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0. Executive Summary 
Science objectives.  The Ravens magnetospheric and auroral imaging mission  will determine the 
interaction of the magnetosphere with the solar wind, and the transport of plasma and the dissipa-
tion of energy within it.  Ravens will provide global, continuous, 3D, and conjugate observations of 
key magnetospheric regions: the plasma sheet, plasmasphere, ring current, and ionosphere, meas-
urements that are critical to understanding the globally coupled magnetosphere.  These Ravens ob-
servations are required to not only to understand solar wind-magnetosphere coupling, but also the 
control of all processes within the magnetosphere, such as magnetic field perturbations, radiation 
belt variability, large-scale current flow, and ionospheric disturbances.  In addition, Ravens observa-
tions will supply a continuous stream of data optimized for the validation and development of Euro-
pean global physics-based magnetospheric models, which are key to providing a full understanding 
the geospace environment and its impact on society. 

The Earth’s magnetosphere is not a passive recipient of solar wind input, but displays emergent 
structures and behaviours that reveal its nature as a highly non-linear system driven far from equi-
librium by a constant but variable energy source.  Moreover, energy is not channelled smoothly from 
the outer boundary of the magnetosphere to the inner boundary of the atmosphere, but complex 
positive and negative  feedback processes between intersecting and interacting hot and cold plasma 
regions – the plasmasheet, the plasmasphere, the ring current, the ionosphere, the atmosphere – 
modulate the energy flow within and the coupling with the solar wind on the outside.  In this regard, 
the magnetosphere is a microcosm of processes active in astrophysical systems throughout the Uni-
verse, processes responsible for creating diversity, structure, and complex behaviour wherever 
plasma regions of different sources and characters interact. 

The Ravens mission will provide a step-change in our understanding of our immediate space envi-
ronment and answer fundamental problems in magnetospheric science, relevant also to other mag-
netospheric systems, including the following key questions: 

• How does the global magnetosphere respond to incoming solar wind disturbances? 
o How do geomagnetic storms propagate through the magnetospheric system, from dayside 

coupling region to magnetotail, to inner magnetosphere, ionosphere and atmosphere, and 
how and where is energy dissipated? 

o How is plasma accelerated to form the enhanced plasma pressure in the ring current and 
how does the associated 3D pressure-driven current system control space weather in the in-
ner magnetosphere? 

o How does the plasmasphere erode and refill through the course of storms? 
o What internal feedback mechanisms modulate the magnetospheric response to the solar 

wind, including plasmaspheric erosion, ring current modification of the magnetotail, and at-
mospheric drag and heavy ion outflow? 

• Why are the northern and southern hemisphere auroras not symmetric? 
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o Are auroral signatures of solar wind-magnetosphere coupling at the dayside magnetopause 
symmetric, and what are the ramifications for magnetic reconnection geometries? 

o How and when are magnetotail signatures of energy unloading asymmetric, and what are 
the ramifications for magnetospheric and ionospheric structure? 

o During periods of complicated magnetospheric topology, how are the northern and southern 
hemispheres magnetically connected, and what creates this topology? 

o What do asymmetries in the conjugate auroras imply for the global  interhemispherical cur-
rent system? 

Mission Strategy.  The Ravens mission will monitor the global response of the magnetosphere to 
incoming solar wind disturbances using a suite of remote-sensing instrumentation including Far Ul-
traviolet (FUV) and X-ray auroral imagers, Extreme Ultraviolet (EUV) plasmasphere imagers, and en-
ergetic neutral atom (ENA) ring current imagers.  Ravens will provide for the first time (a) continuous 
measurements of the northern hemisphere auroras, (b) frequent and systematic measurements of 
the southern hemisphere auroras (true “global auroral imaging”), and (c) continuous and stereo-
scopic remote-sensing of the plasmasphere and ring current. 

Ravens will comprise two identically-instrumented spacecraft, payload mass ~100 kg, in identical 
highly-elliptical polar orbits, with apogee close to 7 RE above the northern pole and perigee near 2 
RE.  The orbits of the two spacecraft will be phased such that one spacecraft is at perigee while the 
other is at apogee.  Hence, one of the spacecraft will always be in a position to monitor northern 
auroral activity, and twice each orbit the two spacecraft will be ideally located to view both northern 
and southern hemisphere auroras simultaneously.  One spacecraft will always be in a position to 
monitor the plasmasphere and ring current, and twice each orbit stereoscopic views will enable re-
construction of 3D plasma structures.  Ravens will be supported by a suite of ground-based observa-
tories, both north and south, and computational physics-based modelling of the magnetosphere, 
providing a systems level approach to magnetospheric sensing and understanding. 

Programmatics and Costs.  Ravens is built on existing technology, much of which has flown on pre-
vious missions. Little technology needs to be developed, making a launch in the 2020-2022 time-
frame a certainty.  Hence it represents a low risk investment for high science return.  The overall 
mission cost is estimated to be ~€250 M, which is much lower than the cost envelope of an M-class 
mission. 

Conclusions.  Ravens will be ESA’s first magnetospheric imaging mission.  Ravens is a cost-effective, 
next-generation mission delivering science that will transform our understanding of magnetospheric 
dynamics and, by extension, plasma physics throughout the cosmos.  It builds upon principles devel-
oped for previous imaging missions, but with an innovative two-spacecraft mission design that will 
provide the observations necessary to answer fundamental questions regarding the behaviour of the 
coupled solar wind-magnetosphere system. 

 

1. Introduction 
The magnetosphere represents the outer boundary of our immediate environment, shielding the 
Earth and its atmosphere from the solar wind.  Determining the interaction of the magnetosphere 
with the solar wind, and the transport of plasma and the dissipation of energy within it, is key to un-
derstanding external influences on the Earth, the radiation environment in near-Earth space, and the 
fundamental physical processes occurring in magnetized plasmas, such as magnetic reconnection 
and charged particle acceleration.  The Earth’s magnetosphere also acts as a laboratory for exploring 
the large-scale dynamics of the environments of other magnetized astrophysical systems.  In particu-
lar, the magnetosphere presents an unparalleled opportunity to study the emergent structures and 
behaviours that arise when a non-linear plasma system is driven into a non-equilibrium state 
through the continuous and variable external forcing of a stellar wind. 
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The Earth’s magnetosphere is small in comparison with most other astrophysical systems, and is cer-
tainly more accessible, and yet its sheer volume presents a formidable challenge to characterizing its 
structure and dynamics in either an average sense or instantaneously through in situ observations.  
However, remote-sensing, and in particular imaging, of the plasma and magnetic environment of the 
Earth is a tractable approach to studying the systems level structure and behaviour of the magneto-
sphere.  The NASA Imager for Magnetopause-to-Aurora Global Exploration (IMAGE) satellite mission 
made great strides towards true systems-level science (see the review “Magnetospheric Imaging: 
Promise to Reality” by Burch [2005]), providing images of the global proton and electron aurora, the 
plasmasphere, and ring current.  However, the images of the different regions of the magnetosphere 
provided by IMAGE were not continuous, and they were not necessarily contemporaneous.  In con-
trast, the most significant disturbances of the magnetospheric system, geomagnetic storms, evolve 
rapidly, on timescales less than an hour, but last from 10s of hours to days and involve all regions of 
the magnetosphere.  Lack of suitable, continuous, high temporal resolution global observations has 
been the major stumbling block to understand how of the coupled Sun-Earth system works, which 
also has important implications for other planetary systems such as Jupiter and Saturn.. 

