗ covariance matrix
evaluated at all the pairs of training and test points. This framework was used to estimate the
elevation information at any point in the grid given the incomplete data set shown in Figure 2.
While GPs provide a framework for estimating elevation information with uncertainty
at areas where there is sparse or no data, it has a few limitations which may render it
unsuitable for terrain geometry estimation in unstructured outdoor environments. Firstly,
GPs are implicitly continuous and assume single output value, i.e. the GP is expected to
calculate a single elevation value at each grid cell. However, this problem still exists when
producing DEMs using raw data and is a general problem to all elevation representations
where z = f (x, y). This may lead to misrepresentations of overhanging terrain features. The
second limitation is the problem of spatial correlation, which is a common limitation among
interpolation methods. This has the effect of smoothing out terrain features and thus reduces
the accuracy of the estimation of terrain geometry.
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IV. Traversability Metric
To evaluate the traversability of the vehicle over the terrain, we performed a forward
propagation of discrete vehicle states over each grid cell in the DEM using a simplified model
of the Mawson Rover (Figure 4). Mawson is a six wheeled vehicle with individual steering
servo motors on each wheel. As such, the vehicle can be treated as a holonomic vehicle.
Mawson’s chassis is designed as a rocker-bogie system, which is designed to reduce motion
of the main body. By lowering the vehicle and placing it at each grid cell, the configuration
of the Rocker-Bogie suspension and vehicle attitude are simulated. A similar technique was
employed by Peynot in [5] to satisfy the configuration constraints in the articulated chassis
of the Marsokhod rover.
The simplified model of the rover can be seen in Figure 4.

Fig. 4: Simplified rover model. The black frame represents the Rocker-Bogie suspension of
the Mawson rover.
To determine the configuration of the Rocker-Bogie suspension and vehicle attitude, the
vehicle attitude is first initialised as zero in pitch, roll and yaw, and the altitude is initialised
such that one wheel is in contact with the terrain. While keeping the Rocker-Bogie joint
angles at zero, a set of heuristics was used to find the vehicle attitude to minimise the total
distance from each wheel to the ground. A similar set of heuristics was then used to find the
Rocker-Bogie joint angles.
The simulation only accounts for only static scenarios and does not yet consider the
transition of vehicle states from one cell to the next. The wheel-terrain interaction and friction
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in the rotating joints of the Rocker-Bogie suspension, as well as the mass distribution of the
vehicle and payload are ignored in this simulation. It should be noted that the simulation
requires a specified yaw angle of the vehicle and determines the resulting pitch and roll
angles based on terrain geometry only.

V. Experimental Setup
The experiments were conducted with Mawson, a planetary rover named after an Australian
Antarctic explorer, which was developed at the Australian Centre for Field Robotics (ACFR).
The rover footprint is approximately 0.5 m by 0.3 m. More details about the design and
development of the rover can be found in [11].

Fig. 5: The Mawson Rover
Mawson carries an array of sensors onboard, including
•
•
•

RGB-D Camera (Microsoft Kinect),
Colour Cameras,
Encoders on Rocker-Bogie Suspension.

For the purposes of this work, the sensor data from the RGB-D camera will be primarily
used. Using a IR emitter and IR camera, the RGB-D camera measures the time of flight of
the emitted IR beams of each pixel and builds a 2.5D map of the environment. The sensor
provides a maximum resolution of 640 by 480 pixels at 30 frames per second, has a range of
approximately 8 m, and is mounted at 1 m above the ground. It should be noted that although
the RGB-D camera may not be an appropriate sensor for some/all outdoor operations, the
geometric point cloud can also be obtained using other sensors such as stereo vision. The
conclusions of this study do not depend on the type of sensor used to acquire the geometric
point cloud.
The experiments were conducted at the Marscape at the Sydney Powerhouse Museum,
which contains rocks and inclines with varying degrees of slip and cohesion (Figure 1).
Other elements in the Mars environment, such as lighting, terrain geometry and composition,
can also be controlled and adjusted if necessary.
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VI. Results and Evaluation
The following experimental evaluation was conducted on point clouds acquired with a
single sensor snapshot, representing an area of 2 × 1.75m, formatted in a grid with a cell size
of 0.05 × 0.05m, the vehicle attitude and Rocker-Bogie joint angles were calculated at each
grid cell. The traversability metrics were determined as the Root-Sum-Squared (RSS) of the
predicted vehicle attitude and Rocker-Bogie joint angles (radians).
Figure 6 shows the estimated terrain geometry using the Squared Exponential (SE), Squared
Exponential with Mean Affine Function, and Neural Network (NN) kernel in the GP framework. The data points are denoted as red dots and the estimated terrain height denoted as
the colour coded surface. Comparing the data points to the estimated terrain height using
GP regression, it can be seen that GP regression has a smoothing effect in its estimation,
especially in areas that do not have a lot of data from the sensor. This affects vehicle attitude
and Rocker-Bogie angles and can cause the vehicle to be overconfident in its estimation of
terrain traversability. It can also be seen that the use of different kernels affects the predicted
terrain in particular areas that are not well observed. This is because the nature of the kernel
function has a much bigger effect on the prediction in areas with little or no observations, as
the assumptions about the shape of the terrain is implied in the kernel function.

(a) Using Squared Exponential

(b) Using Squared Exponential with Mean Affine Function

(c) Using Neural Network

Fig. 6: Terrain Geometry using SE, SE with Mean Affine Function, and NN Kernels
In the case where traversability is determined using the DEM produced using raw sensor
data (Figure 2), occluded areas are declared as untraversable, i.e. if any of the 6 wheels
comes into contact with an area with no elevation data, the cell which the rover is on is
declared untraversable. It can be seen in figure 6 that there is a large area that is declared
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untraversable in this strategy which may limit path planning options, but at the same time
is very conservative for the rover in terms of making a decision about the risks involved in
going over an area that it has no information on. It can also be seen that the affine mean
function improves the accuracy of the terrain geometry estimation by assuming an average
plane of elevation throughout the grid cells. Performing a similar traversability analysis using
the GP-generated terrain, it can be seen in Figure 6 that the smoother terrain geometry results
in a smoother change in value of traversability between cells. In rough terrains, this would
underestimate traversability, especially in areas with little or no data where terrain geometry
estimation are made using assumptions from the selection of the GP kernel.

Fig. 7: RSS of vehicle pitch and roll (top) using raw sensor data, RSS of Rocker-Bogie joint
angles (bottom) using raw sensor data
Comparing the estimated traversability using raw data (shown in Figure 7) and GPs (shown
in Figure 8) at the region from y = [0.6, 1], it can be seen that the RSS of vehicle pitch and
Rocker-Bogie joint angles in the DEM generated by raw data is visibly higher, has higher
fidelity, and less smooth than the DEM generated using GPs. This is a direct effect of the
smoothed terrain produced by GP regression resulting in underestimating traversability in an
area. Due to the continuity assumption, the terrain geometry estimated using GPs results in
smooth transition between each estimated elevation point.
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In occluded areas, traversability estimated using GP methods is largely dependent on the
kernel behaviour in GP methods, as seen in the higher vehicle attitude and joint angles using
the NN kernel (Figure 9) compared with using the SE kernel with mean affine function
(Figure 8). Within these areas, the elevation estimation is highly uncertain as there are no
data points contributing towards the dataset used to train the GP, and the resulting vehicle
attitude and joint angles varies greatly based on the kernel used. Since the terrain geometry is
largely affected by the shape of the kernel in these areas, the resulting traversability estimate
will be a smooth surface with variations in elevation conditioned on data points in areas
which are visible to the sensor. This can result in underestimation of the traversability in
rough terrains, and overestimation of traversability in flat terrains. On the other hand, the
same area is simply declared untraversable in the DEM constructed from raw data, which is
a conservative approach but does not possess the same variation and uncertainty of the GP
approach.

Fig. 8: RSS of vehicle pitch and roll (top) using GP regression with SE, RSS of
Rocker-Bogie joint angles (bottom) using GP regression with SE
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Fig. 9: RSS of vehicle pitch and roll (top) using GP regression with NN, RSS of
Rocker-Bogie joint angles (bottom) using GP regression with NN

VII. Conclusion/Future Work
From the results presented in section VI, it can be seen that the GP representation of terrain
geometry is inherently continuous and its smoothing nature may cause the vehicle to become
overconfident (i.e. assessing the terrain to higher traversability) in its assessment of stability.
On the other hand, building an elevation map from raw data preserves terrain geometry in
unstructured terrain. However, it is more affected by occlusion from terrain features and
lacks an uncertainty estimate of the resulting elevation geometry. The current method is to
consider all occluded terrain to be untraversable, which led to large sections of the map
to be classified as untraversable. This can lead to overly conservative estimates of terrain
traversability resulting in no possible solutions to reach desired waypoints in challenging
terrain.
As there are shortcomings and limitations to both raw data and regression based techniques,
an area of future work is to consider a terrain modelling technique purely for the purposes
of traversability analysis which would explicitly consider the vehicle-terrain interaction. To
account for sensor noise, the current approach is to assume the noise from the sensor data to
be non-coloured within the sensor operating range, and the variance in the noise is captured
to some extent in the uncertainty estimation of the GP. However, to explicitly incorporate
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uncertainties in the elevation obtained from raw data, a sensor error model would need to be
developed.
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SUMMARY
Ausroc Nano is a three stage to orbit liquid fuelled rocket which has been predominantly designed
by RMIT University students in collaboration with the Australian Space Research Institute (ASRI).
The design and development has been ongoing since 2008, with the project ready to launch a 10kg
Nano satellite by 2013. This paper provides an overview of how a model of the Ausroc Nano was
constructed using Ansys Workbench in order to utilise Computational Fluid Dynamic (CFD)
techniques to simulate a range of scenarios for an aerodynamic analysis. The CFD model was
designed such that coefficients of lift and drag were calculated thus allowing in-flight loads to be
determined. Pressure coefficients as well as moment forces were also evaluated. Results from the
CFD analysis were validated using both analytical and experimental techniques.
Keywords: Aerodynamic analysis, Computational Fluid Dynamics, supersonic conical flow, angle
of attack, drag coefficient, computer simulation