Ravens will combine a suite of instruments on two spacecraft in eccentric polar orbits to provide 
continuous and conjugate imaging of the auroras (plasma sheet), the plasmasphere, and ring current 
regions, their intersection and their interaction.  An imaging suite with strong flight heritage provide 
global imaging data at the critical substorm time scales (minutes).  Key to the success of Ravens over 
and above previous imaging missions will be (a) the continuity of observations, such that geomag-
netic activity with time-scales of 10s of hours can be determined, (b) the ability to image the auroras 
in both northern and southern hemispheres simultaneously and derive the energy spectrum of the 
precipitating electrons for all energies important for ionospheric electrodynamics (1-100 keV), so for 
the first time the true nature of magnetosphere-ionosphere coupling and magnetic topology can be 
understood, and (c) continuous and stereoscopic imaging of the locations, intensities and structures 
of the ring current and plasmasphere. 

Moreover, Ravens will harness existing and developing ground-based observatories to provide 
measurements supportive of the science goals that cannot be obtained from a spacecraft, that is 
measurements of ionospheric parameters such as conductances and horizontal plasma motions.  It 
will also incorporate state-of-the-art physics-based modelling to provide a 3D, time-dependent 
framework within which to assimilate and synthesise the space- and ground-based observations.  

 

2. Scientific objectives and requirements 

2.1. Introduction 

Astrophysical systems comprise plasma, usually a mixture of plasmas from a variety of sources and 
of different character.  The Earth’s magnetosphere is an example of the emergent structures and 
phenomena which arise from the non-equilibrium dynamics driven by the interaction of mixtures of 
hot and cold plasmas of different origins, in the Earth’s case the solar wind and the planetary iono-
sphere.  Within the magnetosphere this leads to the formation of different plasma regions – the hot 
plasma sheet, the cold ionosphere and plasmasphere, the ring current region and radiation belts – 
with complex overlaps, interactions, and feedbacks in the energy exchanges between them, the so-
lar wind, and the Earth’s atmosphere.  The Ravens magnetospheric imaging mission will study this 
highly-interacting system, directly addressing the ESA Cosmic Vision themes 2.1. From the Sun to the 
edge of the Solar System and 1.3. Life and habitability in the Solar System.  If launched in 2020-2022, 
Ravens could overlap with NASA’s Magnetospheric MultiScale (MMS) mission, providing in situ 
measurements of the regions remotely-sensed by Ravens, and ESA’s Solar Orbiter mission, achieving 
a symbiosis between detailed observations of solar dynamics and the magnetospheric response.  It 
would also exploit expansions of ground-based observatories and advances in magnetospheric mod-
elling currently underway (see Sect. 2.4). 

The Ravens mission will study the magnetosphere at a systems level, with the aim of understanding 
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how the separate but highly-coupled regions within the magnetosphere interact to produce the 
wide variety of behaviours that are observed to occur in response to input from the solar wind.  This 
requires continuous observations of the auroras (the plasma sheet), the plasmasphere, and ring cur-
rent, their intersections and their interactions.  Ravens will also provide regular views of both north-
ern and southern auroras simultaneously.  As described below both continuity and conjugacy of ob-
servations are essential to provide deeper understanding of the magnetosphere and its interaction 
with the solar wind.  

 
 

Fig. 2.1.  A sequence of auroral images from 28 August 1998, preceding and during the impact of an inter-
planetary shock on the magnetopause, and a schematic showing the mapping of auroral regions into the mag-

netosphere: the main auroral features map to the red, orange, and yellow plasma sheet regions, features 
within the polar cap map to the magnetopause and the blue magnetotail lobe. 

Fig. 2.1 presents the current picture of the morphology of the magnetosphere, both magnetic topol-
ogy and plasma regions, the latter including the cold inner plasmasphere, the ring current and radia-
tion belt regions, the hot plasma sheet of the magnetotail, and its evacuated lobes.  As understand-
ing of the morphology of geospace and the variety of physical process at work within it has grown, it 
has become apparent how extensively the various components of geospace interact with each 
other, and how these are bounded on the outside by the solar wind and on the inside by the iono-
sphere, that part of the atmosphere ionized by solar radiation.   

 
Fig. 2.2.  Flow chart of mass end energy flow between various regions in geospace. 

It is now recognized that geospace must be understood as a complex coupled system.  This requires 
knowledge of the morphology of geospace, the fundamental physical processes at work on the small 
scale, and the global dynamics: how are plasma sheet electrons and ions energized to become ring 
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current and radiation belt particles?; what are the physical processes at work in the electron and 
proton aurora?; what are the system-level consequences of magnetic reconnection?; how does the 
erosion of cold plasma from the plasmasphere during storms feed-back on the dayside coupling with 
the solar wind?; and how do all these processes control the evolution of storms and substorms?  
These and other key questions are interrelated and can only be studied by providing continuous 
monitoring of the large-scale features of the key regions of geospace.  A component view of this 
complex system, with energy and mass flow between eight main regions, as well as the processes 
responsible for the flow is shown in Fig. 2.2.  Imaging presents the only realistic method of investi-
gating this system. 

 

Fig. 2.3.  14 days of in situ ion data 
from the FAST ESA ion instrument 
(see lower left panel) FAST ion ESA 
energy spectra for 130 hours bracket-
ing two geomagnetic storms (see 
Sym-H top left). The data is from suc-
cessive passes of the evening sector 
auroral oval (see footpoints bottom 
right). The lower left panel shows 
successive electron spectra for eve-
ning sector orbits that span an active 
period during which there are several 
large geomagnetic storms.  During 
these events, the equatorward 
boundary of the ion CPS undergoes  

significant movement in latitude.  More importantly, that motion carries the ion plasma sheet deep into the 
inner magnetosphere, across the outer radiation belts. Studying the two-dimensional spatio-temporal interac-
tion of different plasma regions is a primary technical objective of Ravens. 

Previous imaging missions have provided an insight into the interplay between the different large 
plasma populations in response to the solar driver.  For instance, in the case of geomagnetic storms, 
the very quiet magnetosphere prior to the beginning of the storm is usually associated with an ex-
panded plasmasphere.  The increase in the convection electric field driven by enhanced dayside 
coupling and nightside reconnection leads to the inward transport of the ions from the magnetotail 
and the erosion of the plasmasphere. The overall consequence is spatial overlap of the plasmas-
pheric, ring current, radiation belt, and plasma sheet in an extremely dynamic electric and magnetic 
field (See Fig. 2.3). 

 

Fig. 2.4.  Simultaneous views of the auroras in the northern and 
southern hemispheres by the Polar and IMAGE spacecraft show 
that while some features are symmetrical, many are not, challeng-
ing current understanding of the mapping of the magnetic field 
between hemispheres and the acceleration processes that result in 
auroral emission.  Observations of this nature are exceedingly rare 
due to the lack of coordination between previous missions.  

 

This study was selected for the cover 
of Nature (v. 460, no. 7254, 2008), 
reflecting the importance attached 
to the acquisition of conjugate auro-
ral images for improving our under-
standing of magnetospheric struc-
ture and dynamics.  Taken from 
Laundal and Østgaard [2009]. 
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These plasma populations will interact, leading to enhanced precipitation into the ionosphere, 
changes in the radiation belts, and an enhanced ring current.  Furthermore, these interactions hap-
pen on global scales, evolve on timescales much less than an hour, but unfold over tens of hours.  
However, because of a lack of continuous measurements due to the orbital constraints of previous 
missions, it has not been possible to track these subsystems for events of this duration.  Ravens will 
provide this vital continuous coverage by utilizing two spacecraft.  This will also allow observations of 
the auroras in the northern and southern hemispheres simultaneously, which will provide informa-
tion on the magnetic mapping between magnetospheric regions and the ground in a way that has 
only very rarely been possible previously (see Fig. 2.4).  These two innovations will provide a tre-
mendous advance in our understanding of magnetospheric dynamics.  In addition, a focus on coor-
dinated ground-based observations and modelling will greatly enhance the science return of the 
mission.  For instance, large collaborative ground-based observatories such as SuperDARN and Su-
perMAG will be important ground segments for Ravens (see Sect. 2.4). 

The high-level science questions that will be answered by Ravens are summarized in Table 2.1.  
These questions and the science requirements are discussed in more detail in the following sections. 

Table 2.1. High-level science questions to be answered by Ravens. 

How does the global magnetosphere respond to incoming solar wind disturbances? 

o How do geomagnetic storms propagate through the magnetospheric system, from dayside 
coupling region to magnetotail, to inner magnetosphere, ionosphere and atmosphere, and 
how and where is energy dissipated? 

o How is plasma accelerated to form the enhanced plasma pressure in the ring current and how 
does the associated 3D pressure-driven current system control space weather in the inner 
magnetosphere? 

o How does the plasmasphere erode and refill through the course of storms? 
o What internal feedback mechanisms modulate the magnetospheric response to the solar 

wind, including plasmaspheric erosion, ring current modification of the magnetotail, and at-
mospheric drag and heavy ion outflow? 

Why are the northern and southern hemisphere auroras not symmetric? 

o Are auroral signatures of solar wind-magnetosphere coupling at the dayside magnetopause 
symmetric, and what are the ramifications for magnetic reconnection geometries? 

o How and when are magnetotail signatures of energy unloading asymmetric, and what are the 
ramifications for magnetospheric and ionospheric structure? 

o During periods of complicated magnetospheric topology, how are the northern and southern 
hemispheres magnetically connected, and what creates this topology? 

o What do asymmetries in the conjugate auroras imply for the global  interhemispherical cur-
rent system? 

2.2. Large-scale magnetospheric morphology 

2.2.1. The auroras and the plasma sheet.  The field lines along which the particles precipitate to 
form the auroras extend upwards throughout the magnetospheric cavity and into the solar wind, 
threading a variety of plasma source regions and acceleration mechanisms.  Thus, the auroras repre-
sent the 3D magnetosphere projected onto the 2D screen presented by the atmosphere.  The at-
mospheric screen is not exactly 2D, however: precipitating particles of differing energies penetrate 
to different depths within the atmosphere, exciting a variety of emission/absorption signatures de-
pending on the altitude profile of constituents within the atmosphere and the absorbing properties 
between emission volume and observer.  A key Ravens observable is the energy spectrum of precipi-
tating electrons: combining observations of the Lyman-Birge-Hopfield (LBH) auroral emissions from 
N2 at both longer and shorter wavebands provides energy discrimination between 1-20 keV due to 
preferential absorption of LBH-s by O in the lower atmosphere; the addition of X-ray imaging of 
bremsstralung emission extends the energy range upwards to 150 keV, providing spectral informa-
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tion regarding all energies relevant for ionospheric electrodynamics.  Furthermore, combined im-
agery of auroral emissions due to O atoms at 135.6 nm as well as that of N2 molecules in the LBH 
wavelength range provides information from two key constituents of the ionosphere, and allows 
imaging of equatorial airglow. 

Proton auroras are less well-studied than their electron-produced counterparts.  Proton auroras are 
known to be seen at the footprint of the magnetospheric cusp, where they are injected from the 
magnetosheath by lobe reconnection [Frey et al., 2002;  Phan et al., 2003], though their relationship 
to similar electron auroras [Milan et al., 2000b] is still unknown.  They also precipitate on the night-
side due to pitch angle-scattering in the non-dipolar field geometry, providing a tracer of the mag-
netotail magnetic topology [Donovan et al., 2003].  Due to their much larger mass, protons are not 
so much affected by electric fields as the electrons are and their interaction with waves and scatter-
ing processes are more dominant.  As well as being dynamically important in their own right, proton 
auroral observations are not subject to dayglow in the same way as electron auroras, and hence are 
crucial for providing auroral information from the dayside regions that are otherwise obscured.  

Auroral images can be used to investigate the signatures and dynamics of specific regions of the 
magnetosphere, such as the cusp region and coupling processes between the magnetosphere and 
solar wind, or the magnetotail plasma sheet dynamics associated with substorms.  On the other 
hand, viewed holistically the images provide an insight into the large-scale magnetosphere, of which 
the cusp and plasma sheet, for instance, are coupled regions and processes (see Fig. 2.1). 

 

Fig. 2.5. Example of how 
dynamic the ring current is. 
IMAGE/HENA images 
showing a transition from a 
highly asymmetric main 
phase ring current to a 
symmetric recovery phase 
ring current. 

2.2.2. Plasma sheet and Ring current.  The acceleration of plasma and its transport into the inner 
magnetosphere is critical for controlling dynamics of the inner magnetosphere. The resulting plasma 
pressure in the ~10-300 keV range dominates that of the magnetosphere and severely distorts the 
magnetic field of the inner magnetosphere [Tsyganenko et al., 2003], which is the governing frame-
work for the outer electron radiation belt.  The pressure also drives a 3D current system, which is the 
so-called partial ring current (PRC) during storm main phases and the symmetric ring current during  
recovery phases.  Its ionospheric FAC counterpart is the Region-2 current system, which connects 
the magnetosphere and ionosphere producing strong electric fields and flows, such as the dusk-side 
phenomena called the Sub-auroral Polarization Stream (SAPS) [Brandt et al., 2008]. The acceleration 
and transport in itself appear to be universal phenomena that are still surrounded by mystery.  Re-
cent observations and modelling strongly imply that “fronts” of plasma are not simply convected in 
and heated adiabatically [Yang et al., 2008].  Instead, plasma instabilities seems to play a critical role 
in overcoming the “pressure catastrophe”, by transporting plasma in finger-like structures in to the 
inner magnetosphere, not unlike interchange instabilities.  In-situ measurements have only been 
able to speculate in their nature, and no imaging mission has been able resolve these yet in the ring 
current, but IMAGE/FUV images have revealed patterns in the aurora that are consistent with mod-
elled interchange instabilities in the ring current [Yang et al., 2008]. 

The closest any cameras have come to imaging the plasma pressure of the magnetosphere was the 
High Energy Neutral Atom (HENA) camera on board the IMAGE mission.  This camera covered about 
65% of the plasma pressure of the inner magnetosphere, which is dominated by protons and O+ in 
the ~10-300 keV range.  Although the IMAGE mission had the most complete set of imaging instru-
mentation so far, it was hampered by its orbit, which gave incomplete coverage of the storm evolu-
tion and IMAGE was of course incapable of stereo observations since there was only one satellite.  
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The TWINS mission flies MENA-heritage cameras (lower energy range than HENA and no clear mass 
resolution) on two spacecraft which allows retrieval of the spatially dependent pitch-angle distribu-
tions of the ring current, and thus provides a better 3D representation.  However, TWINS does not 
have simultaneous stereo EUV and FUV observations. 