INTRODUCTION
A Computational Fluid Dynamic (CFD) model was constructed to assist the development of the
Ausroc Nano. This project aimed to create an operational by importing CATIA designs such that
CFD techniques could be used to simulate a range of scenarios. It was envisaged that the acquired
results would describe the aerodynamic properties of the rocket which would ultimately lead to the
optimisation of the design.
There were three main variables that this project was interested in quantifying. Lift and drag
coefficients of the Ausroc Nano needed to be accurately defined in order to properly predict the lift
and drag forces acting on the rocket during flight. Such coefficients were particular important
during flight conditions at an angle of attack to the free stream, however, this paper only describes
the case of a zero angle of attack. The third main parameter the project was interested in was the
pressure distribution over the body of the rocket. High speeds, coupled with varying air densities
meant the rocket must withstand a large variation of pressure on its structure for extended periods of
time. A pressure distribution also assisted in calculating the centre of pressure on the rocket which
in turn was related to the rocket’s stability.
A CFD model can only be as accurate as the data from which it was built. Hence, analytical
validation techniques were investigated in order to determine the accuracy of which the CFD model
predicted aerodynamic properties. Post processing results are briefly presented here and compared
against the results acquired from the analytical validations. This was done in an attempt to display
how accurately the CFD simulation could predict the required aerodynamic properties.

Proceedings from 11th Australian Space Science Conference, 2011 						

Page 373

1

MODELLING

Simplifications were made regarding the geometry of the models. The analytical techniques, which
will be presented shortly, analysed supersonic flow over a conical nosecone even though it was
decided that the nosecone of the Ausroc Nano was an ogive shape. This assumption for a conical
nosecone was made based on the availability
of the literature which could be used to assist
in analytical validation. The geometry of the
Ausroc Nano was also simplified for the
CFD model as seen in Figure 1. A sharp,
pointed, conical nose was modeled, as was a
geometrically incorrect exhaust nozzle. It Figure 1 - Simplified geometry of Ausroc Nano for use in CFD
model

was assumed that the cone half angle, θc for use in the simulations was 26°. Both assumptions were
made based on the fact that the main aim of the project was to build and paramatise the system,
while incorporating a function that would allow more intricate geometrical representations to be
imported in the future.

2

VALIDATION

Validating the results produced by the CFD model against a number of analytical and experimental
methods was of great importance. A number of validation techniques were identified to be of
relevance for this project. Analytical techniques which calculated aerodynamic properties, as well
as flow phenomena around three dimensional cones were investigated.

2.1

Missile DATCOM

Missile DATCOM (DATCOM) is a program used for preliminary aerodynamic design of missiles
and rocket which was originally developed for the United States Air Force in the 1980’s by
McDonnell Douglas [1]. The code was updated and maintained by personnel at AFRL/VA at the
Wright-Paterson Air Force Base. Although its last update occurred in 1999, it is still considered a
very sound tool for preliminary calculations of aerodynamic variables. On its own, DATCOM
existed as a single executable file which required the repetitive coding of scripts to simulate the
range of scenarios required for analysis. In order to reduce the coding time for this project, a
Graphical User Interface (GUI) for DATCOM was written using Visual Basic 6. The GUI was Beta
tested and debugged such that it yielded accurate results for aerodynamic properties of a
geometrically simplified rocket at a number of different conditions. The program has been used in
the industry for decades and was a perfect tool to assist in the validation of the CFD model.

2.2

Analytical Methods

Analytical methods to assist in the validation of the CFD model were researched, with the most
appropriate selected and analysed further. The techniques had to be able to handle three
dimensional flows around a conical shaped object.
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The NACA Ames laboratory produced a plethora of Technical Note (TN) reports back in the mid
20th century relating to compressible flow and shockwave phenomenon. Three reports were used to
great advantage in constructing a path to tackle three dimensional supersonic flows around a cone
for this project. TN 1135 [2] compiled tables, equations and charts for the analysis of high speed
compressible flow. It described equations for continuous one dimensional flow, normal and oblique
shocks and Prandtl-Meyer expansion waves. Charts [2] were used extensively for determining the
shock angle, downstream Mach number and pressure ratios of a supersonic cone at an angle of
attack of zero degrees. These described the relationships between temperature, pressure and density
at different altitude conditions.
The main analytical method used to validate the CFD model was the Taylor-Maccoll equation
which calculated the exact solution to three dimensional supersonic conical flows at a zero angle of
attack. The equation is presented here in Equation (1), with a full derivation seen in Chapter 10 of
Modern Compressible Flow by Anderson [3].
(1)