 

Fig. 2.6. A typical plasma pres-
sure distribution depicted here 
in the equatorial plane, re-
trieved from IMAGE/HENA im-
ages; simultaneous TEC and 
ionospheric flow measurements 
from Millstone Hill and Su-
perDARN (Sect. 2.4.1) provide 
the ionospheric response such 
as SAPS that are a core part of 
disrupting navigation systems. 

2.2.3. Plasmasphere.  The plasmasphere is cold plasma of ionospheric origin that is trapped within 
the corotating portion of the inner magnetosphere, that is the region where frictional coupling be-
tween the magnetosphere and atmosphere dominates over the solar wind-driven Dungey circula-
tion.  The balance between corotation and convection depends on the strength of the solar wind 
interaction and reconnection within the magnetotail, and the plasmasphere expands during quiet 
magnetospheric conditions.  When the convection is strongly driven, the outer edges of the plas-
masphere are stripped off and “drainage plumes” become entrained within sunwards convection 
return flow on the dusk-side magnetosphere [Spasojević et al., 2003].  This entrained plasma can 
intersect the dayside magnetopause where it mass-loads the solar wind-magnetosphere coupling 
region, thought to produce a decrease in reconnection efficiency [Borovsky and Denton, 2006].  In 
addition, the cold plasma distribution has a significant modifying effect on a number of important 
wave-particle interactions within the inner magnetosphere.  The most important loss process for 
trapped energetic electrons in the radiation belts is pitch-angle diffusion driven by self-generated 
whistler mode waves.  This interaction between the cold and very hot plasma regions is another key 
area that Ravens will address. 

 

Fig. 2.7.  The plasmasphere as observed by the EUV instrument 
on IMAGE.  The Earth, dayside airglow, and auroras are apparent 
in the centre of the image.  The diffuse background surrounding 
this is EUV sunlight scattered from the plasmasphere.  The outer 
edge of the plasmasphere represents the boundary between 
corotation and convective magnetospheric flows. 

Post-storm drainage plumes can 
intersect the dayside magneto-
pause where they hinder solar 

wind-magnetosphere coupling. 

 
The Ravens mission will obtain global images of the plasmasphere and the magnetosphere by ob-
serving sunlight at 30.4 nm resonantly scattered from singly-ionised Helium, a minor magneto-
spheric constituent which allows extrapolation of overall magnetospheric density.  Earlier space mis-
sions have been able to measure in-situ at one or two points, or provide images on a non-continuous 
basis (Fig. 2.7).  With Ravens, simultaneous views of the plasmasphere emissions from differing 
viewpoints will allow an unprecedented 3D reconstruction of the structure and dynamics of cold 
plasma in the magnetosphere.  The distribution of cold plasma in the magnetosphere is controlled 
by a balance between source, the ionosphere, and loss processes, convection.  Following a storm the 
empty flux tubes are replenished with ionospheric plasma over a period of days, though the proc-
esses by which this occurs and the distribution of plasma along the field lines are not presently un-
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derstood and will be investigated with Ravens observations.  On the other hand, the convection 
electric field generated by the solar wind, and which erodes the plasmasphere, is variable on time 
scales ranging from minutes to days.  The contrasting time scales of source and loss, and the variable 
position of the plasmapause produces a situation where a wide variety of scenarios are possible, in-
cluding a steady “drainage plume” or variable plasma blobs detached from the plasmasphere.  Ra-
vens will be able to resolve the importance of these features for plasmaspheric loss, and study the 
interaction of them with other magnetospheric processes.  This will be aided by measurements of 
the ionospheric convection using ground-based observations from SuperDARN (see Sect. 2.4.1). 

2.2.4. Ionosphere.  The ionosphere, the upper parts of the atmosphere ionized by solar radiation, is 
the lower boundary for the coupled solar wind-magnetosphere-ionosphere system.  The ionosphere 
is the region where auroras are formed, and is in turn modified by the auroral processes which pro-
duce excess ionization.  It is also coupled into the magnetospheric convection process, a sympathetic 
motion of plasma being excited in the polar regions, but which is frictionally bound to the neutral 
atmosphere and acts as a sink of momentum; the friction in turn depends on ionospheric ionization, 
controlled by the auroras or seasonally-dependent solar illumination.  (An equivalent description is 
that the magnetosphere and ionosphere are coupled by field-aligned current systems which must 
close horizontally through the ionosphere.)  The ionosphere acts as a source of heavy ions for the 
magnetosphere above, accelerated upwards by auroral processes and frictional heating, mass-
loading the plasma sheet.  The ionosphere also acts as a reflecting or dissipating boundary for wave 
processes, either driven by wave-particle interactions in the inner magnetosphere or excited exter-
nally to the magnetosphere.  Observations of the ionosphere are critical for diagnosing magneto-
spheric dynamics and understanding the influence of this lower boundary on those dynamics.  Such 
observations will be provided in part by the auroral observations from Ravens itself, but also from 
ground-based observatories such as SuperDARN (convection), Incoherent Scatter Radars (iono-
spheric structure and ion out-flow), magnetometers (currents), as outlined in Sect. 2.4.1. 

2.3. Large-scale magnetospheric dynamics 

2.3.1. The Dungey cycle.  The large-scale structure of the magnetosphere is determined by the cou-
pling with the solar wind and its embedded magnetic field, known as the interplanetary magnetic 
field (IMF).  The magnetosphere constitutes an obstacle to the flow of the solar wind, the braking 
force it provides acting as a dynamo, driving the region 1 current system which can be seen in the 
atmosphere as the main dayside auroral oval.  Depending on the orientation of the interplanetary 
magnetic field the strength of the solar wind dynamo may not be similar in the two hemispheres.  
Magnetic reconnection at the magnetopause results in “closed” terrestrial magnetic field lines 
(those with both ends rooted in the ionosphere, coloured blue in Fig. 2.8) being made “open” (to 
become interlinked with the interplanetary medium, coloured red in Fig. 2.8). 

Fig. 2.8.  The magnetic structure of the magneto-
sphere (taken from Milan [2009]).  Changes in the 

amount of open magnetic flux FPC in the magneto-
sphere are related to the rates of dayside and 

nightside reconnection, ΦD and ΦN, by 
 

ND
PC

dt
dF

Φ−Φ=    (1) 

 
an expression of Faraday’s Law.  HSYM is the inten-

sity of the ring current as determined from mag-
netic field measurements at the ground, also known 

as the Sym-H index. 
 

In turn, reconnection in the magnetotail completes the cycle.  Mass, energy and momentum are be 
coupled from the solar wind along open field lines, providing the main energy source for the magne-
tosphere.  There is a varying interconnection between the magnetosphere and solar wind, which in 
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turn influences the location of the Earth’s auroras, which sit at the feet of the closed field line region 
(see inset panel of Fig. 2.7), and the size of the dim region with, known as the polar cap, enclosing 
magnetic flux FPC.  Although the position of the boundary between open and closed field lines – the 
open/closed boundary (OCB) – may differ in the two hemispheres, the magnetic flux enclosed is 
necessarily the same in both [e.g. Laundal and Østgaard, 2010].  Ravens will continuously observe 
this dynamic boundary in the northern hemisphere. 

Changes in FPC, determined from measurements of the size of the polar cap (for detailed work) or 
the radius of the auroral oval (to examine gross changes on longer timescales, Fig. 2.9), are direct 
measures of the rate of dayside and nightside reconnection [Cowley and Lockwood, 1992; Milan et 
al., 2003]; thus global auroral images provide measures of the global magnetic reconnection rates 
which cannot be made by any other means.  This represents perhaps the most fundamental aspect 
of magnetospheric dynamics, and provides the engine for most other magnetospheric phenomena: 
observation of the magnetic flux throughput of the magnetosphere is crucial for understanding the 
process in itself, but is also essential context for all quantitative studies of the magnetospheric en-
ergy budget and energy dissipation within the system.  Ravens will provide the first continuous ob-
servations of this process. 

 
 

Fig. 2.9.  (a and b) Determination of the approximate size of the polar 
cap from the radius of the auroral oval; (c, d, and e) time-series of the 
radius of the auroral oval, the Sym-H index measure of ring current 
intensity, and a proxy for the dayside reconnection rate ΦD derived 
from upstream solar wind conditions.  Taken from Milan [2009].  The 
oval radius is closely correlated with the intensity of the ring current, 
suggesting a feedback between plasma injected into near-Earth space 
by reconnection in the magnetotail, and the subsequent rate of tail 
reconnection. 

Although there has been some success in relating upstream solar wind conditions to the measured 
dayside reconnection rate [e.g. Milan et al., 2007] or other proxies of the dayside coupling rate [e.g. 
Newell et al., 2007], to derive so-called “coupling functions”, this work has not significantly pro-
gressed since the 1970s. Similarly, the rate of nightside reconnection during substorms has been 
surveyed [e.g. Milan et al., 2007] but fundamental questions remain regarding what triggers the on-
set of reconnection, what determines where it happens, and what controls its speed.  In part this is 
due to insufficient and non-continuous auroral observations from previous missions.  In the main, 
however, this is because both dayside and nightside reconnection rates are thought to be modulated 
by internal feedback mechanisms that are as yet poorly understood, including plasmaspheric drain-
age plumes at the dayside (Sect. 2.2.3), and magnetic perturbations associated with the ring current 
[Milan, 2009].  Both of these examples show the magnetosphere to be a highly-coupled system 
which does not passively respond to the external stimulus of the solar wind.  These feedback 
mechanisms cannot be properly investigated without simultaneous, coordinated observations of the 
auroras, the plasmasphere, and ring current, as will be provided by Ravens. 

Moreover, auroral images combined ionospheric plasma flow measurements (Sect. 2.4.1) can pro-
vide localised measurements of reconnection rates along the OCB [Hubert et al., 2006, 2008; 
Chisham et al., 2008], identifying meso-scale structure within reconnection regions.  This is impor-
tant for probing reconnection spatial and temporal sub-structure within the magnetotail and at the 
magnetopause, either reconnection transients within substorms (e.g. poleward boundary intensifi-
cations, Lyons et al. [1999]), quiet-time magnetotail reconnection [e.g. Grocott et al., 2005], for sub-
solar reconnection (flux transfer events or FTEs, e.g. Milan et al. [2000a]), or high latitude cusp re-
connection [Chisham et al., 2004; Milan et al., 2000b; Imber et al., 2006]. 
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2.3.2. Magnetospheric modes: substorms, sawteeth, and SMC.  As first speculated by Lockwood 
and Cowley [1992] and later confirmed [e.g. Milan et al., 2003, 2007] the disconnection of open flux 
is related to the occurrence of substorms; that is, substorms represent the closure of the Dungey 
cycle and are a fundamental aspect of the solar wind’s interaction with the magnetosphere.  Sub-
storms are also involved in the injection of plasma from the magnetotail into the inner magneto-
sphere to enhance the ring current and produce vivid auroral displays.  The high conductivity of the 
“substorm auroral bulge” has been shown to act as a brake on ionospheric convection [Grocott et 
al., 2009], and atmospheric heating associated with the auroral precipitation can lead to the outflow 
of heavy ionospheric ions which mass-load the plasmasheet and modify its subsequent behaviour 
[e.g. Gazey, 1996].  That is, intense auroral activity driven by solar wind-magnetosphere coupling 
acts to modify other magnetospheric regions and processes providing feedback paths that modulate 
further coupling. 

Based on simultaneous imaging by IMAGE and Polar it is now fairly well established that the sub-
storm onset locations in the conjugate hemispheres are usually asymmetric, controlled by the orien-
tation of the IMF [Østgaard et al., 2004], though the dynamical behaviour of this asymmetry is still 
poorly understood.  Even less is known about intensity differences of the conjugate aurora.  Laundal 
and Østgaard [2010] reported that the aurora can be completely asymmetric, which may be the first 
clear observations of interhemispheric currents due to seasonal differences [Richmond and Roble, 
1987; Benkevich et al., 2000].  The simultaneous conjugate imaging provided by Ravens will be a 
powerful technique to address this important element of the interaction between solar wind, mag-
netosphere and ionosphere. 

However, substorms are not the only mode of magnetospheric behaviour.  The magnetosphere 
sometimes responds to solar wind coupling with substorms, sometimes highly quasi-periodic 
unloading events, known as sawteeth events, which may or may not be large and periodic sub-
storms, or even a laminar convection state known as steady magnetospheric convection (SMC) 
events.  All of these can be analyzed applying the techniques described in Sect. 2.3.1 [e.g. Hubert et 
al., 2008], if continuous observations of the auroras are available, as will be provided by Ravens.  The 
cause of the different responses to solar wind coupling are not understood, but most likely are 
caused by the feedback between the coupled plasma sheet, ring current, plasmasphere regions and 
ionosphere.  Only the coordinated observation of all these regions, as will be provided by Ravens, 
can untangle the interactions that lead to this complex behaviour. 

2.3.3. Geomagnetic Storms.  The discussion in Sects. 2.3.1 and 2.3.2 indicate that solar wind-
magnetosphere-ionosphere coupling is a complicated process, involving an interplay of the plasma 
regions that will be imaged by Ravens.  It is possible that geomagnetic storms, which occur when the 
magnetosphere is subjected to extreme solar wind conditions such as a solar wind shock or greatly 
enhanced dayside coupling, represent a pathological interaction and feedback between these sys-
tems, including enhanced convection, increased ionospheric frictional coupling, plasmaspheric ero-
sion and subsequent mass-loading of the dayside coupling region, and plasma sheet injection to 
form an intensified ring current which then chokes magnetotail reconnection.  The complex interplay 
of these processes can only be properly studied with by the coordinated observations that will be 
provided by Ravens.  It is essential that these observations be continuous in nature, but also of suffi-
ciently high time resolution, as storms can evolve over many 10s of hours, with many of the proc-
esses occurring at different stages in the storm and with different time-scales.  A full understanding 
of storms has not previously been achieved because of a lack of continuity in the observations.  Ra-
vens is specifically designed to overcome this lack of continuity. 