The Taylor-Maccoll equation is an ordinary differential equation with only one dependant variable,
the radial velocity component of the flow, V r. The fundamental assumption of the solution is that
flow properties, such as the Mach number, are constant along rays that extend out from the tip of
the cone at an angle, θ [3].
A solution to Equation (1) was achieved through numerical iteration with a procedure presented by
Anderson [3]. Limitations existed in using this solution, especially when detached shocks were
formed. The solution to the Taylor-Maccoll equation yielded results for shockwave angles and
downstream flow properties.
Another method employed here for determining flow properties and shockwave angles were the
equations developed by David Barnette in early 1993 [4]. Barnette produced a series of equations
which approximated the governing equations for a perfect gas, high speed flows over wedges, cones
and spheres [4]. His approximation was based on the exact equation for the solution to three
dimensional supersonic conical flows formulated by Taylor & Maccoll [5] such that the shock angle
of a cone in supersonic flow was approximated by:
(2)

where γ was the specific heat ratio of air, M1 was the upstream Mach number, θc was the half angle
of the cone and βc was the shockwave angle. This equation was solved for β c using a quartic
function, with only the real positive roots considered [4]. Barnette approximated the pressure ratio,
as;
(3)

where Cp,c is the cone surface pressure coefficient given by;
(4)
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and ε is the density behind the shock, such that;
(5)

Barnett’s own validation found that the approximations were more accurate for higher upstream
Mach numbers, where only 2% error was seen to be present. Nevertheless, Barnette’s
approximation provided a quick method to solving shockwave angles and pressure changes across
an oblique shock for supersonic conical flow at an angle of attack of zero degrees.

2.3

Pressure Difference Method

The Pressure Difference Method collated all the data acquired from results produced by the NACA
TN 1135 tables, the Taylor-Maccoll Equations and Barnette’s approximation. An overall analytical
solution was assembled using basic aerodynamic principles, which later permitted the calculation of
lift and drag forces by using reference areas of the rocket as well as pressure differentials.
A notable point to be made with regards to the drag coefficient included the fact that drag
comprised of two main components; frictional and pressure drag. Frictional drag was concerned
with the drag produced due to the skin friction on the model, whereas pressure drag was concerned
with the drag produced by the pressure differential existing between two points. It was seen that
pressure drag was the main contributing factor to the retarding force on the rocket in the
longitudinal direction. The overriding component of pressure drag could be calculated by
multiplying the pressure differential by the frontal cross sectional area of the rocket, thus producing
the Pressure Difference Solution. This is represented by Equation (6) below such that;
DP = ΔP * Area………. (6)
A similar method was used to calculate the lift force acting on the rocket, with the pressure
differential relating the difference in pressure between the top and bottom surfaces of the rocket.
This was not expected to be much due to the axisymmetrical geometry of the rocket, as well as the
condition of zero angle of attack. The lift on the rocket was deemed to be negligible considering the
expected values for lift were in the tens of kilo Newtons.
There were a number of values which were required in order to construct the Pressure Difference
Solution. These values were the flow properties behind the shockwave and were determined from
the results calculated by the NACA TN 1135 graphs, the Taylor-Maccoll equations and Barnette’s
approximation. It should be noted that all the data calculated by the Taylor-Maccoll equation was
used in preference over the NACA graphs and Barnette’s approximations as it provided an exact
solution to the three dimensional supersonic conical flow problems.

3

CFD ANALYSIS

3.1

Scope

A computer model simulating the static flight of the Ausroc Nano was constructed for this paper. It
was determined early on that subsonic and transonic test cases were to be omitted, with the CFD
model focused primarily on supersonic simulations. A range of test conditions based on the
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optimised flight trajectory were determined. These atmospheric properties, at a range of altitudes,
were acquired from standard atmospheric tables and presented in Table 1. This, in turn, assisted in
the calculation of the
maximum
pressure of
which was
occur at an
10km where

dynamic
the fluid
found to
altitude of
the Ausroc

Nano
would
be
travelling at 525m/s.
The project scope also
identified the need for
the CFD model to be
easily adaptable and
Figure 2 - Computational Domain
robust as there was a possibility of results taking hours, if not days to converge. Limitations on
computer hardware had to be identified and accounted for when the model was being built.
Table 1 – Flight conditions for CFD model

3.2

Case #

Velocity
(m/s)

Altitude
(m)

Temperature
(K)

1
2
3
4
5
6
7
8
9
10
11
12
13
14

340
400
450
475
525
550
575
600
625
650
690
800
875
940

6000
7000
8000
9000
10000
11000
12000
13000
13500
14000
16000
19000
20000
22000

249.20
242.71
236.23
229.74
223.26
216.78
216.66
216.66
216.66
216.66
216.66
216.66
216.66
216.66

Static
Pressure
(kPa)
47.22
41.11
35.65
30.50
26.50
22.70
19.40
16.58
15.33
14.17
10.54
6.47
5.53
4.04

Density
(kg/m3)

Mach

0.66
0.59
0.53
0.47
0.41
0.36
0.31
0.27
0.25
0.23
0.17
0.10
0.09
0.06

1.08
1.28
1.46
1.57
1.76
1.86
1.95
2.03
2.12
2.20
2.34
2.71
2.96
3.19

Dynamic
Pressure
(kPa)
38.15
47.20
53.24
52.69
56.99
55.18
51.57
47.99
48.14
48.13
39.63
33.28
34.10
28.71