2.3.4. Dayside coupling.  Most of magnetospheric dynamics are driven by magnetic reconnection 
between the IMF and the magnetopause to drive the Dungey cycle (see Sect. 2.3.1).  This is variable 
due to the natural variability of the solar wind, but also by an apparent inherent variability within 
the reconnection process itself.  During southward IMF this manifests itself as quasi-period bursts of 
reconnection, known as flux transfer events (FTEs), with repetition periods thought to range from 
10s of seconds to several minutes [e.g. Lockwood and Wild, 1993].  FTEs can have characteristic 
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auroral signatures which were first identified in global auroral images by Milan et al. [2000a].  How-
ever, the cadence of previous imagers has not been sufficient to properly analyse the dynamics of 
these features, nor to investigate the occurrence of short-period features.  More importantly, the 
conjugate nature of these features is entirely unknown as suitable interhemispheric observations 
cannot be made from the ground. 

Fig. 2.10. IMAGE/FUV WIC images of the global FUV auroral 
distribution from a particularly active night. Note the unusu-

ally large cusp features in the first three images and the activ-
ity at the poleward border throughout.   

  

Fig. 2.11. DE1 observations of 
a transpolar arc or theta 
aurora.  Interhemispheric 
observations of such arcs are 
essential to further under-
standing of their complicated 
magnetic topology. 

When the IMF is directed northwards, “lobe” magnetic reconnection occurs at high latitudes, tail-
wards of the openings of the cusps.  Under sufficiently dense solar wind conditions, the footprint of 
the reconnection site can be visible as an auroral “cusp spot” within the noon-sector polar cap (see 
Fig. 2.10), its location in local time being controlled by IMF BY [Milan et al., 2000b; Frey et al., 2002].  
Unlike southward-IMF reconnection, lobe reconnection is not constrained to occur equally in the 
northern and southern lobes, and indeed the interrelation of lobe reconnection in the two hemi-
spheres is unknown.  A special case occurs when the IMF is directed directly northwards: in this 
situation lobe reconnection can occur in both hemispheres on the same IMF field line, known as 
“dual-lobe reconnection”, closing previously open flux [Imber et al., 2006].  This process has pro-
found implications for magnetospheric dynamics as it is postulated to be the most efficient magne-
tospheric mass-loading process known, thought to result in the formation of a “cold-dense plasma 
sheet”, with consequences for plasma sheet injection into the ring current and subsequent magne-
tospheric dynamics (Sect. 2.3.2 and 2.3.3).  At present, no Information is available regarding the con-
jugacy or otherwise of auroral signatures associated with single- and double-lobe reconnection. 

Regular observations of dayside auroral signatures in two hemispheres, at high time resolution, from 
Ravens will give a unique insight into the magnetic reconnection geometries available at the 
magnetopause, their dependence on the orientation of the IMF, the evolution of newly-reconnected 
flux tubes, and significance for controlling the dynamics and mass-loading of the magnetosphere.  
These observations will be particularly powerful when combined with ground-based measurements 
of the ionospheric (and hence magnetospheric) convection driven by the reconnection process (see 
Sect. 2.4.1). 

2.3.5. Northward IMF/quiet magnetosphere.  The northward-IMF magnetosphere, conditions which 
pertain half of the time, is often considered to be in a quiescent state, but in fact the magnetosphere 
can be arguably more topologically complicated than the more strongly-driven, southward-IMF 
magnetosphere, a and zoo of phenomena occur.  One of the most pressing, unanswered questions 
regarding magnetospheric dynamics and topology is the formation mechanism of “transpolar arcs” 
(TPAs) or “theta aurora”, when the polar cap is bisected by one or more sun-aligned auroral arcs (see 
Fig. 2.11).  There is controversy regarding whether TPAs occur as a consequence of field-aligned cur-
rents associated with convection flow shears on open magnetic field lines or whether they represent 
regions of closed magnetic flux mapping to unusually high latitudes [e.g. Zhu et al., 1997].  Recently 
proposed formation mechanisms [Milan et al., 2005], including reconnection in a twisted northward-
IMF magnetotail [Grocott et al., 2005], suggest that TPAs may be magnetically conjugate, but not 
symmetrically located in the two hemispheres.  The one available interhemispheric study of TPAs 



 Ravens • Auroral and magnetospheric imaging mission  • 15  15  

[Østgaard et al., 2003] does indeed suggest an asymmetry of TPA features.  Studying this asymmetry 
with regular interhemispheric auroral observations and coordinated ionospheric flow measure-
ments, as Ravens will provide, will be key to understanding these complex magnetospheric topolo-
gies. 

The open model of the magnetosphere [Dungey, 1961] has been remarkably successful in describing 
the dynamics of geospace.  However, there have been suggestions that the magnetosphere can be-
come entirely closed under prolonged northward IMF conditions; this would suggest a disappear-
ance of the open polar cap (Sect. 2.3.1), though this has been almost impossible to study because 
the northward-IMF auroras become so dim they are indistinguishable from the polar cap itself.  Low 
altitude, and hence high sensitivity, observations of the auroras are essential to study this possible 
disconnection of the magnetosphere from the solar wind.  Ravens will provide this. 

2.4. Ground-based and modelling support for Ravens 

The Ravens mission will be augmented by two crucial additions: ground-based observations of the 
ionosphere which provide information on the lower boundary of the magnetosphere and its cou-
pling with the atmosphere, and physics-based simulation of the magnetosphere which will allow the 
physical coupling between the regions imaged by Ravens to be investigated. 

2.4.1 Ground-based instrumentation.  Systematic recordings of auroral phenomena with ground-
based (GB) instrument networks (magnetometers, auroral cameras and ionospheric radars) were 
started in the northern Fennoscandia and Svalbard in the late 1950s during the International Geo-
physical Year. Some 30 years later the first comparison studies of GB data with satellite data were 
made [Opgenoorth et al., 1980; Pellinen et al., 1984], and since then joint analysis of magnetically 
conjugated GB and space-based observations has been fundamental to many advances in under-
standing the coupled solar wind-magnetosphere-ionosphere system.  The following GB networks are 
examples of the instrumentation that will support and augment Ravens science.  

MIRACLE. The Magnetometers/Ionospheric Radars/All-sky Cameras Large Experiment (http://www. 
ava.fmi.fi/MIRACLE/) is a meso-scale network of magnetometers and auroral cameras in the Fenno-
scandian sector, covering an area from sub-auroral to polar cap latitudes over a longitude range of 
about two hours of local time.  MIRACLE data are used to deduce value added data products, like 
maps of equivalent currents, auroral precipitation fluxes, and Joule heating rates [Amm and Viljanen, 
1999; Janhunen, 2001; Vanhamäki et al., 2009], parameters key to quantifying magnetosphere-
ionosphere coupling in conjunction with global auroral images. 

SuperDARN.  The Super Dual Auroral Radar 
Network (http://superdarn.jhuapl.edu/) con-
tinues to develop as the pre-eminent means 
of measuring the ionospheric convection pat-
tern at mid and high latitudes.  A recent de-
cadal review of SuperDARN science [Chisham 
et al., 2007] reveals the profound connection 
between auroral and convection measure-
ments for studies of magnetospheric dynam-
ics (Sect. 2.3.1); an example of combining 
auroral imagery and convection maps is indi-
cated in Fig. 2.12. 

 
Fig. 2.12. Combined auroral imagery and SuperDARN 

measurements of global ionospheric convection. 

ALIS. Auroral Large Imaging System (http://alis.irf.se) is a network of steerable auroral imagers in 
northern Scandinavia designed for 3D measurements. 

EISCAT.  The existing European Incoherent Scatter radar system (http://www.eiscat.se/) is planned 
to be augmented in 2015 by a new EISCAT3D system, with planned operations for at least for 30 
years.  EISCAT3D will be unique in its capability to do volumetric imaging of ionospheric conditions 

http://superdarn.jhuapl.edu/
http://alis.irf.se/
http://www.eiscat.se/
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(ion and electron temperatures, electron density and the ion velocity vector) with high recording 
cadence in time and space. 

SuperMAG is a worldwide collaboration of ground based magnetometers. It currently includes data 
from more than 300 stations. SuperMAG provides measurements of ground magnetic field perturba-
tions in the same coordinate system, identical time resolution and with a common baseline removal 
approach. 

NORSTAR.  Northern Solar Terrestrial Array is a network of ASIs, MSPs, and riometers in north-
central Canada.  In the mission time-frame, NORSTAR will likely consist of 10 MSPs providing high 
time/space resolution observations of the proton aurora across ~2 hours of MLT, and 15 imager 
pairs providing full-colour at 1 second cadence and 630 nm/558 nm at 15 second cadence across 6 
hours of MLT from within the polar cap to sub-auroral latitudes. NORSTAR will provide nested higher 
time and space resolution imaging that will fill in spatial scales smaller than those seen by Ravens. 

2.4.2. Physics-based magnetospheric modelling.  In 
connection to the global imaging, modelling is a key 
component of modern space research. Earlier space 
missions have provided mainly in-situ measurements 
from a spatially limited volume, making especially 
global models incorporating the entire near-Earth 
space important in understanding the observed va-
riations, and extrapolating the global circulation of 
energy within the magnetosphere, including solar 
wind energy input, its magnetospheric transfer and its 
ionospheric dissipation [e.g. Palmroth et al., 2006, 
2010].  The only European global MHD simulation 
code, GUMICS-4 (Grand Unified Magnetosphere-
Ionosphere Coupling Simulation) is the latest model in 
a sequence of the simulations [Palmroth et al., 2001]. 

 
Fig. 2.13. Simulation output from GUMICS, in-

cluding magnetospheric mass density and iono-
spheric flows and conductances. 

The main problem in calibrating the GUMICS simulation has been that the conditions within the 
ionosphere are not quantitatively known [Palmroth et al., 2006].   The global imaging data from Ra-
vens provides this ground truth.  The weakness of current global MHD simulations is their inability to 
model the multi-temperature, multi-component plasmas in the inner magnetosphere, the ring cur-
rent and plasmasphere.  Hence, FMI is currently developing a new physics-based self-consistent 
global plasma simulation that can describe multi-component and multi-temperature plasmas to re-
solve non-MHD processes that currently cannot be self-consistently described by the existing global 
plasma simulations.  The new simulation tool will be of vital importance in interpreting the Ravens 
imaging data, as it provides the self-consistent feedbacks between the different domains, such as 
how the inner magnetospheric source population is energized and precipitated to the ionosphere, 
and what type of auroral phenomena they produce. 

2.5. Science requirements 

The Ravens observable parameters are described and discussed in Sects. 2.2.1-2.2.4, and the science 
topics that these will address are discussed in Sects. 2.2 and 2.3.  These are summarized in Table 2.2, 
along with the instruments that are envisaged to provide the required measurements, as described 
in Sect. 4.  Instrument performances are well-understood in terms of previous imaging missions, and 
indeed many of the instruments proposed are heritage designs from Polar or IMAGE.  The mission is 
required to have an initial lifetime of 3 years, during which time the orbit will precess (see Sect. 3.2).  
Extensions beyond this will be highly desirable to observe magnetospheric behaviour at different 
phases of the solar cycle.  Table 2.3 summarizes the minimum requirements for considering the mis-
sion a success. 
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Table 2.2.  Ravens science requirements (including cadence and spatial resolution where appropriate), related 
observables, the instruments that will provide the required measurements, and the science topics addressed, 

as described in subsections (2.*.*) of Sect. 2. of the proposal 

 
Requirement Observable(s) Instrument(s) 

Science addressed 
(Sect. 2.*.* sub-

section) 

Ra
ve

ns
 sp

ac
ec

ra
ft

 /
 in

st
ru

m
en

ts
 

Northern hemisphere electron auro-
ras, energy discrimination, continu-
ous observation, 30 s, 50 km (500 km 
for X-rays) 

LBH-l and LBH-s emissions 
from N2, bremsstrahlung X-
rays 

UVAMC-0, -1 
XIR 

2.1, 2.4, 3.1, 3.2, 3.3, 
3.4, 3.5 

Northern hemisphere proton auro-
ras, continuous observation, 30 s, 50 
km 

Doppler shifted Lyman-α 
from charge-exchanging H FUVSI 2.1, 2.4, 3.1, 3.2, 3.3, 

3.4, 3.5 

Southern hemisphere electron auro-
ras, frequent conjugate observation, 
30 s, 50 km (500 km for X-rays) 

Wideband FUV emissions, 
bremsstrahlung X-rays 

WFAI 
XIR 2.1, 2.4, 3.2, 3.4, 3.5 

Plasmasphere density, 
continuous observation, 3D recon-
struction, 30 min 

30.4 nm sunlight scattered by 
He+ EPI 2.3, 3.1, 3.2, 3.3, 3.5 

Ring current H+ and O+ ion density in 
the 10-200/nuc keV range, continu-
ous observation,3D reconstruction, 
heavy ion outflow <3 keV, 30 min 

Energetic Neutral Atoms from 
charge-exchanging ring cur-
rent ions and outflowing 
ionospheric heavy ions 

NAIR-A, -B 2.2, 3.1, 3.2, 3.3 

Su
pp

or
tin

g 
fa

ci
lit

ie
s 

Ionospheric parameters, frequent or 
continuous observation, auroral ob-
servations, 1 min 

Electron density profile, 
Ion outflow, 
Current density 

EISCAT,MIRACLE 
SuperMAG, ALIS 

NORSTAR 

2.1, 2.2, 2.4, 3.1, 3.2, 
3.3, 3.4, 3.5 

Ionospheric convection, northern and 
southern hemisphere, continuous 
observation, 1 min, 50 km 

Horizontal F region plasma 
drift SuperDARN 2.1, 2.3, 2.4, 3.1, 3.2, 

3.3, 3.4, 3.5 

Physics-based modelling and assimi-
lation 

Plasma parameters, magnetic 
fields, processes, feedbacks GUMICS-4+ 2.1, 2.2, 2.3, 2.4, 3.1, 

3.2, 3.3, 3.4, 3.5 

 
Table 2.3. Ravens mission success criteria 

o 3 year mission lifetime 
o Provides continuous auroral observations from one hemisphere 
o Provides conjugate images from both hemispheres 
o Provides continuous images of the plasmasphere 
o Provides continuous images of the ring current 

3. Mission profile proposed to achieve these objectives 

3.1. Launcher requirements 

Ravens will comprise two identical spacecraft, which will be launched together.  They cannot be 
launched together directly into their operational orbits (see Sect. 3.2).  Instead, it is envisaged that 
they will be launched into a relatively low elliptical parking orbit.  The spacecraft will then manoeu-
vre into their operational 7 × 1.8 RE (geocentric) orbits under their own power; the mass of apogee 
kick motor and required fuel will be considered in Phase-A.  One spacecraft will raise its apogee first; 
the second will raise its apogee once the desired 180° phase difference has been achieved. 