Pre-Processing

Ansys Workbench was used as the CFD simulator for this project due to its logical layout, robust
solvers and ease of navigation. Ansys’s DesignModeler was used to sketch and create the rocket
geometry. The geometry used is shown in Figure 1. It was envisaged that more accurate CATIA
models could be easily imported into the CFD model created here for future simulations.
Two separate control volumes, as seen in Figure 2, were created in DesignModeler in order to
provide a means for simulating three dimensional flows around the rocket body. Boolean operators
were applied to subtract the rocket volume from the control volume to allow for computational
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analysis. Two control volumes were incorporated into the volume design in an attempt to reduce the
complexity of the computational mesh. It was found from previous work that the sheer size of the
control volume yielded considerable meshing elements [6]. It was expected that the use of two
control volumes on the computational domain would almost halve the number of meshing elements
in the model, therefore significantly reducing the time required to converge a solution.
Boundary designations were assigned during the geometry input stage of model creation. An inlet
and an outlet were assigned to the surface face of the simple control volume with the remaining
faces of the simple control volume allocated as symmetry planes. The faces representing the rocket
body were assigned wall conditions meaning that the faces represented a solid object and as such,
fluid could not pass the boundaries.
Ansys Meshing Software was used to generate the three dimensional computational mesh on the
surface of the rocket as well as the mesh in the free fluid domain. A boundary layer mesh with a
first layer height of 1.6E-04m was applied to the Ausroc Nano to assist in the near wall calculations.
Hexahedral elements
were used in the
boundary layer mesh
while
tetrahedral
elements were used to
mesh the control
volume as displayed
in Figure 3. The
complete
model
comprised of almost
640,000 nodes making
up
1.7
million
elements. All skewness,

Figure 3 - Inflation layer around rocket nosecone

aspect ratio and warping parameters were within their limits thus proving mesh quality.
CFX Pre was used to set boundary conditions and setup the system to solve the simulation. The
analysis was assumed to be steady state, as it was assumed that the flow properties would slowly
change over time. A continuous flow of an ideal gas was assigned to the control volume while the
reference pressure describing the control volume was adjusted according to the flight conditions
presented in Table 1 above. Static pressures at different altitudes dictated the setup of each
simulation [7]. Thus, for the base case at 525m/s, a reference pressure of 26.5 kPa was assigned to
the control volume in order to simulate the 10,000m altitude condition. The total energy heat
transfer condition was used to describe the fluid, with the Shear Stress Transport (SST) model with
an automatic wall function being assigned as the turbulence model for this project [6]. A high
intensity and eddy viscosity model with an intensity of 10% was used. The domain was initialised
using a Cartesian velocity type, with automatic values split up into u, v and w components. The u
velocity and relative temperature was changed for the different simulations in accordance with the
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data in Table 1. Supersonic inlet and outlets were assigned, as were the symmetry walls which made
up the control volume. An automatic timescale was used for the solution as it was assumed that
convergence would happen after a relatively small number of iterations. For this reason, the model
was setup for a maximum number of 100 iterations with a convergence criterion of 1E-04 for the
residual type. An output monitor was created for the drag coefficient of the model in order to assist
in recognizing model convergence, Figure 4. CFX Post was used as the post processor to calculate
the aerodynamic properties which were of interest as well as to generate the images showing flow
phenomena.

4

RESULTS & COMPARISON

Pressure distributions were investigated, as were velocity and streamline profiles. Flow phenomena
such as recirculation, stagnation points and shockwaves were explored in an attempt to help validate
the physical behavior of the model. Calculations were made for the lift and drag of the rocket, as
well as the shockwave behavior predicted by the
model. This was then compared to the analytical
solutions in order to validate the CFD model.
Graphical results presented here are for the Base
Case; Case #5 in Table 1. Results acquired from the
analytical techniques were presented and compared
against those produced by the CFD model for
validation.
Convergence of the iterative solution for the CFD
model was of primary importance prior to beginning
the post processing phase as outlined in [6]. Graphs
plotting the force residuals and drag coefficient are
seen here in Figure 4. These show how the residual
forces steadily decreased over time, near with
convergence seen after approximately 70 iterations.
The drag monitor is seen to also converge after
approximately 70 iterations. Many more iterations
could have been performed to achieve greater
accuracy in the final solution however, it was
decided that the gain in accuracy would not justify
Figure 4 - Residual and Drag Coefficient monitors
the extra computational time [6].
Results for pressure distribution, downstream Mach number, temperature and density ratios, along
with the lift and drag of the rocket, were calculated using the analytical techniques which made up
the Pressure Difference Method and plotted against results acquired from Missile DATCOM and
the CFD model constructed for this project.
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The pressure variation around the rocket was of significant importance when it came to determining
the drag force acting on the rocket [3]. A pressure contour plot for Case #5 is seen here in Figure 5,
where the pressure
change over the nose
cone is clearly visible in
Highlight A. Pressure
variations calculated by
the Pressure Difference
Method,
Missile
DATCOM and the CFD
model were acquired
and

compared,

thus

yielding results for drag
forces on the rocket.
Results for drag on the
Figure 6 – Pressure contour plots around rocket at Case #5 (525m/s)
rocket correlated well
and are displayed in Figure 6. The Pressure Difference Method and Missile DATCOM achieved
similar results, with the CFD model calculating slightly higher values for the drag coefficient. The
results produced by the CFD model were expected to be slightly higher than those predicted by the
hand calculations due to the computer simulation taking more flow factors into account, as well as
simulating
slightly
different
rocket
geometry to simplify
the simulations [6].
Variations
of
approximately 10% are
seen across the main
results. It was also
expected that the drag
coefficient
would
decrease as the Mach
number
upstream
increased [3] which is
observed in the results
Figure 5 - Plot of Drag Coefficient vs. upstream Mach number
plotted in Figure 6. These
results lead to the conclusion that the CFD model procured was of sufficient accuracy to simulate
the supersonic flows around the Ausroc Nano and would therefore be able to accurately determine
the drag coefficient of the body for more intricate geometries. Lift was also investigated and found
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to be negligible. It was predicted that no lift would be generated from the axisymmetric rocket at a
zero angle of attack and the results calculated by the CFD model mimicked this predication.
Another area for comparison between the CFD model and analytical methods was in terms of
predicting various flow phenomena. The CFD model needed to accurately display events such as
flow stagnation,
recirculation and
shockwave
effects, all of
which had been
theoretically
identified. Flow
recirculation and
stagnation
is
identified in the
Figure 8 - Streamline plot around rocket at Case #5 (525m/s)
results produced by the CFD model as seen in Figure 7, with areas of recirculation corresponding to
lower velocity profiles as described by the streamline plot. It can be seen that the CFD model
calculated a large area of recirculation behind the rocket. Such recirculation would otherwise be
nonexistent due to escaping rocket motor exhaust. This model did not simulate exhaust effects due
to increased complexity and time restrictions. It is important to note that this model was built with a
proof of concept mentality to
display appropriate and logical
flow phenomenon in order to be
further developed in the future.
Expansion
waves
and
shockwaves were also predicted
by the computational method,
with streamlines after the
shockwave following the curved
contour of the nosecone.
Calculation
of
shockwave
properties seen in Figure 7 were
Figure 7 - Shockwave angle (θs) vs. upstream Mach number (M1)
plotted against the TaylorMaccoll equation, Barnette’s approximation and the NACA graphs as seen in Figure 8. It is seen
how the data correlated well with little variation in shockwave angle between the methods.
Barnette’s approximation under predicted the shockwave angle due to approximations in his
governing equations [4]. Validation for cone shock behavior at Mach numbers ranging Mach 1.4 to
Mach 3.2 was achieved.
Other results describing the flow around the rocket were attained from both analytical and
computational methods. The Mach number downstream of the shockwave was investigated and
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found to be in the region of 30% lower than that of the upstream Mach number for almost all cases
set out in Table 1. An increase in temperature was expected to occur across the shockwaves, with
results indicating a temperature increase of between 17% and 55% behind the shockwave as the
upstream Mach number increased. Like temperature, fluid density was expected to increase as the
upstream Mach number increased. Results indicated that density almost tripled at the highest
simulated Mach number, with an increase of almost 70% at the point of maximum dynamic
pressure. The centre of pressure was found to be 6.3m from the nosecone which correlated very
well to the approximate hand calculations performed. It was found that the CFD simulation was
able to accurately model all areas of interest to within 10% accuracy. Results showed consistent and
obvious trends which related physical aspects of the flow with theoretical predictions.

CONCLUSION AND FUTURE WORK
This project aimed to perform an aerodynamic analysis of the Ausroc Nano, a three stage to low
earth orbit liquid fuelled rocket. Aerodynamic properties, such as lift and drag coefficients as well
as pressure distributions and aerodynamic derivatives, aimed to be collated over a range of Mach
numbers and a range of angles of attack. A CFD model was constructed in order to simulate such
conditions and obtain aerodynamic properties. Analytical techniques were used to validate the
results acquired by the computational method.
The CFD model was built such that small geometrical changes could be made without affecting the
runtime of the solution too much. The geometry used for the results presented in this model was
simplified, as the primary goal of this project was to produce a working CFD model which could be
further refined in the future. A conical nosecone was assumed over an ogive nosecone as validation
of the aerodynamic properties for the supersonic flow over a conical nosecone were more readily
available. Considerable time was dedicated towards appropriate meshing techniques for the rocket
and computational domain. The discretisation of the domains proved to be just as intricate as
understanding the complex mathematics governing them. The project evolved with issues specific
to limitations on computer hardware. Each flight case needed almost ten hours to compute on Dual
Core processors. Compounding this, almost 40Gb of storage was required for the twelve cases
simulated in this project, a figure which would explode if simulations incorporating angles of attack
was introduced
The results acquired by the CFD model were validated against a number of respected and formally
used techniques. Results obtained from the validation tools correlated well with the results obtained
from the CFD model, indicating that the model designed here conformed to the basic aerodynamic
phenomena set out to be achieved. It is envisaged that supersonic wind tunnel testing will be
performed to aid future projects in validating their CFD results.
On top of refining the geometric inaccuracies in this project, a number of other aerodynamic aspects
concerning the Ausroc Nano must be investigating and simulated. Cross-winds on the launch pad
and during the ascent phase itself are not well understood and warrant further research. Adverse
weather conditions have not yet been simulated in order to determine structural loads on the rocket
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caused by varying temperatures at a range of altitudes. A transient simulation modelling the
separation stages must also be completed in order to improve stability and structural design of the
rocket.
Another area of research which must be investigated is a CFD analysis at angles of attack other than
0°. Analysis of flight at angles from 1° - 3° were identified as being extremely relevant and useful
in determining the dynamic stability of the Ausroc Nano during flight. Analytical techniques which
could be used to validate the three dimensional supersonic conical flow at an angle of attack must
be reviewed for further validation of the model.
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Relationship Between the Earth’s Radiation Belts and
the Atmosphere
Electromagnetic Ion Cyclotron Waves Observed by
Cluster near the Plasmapause

Neil R. Mudford, Sean
Aerodynamic Coefficients in Hypersonic Flight
O’Byrne, David Buttsworth Determined from Free Flight in a Wind Tunnel
and Sudantha Balage
Albert K. Chong,
David Buttsworth, Neil
Mudford, Michael Jokic,
Sudantha Balage, Sean
O’Byrne, Andrew Neely

Photogrammetric application at USQ Ludwieg Tunnel
Facility

Marc Norman

Marc Norman

Marc Norman

Planetary Science in Australia: 2011

Sean O’Byrne

Varun Prakash, Sean
O’Byrne

In-Model Free-Flight Instrumentation For Hypersonic
Shock Tunnel Testing

David Neudegg
Marc Norman

Roberto Orosei
Pakpoom Oraphin
Gian Gabriele Ori
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Phil Wilkinson, David
Neudegg

Angioletta Coradini,
Roberto Orosei
Pakpoom Oraphin
Gian Gabriele Ori

The Bureau of Meteorology Space Weather Services

The Lunar Impact Record: Greatest Hits and One Hit
Wonders

Planetary Science in Italy: An Overview

Nose and Fairing Payload Design of AUSROC NANO
Launch Vehicle
Fluvial systems on Mars
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Tim Paine

Tony Lindsay and Tim
Paine

DSTO Space R&D – A National Partnership

Robert Pidgeon,
Alexander Nemchin and
Marion Grange

The earliest history of the Moon and the Earth; Zircon
geochronological evidence

Iain Reid

Upper atmosphere and near space research at
Buckland Park

David Petty
Robert Pidgeon
Dawid Preller
Iain Reid
Amit Saha
Jizhang Sang

D. J. Petty, V. Wheatley,
M. K. Smart & S. A.
Razzaqi

A Parametric Study of Oxygen Enriched Scramjet
Combustion

Dawid Preller and Michael
Smart

Longitudinal Control Strategy for Hypersonic
Accelerating Vehicles

Amit Saha, Tapabrata Ray, Learning From Evolutionary-Algorithm Based Design
Hideaki Ogawa, Russell
Optimisation Of Axisymmetric Scramjet Inlets
Boyce
Jizhang Sang, Craig Smith

An Analysis of Observations from EOS Space Debris
Tracking System

Roy Sach

Roy Sach

Daniel Shaddock

D.A. Shaddock, P.
The GRACE Follow-on Mission
Tregoning, D.E.
McClelland, D.M.R.
Wuchenich, A.J. Sutton,
A.Stochino, C.M. MowLowry, J. Miller, S.P.
Francis, S. McClusky, E.K. Potter, N. Darbeheshti,
M. Blundell, C. Smith, J.
Burke, S. Dligatch, K.L.
Green, J.A. Seckold, B.F.
Oreb, M.B. Gray, M.T.L.
Hsu, R.B. Warrington, K.
McKenzie, G. de Vine, R.E.
Spero, W.M Folkner, W.M
Klipstein, M. Watkins, B.S.
Sheard, C. Mahrdt, G.H.
Heinzel, K. Danzman

Richard Samuel

Richard Samuel, Bernard
Davison, Mark Blair

Where is Space?

ASRI Small Sounding Rocket Program

Elyse Schinella

Elyse Schinella, Craig
O’Neill

Murray Sciffer

Murray Sciffer, Colin
Waters

Estimating ULF wave equatorial electric fields from
ground magnetic field measurements

Paolo Sossi, Oliver Nebel

Metal – Silicate Fractionation of Iron Isotopes in
Chondritic Meteorites

Amrat Srisajjalertwaja
Paolo Sossi

Amrat Srisajjalertwaja,
Pariwat

Duncan Steel

Duncan Steel

Duncan Steel

Duncan Steel

Jiraporn
Thongcharoenpunporn

Jiraporn
Thongcharoenpunporn

Graham Steward

Graham Steward

Constraining weathering processes on Venus from
particle size distributions and Magellan Synthetic
Aperture Radar (SAR)

AUSROC Nano stage one engine cooling system

Space Debris: Quantifying and Mitigating the Impact
Hazard
A hypothesis for Mercury’s high metal content

Automatic Recognition of Complex Magnetic Regions
on the Sun in GONG Magnetogram Images and
Prediction of Flares: Techniques for the Flare Warning
Program Flarecast
AUSROC Nano Stage1 Propulsion Sub-system
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Mike Tobar

M. E. Tobar, A. N.
Australian contributions to the Atomic Clock
Luiten, E. N. Ivanov, J. G.
Ensemble in Space Mission
Hartnett, W. Featherstone,
P. Teunissen, C. Vale, B.
Hall, R. B. Warrington, P.
Fisk

Steven Tsitas
Tzu-Pang Tseng
Angelo Villarosa
Tanya Vladimirova
Tanya Vladimirova

Mike Wheatland

Pariwat
Witthawatpongtorn
Nicolle Zellner
Kefei Zhang
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Steven Tsitas, Robert
Middleton, Andrew
Dempster, Chris Rizos

GARADA SAR Formation Flying Low Cost L-Band
Satellite Constellation

Angelo Villarosa, Aubrey
Keller

Aerodynamic Analysis of AusROC Nano using CFD
and Wind Tunnel Testing

Tzu-Pang Tseng,Kefei
Zhang, Jizhang Sang

Tanya Vladimirova

Tanya Vladimirova,
Nigel P. Bannister, John
Fothergill, George W.
Fraser, Mark Lester,
Darren Wright, Michael J.
Pont, David J. Barnhart

Precise orbit determination of low earth orbiters:
analysis of orbit errors and quality assessment of
receiver oscillators

Microelectronics Design and Embedded Systems for
Small Satellites
CubeSat Mission for Space Weather Monitoring

Mike Wheatland, Stuart
Gilchrist, Pat Noble, Paul
Cally, Alina Donea, Aimee
Norton

Solar flares, active regions, and associated Australian
research

Nicolle Zellner

Impacts on the Moon: Understanding the Record of
Lunar Impact Glasses

Pariwat
Witthawatpongtorn and
Amrat Srisajjalertwaja

Stage 1 Engine Regenerative Cooling Design of
AUSROC Nano

Kefei Zhang

The Australian Space Research Program Project Platform Technologies for Space Atmosphere and
Climate
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Iver Cairns

Vasili V. Lobzin, Iver H. Cairns,
and Peter A. Robinson

Iver Cairns

Solar cycle variations of the occurrence of
coronal type III radio bursts and a new solar
activity index

Hagen Schulte in den Baeumen, Nonzero azimuthal magnetic fields at the
Iver H. Cairns, Peter A. Robinson solar source surface: Extraction, model,
and implications

Brett Carter
Robert T. Duffin
Jonti Horner
Eriita Jones
John Kennewell
Joseph Leach
Bo Li
Vanessa McCaffrey
Franklin Mills

B. A. Carter, T. A. Kane, A. C.
Kellerman, R. Norman, C. Wang,
Y. Li and K. Zhang
Robert T. Duffin, Iver H. Cairns,
Vasily Lobzin, Steven J. Tingay

The ionospheric variability leading up to
the Japanese Tohoku earthquake

MWA Solar Data Access Tools and New
Analysis of Type III Solar Radio Bursts from
MWA Burst Mode Data

Jonti Horner, Jonathan Marshall, The curious case of HU Aquarii
Robert Wittenmyer, Chris Tinney
Eriita Jones, Graziella Caprarelli,
Jonathan Clarke, Franklin Mills

Remote Identification of Soil and Moisture
Variation at Gale Crater, Mars

Joseph Leach

Some Possible Victorian Analogues of the
Flat Topped Volcanoes of Venus

James D Biggs and John A
Kennewell

Bo Li, Iver Cairns, Yihua Yan,
Peter Robinson

Vanessa P. McCaffrey, Nicolle E.
B. Zellner, Erica Bennett, Casey
Waun

Orbital Space Debris and Sky Glow

Predictions of Decimetric Type III Solar
Radio Bursts

Assessing the Survival of Simple Sugars
After High Velocity Impact

F.P. Mills, M. Sundaram
Shunmuga M. Allen and Y.L.
Yung

Preliminary modelling of odd nitrogen
photochemistry on Venus

Duncan Steel

Duncan Steel, David Asher

Duncan Steel

Duncan Steel, Harrison Steel

Encountering the Teeth of the Dragon:
The hazard posed to satellites by the
anticipated Draconid meteor storm on
2011 October 08

Leon Stepan

Leon Stepan, Robert Earl

Size Xiao

Size Xiao, Xiaofeng Wu,
i-INSPIRE Tube-Satellite Bus Design
Xueliang Bai, Iver Cairns, Joss
Bland-Hawthorn, Jiro Funamoto,
Anthony Monger , Lisa Fogarty,
Sergio Leon-Saval , Chris
Betters

Raquel Salmeron

Malte Willmes

Tanya Vladimirova
Kegen Yu

Raquel Salmeron

Malte Willmes, Dennis Reiss,
Harald Hiesinger, Michael
Zanetti

Chafik Egho and Tanya
Vladimirova

Kegen Yu, Chris Rizos and
Andrew Dempster

The environment and processing of solids
in the early solar system

Space Reconnaissance: Scanning the Sky
with an Optical Arecibo

Simulation and Modelling of Nanosatellites
Crater retention ages of the ice-dust
mantle deposit in Malea Planum, Mars

Hardware Acceleration of the KarhunenLoéve Transform for Compression of
Hyperspectral Satellite Imagery

Sea State Estimation Using Data Collected
from Low-Altitude Airborne Experiments
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