It is anticipated that the Ravens pair could be launched together into low Earth orbit onboard a 
Soyuz-Fregat rocket.  They would be piggy-backed in much the same way as each pair of Cluster 
spacecraft were.  A study of the accommodation of the two spacecraft within the Soyuz fairing will 
be undertaken in Phase-A. 
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Fig. 3.1.  The orbital configuration of the Ravens pair, in the same 7×1.8 RE orbit, phased 180° relative to one 
another.  This ensures that at least one spacecraft can observe the northern hemisphere auroras at all times, 

with regular views of the southern hemisphere. 

3.2. Orbit requirements 

To achieve the combination of continuous auroral imaging in one hemisphere, regular auroral imag-
ing in the opposite hemisphere, and stereographic observations of the ring current and plasmas-
phere regions requires two spacecraft in HEO eccentric polar orbits, one at perigee while the other is 
at apogee (see Fig. 3.1). 

The spin axes of the spacecraft will be aligned perpendicular to the orbit plane, such that the imag-
ing instruments located on the rim of the spacecraft looking outwards will scan across the Earth each 
spin.  To image the auroras, plasmasphere, or ring current with a cadence of 30 s, the spacecraft 
must spin at 2 rpm. 

The planned orbital configuration is 7 × 1.8 RE (geocentric), with orbital inclination 90°, and orbital 
period of 13.0 h.  These parameters are driven by a number of constraints: that unbroken auroral 
imaging of the northern hemisphere is possible, that perigee is sufficiently high that global auroral 
imaging of the southern hemisphere is possible, the fuel requirements to achieve the orbits.  These 
parameters have been found to be optimal for these constraints (see discussion related to KuaFu-B 
in Sect. 5), though they can be modified in the light of additional constraints, and will be explored in 
detail during subsequent phases of the mission definition. 

The initial lifetime of the mission is anticipated to be 3 years.  Extensions to this lifetime would allow 
continued delivery of all the science requirements of the mission and lead to enhanced science re-
turn (see Sect. 2).  A total mission lifetime of 11 years would allow all phases of the solar cycle to be 
observed and the magnetosphere’s response to evolving solar wind conditions to be determined. 

Over the mission lifetime, the orbit will evolve, specifically its line of apsides will precess so that after 
approximately 3 years the apogee will lie in the ecliptic plane.  While the ring current and plasmas-
pheric observations will be largely unaffected, the observations of the apogee auroral imagers will 
adversely affected.  On the other hand, the O 135.6 nm FUVSI camera (Sect. 4.3) will be able to un-
dertake important studies of equatorial airglow.  The perigee imagers, however, designed to work at 
low altitude will continue to make useful observations; indeed, each spacecraft will pass over the 
northern and southern polar regions in quick succession on each orbit.  As the orbits precess further 
and the apogee of the orbits move below the ecliptic, the southern hemisphere auroras will be im-
aged continuously, with regular observations of the northern hemisphere auroras, once again fulfill-
ing all of the mission requirements again.  Hence, extensions of the mission lifetime beyond the ini-
tial 3 years will continue to deliver all desired science output. 

A possibility to be explored in the definition phase is that later in the mission the orbits of the two 
spacecraft could be re-aligned such that their apogees are in opposite hemispheres, allowing sev-
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eral-hour observations of conjugate auroral dynamics each orbit.  The frequency and energy / fuel 
requirements for such control manoeuvres are a subject for the instrument Phase-A study. 

3.3. Ground segment requirements 

The ground segment will comprise the Ravens Missions Operations Centre (RMOC), ground receiving 
stations, communications network, and Ravens Data Archiving System (RDAS) for data distribution to 
the scientific community.  The mission requires ground stations to communicate with the two Ra-
vens spacecraft in order to support telemetry, telecommand, and tracking.  While the Ravens space-
craft are manoeuvring into their operational orbits, several ground stations may be necessary; it is 
anticipated that a single ESA station will suffice once the operational phase has commenced. 

As described in Sect. 6.1, the Ravens Science Working Team (RSWT) will comprise the mission and 
instrument PIs, and will define the science requirements, which will be fed to the RMOC via the Ra-
vens Science Operations Center (RSOC).  The RMOC will provide mission control functions for both 
the spacecraft and payload, and will deliver the scientific requirements within the overall system 
resources.  The mission operations will remain the responsibility of ESA throughout the mission. 

4. Proposed model payload to achieve the science objectives 

4.1 Overview 

The Ravens science payload will comprise auroral imagers to observe the auroras from apogee and 
perigee, a plasmasphere imager, and a ring current imager.  Each Ravens spacecraft will spin at 2 
rpm, with its spin axis perpendicular to the orbital plane.  The instruments will be arranged to look 
out of the rim of the spacecraft such that they scan across the Earth and its environs every 30 s.  The 
strawman instrument payload (and potential providers) comprises: 

Section Acronym Instrument package name Potential provider 

4.2 UVAMC Ultra-violet Auroral Monitoring Cameras University of Calgary 

4.3 FUVSI Far Ultraviolet Spectrographic Imager University of Liège 

4.4 XIR X-ray Imager for Ravens Universities of Bergen, Leicester 

4.5 WFAI Wide-Field Auroral Imager University of Leicester 

4.6 EPI EUV Plasmasphere Imager Mullard Space Science Laboratory 

4.7 NAIR Neutral Atom Imager for Ravens University of Ireland, JHU/APL, IRF 

UVAMC and FUVSI will image FUV auroral emissions from near apogee; WFAI will image the FUV 
auroras from perigee, though will also make useful observations from apogee; XIR will image the X-
ray auroras from apogee and perigee; EPI and NAIR will image the plasmasphere and ring current, 
respectively, at all points of the orbit. 

Four auroral imaging packages are necessary to provide (from apogee) images of auroras produced 
by electron precipitation and the energy spectrum of the incident electrons, images of proton pre-
cipitation, and (from perigee) images of electron auroras.  UVAMC will image the electron auroral 
emissions in the Lyman-Birge-Hopfield Nitrogen waveband, discriminating between the LBH-long 
and LBH-short bands, which provide spectral information about precipitating electrons in the range 
1-20 keV.  XIR will image bremsstrahlung radiation from highly energetic incident particles from 
which spectral information about the precipitating electrons from 20-150 keV  can be obtained.  To-
gether, UVAMC and XIR will provide comprehensive information regarding the energy spectrum of 
the incident electrons producing the auroras, covering all energies important for the ionospheric 
electrodynamics.  FUVSI will image predominantly Doppler-shifted Lyman-α emission from charge-
exchanging precipitating protons.  WFAI, with a wider field-of-view than UVAMC, FUVSI, will image 
from perigee, providing conjugate views of the auroras. 
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Shared Data Processing Unit.  All instruments will have similar processing needs, so the possibility of 
a shared DPU will be investigated, to reduce mass and power requirements. 

Operating modes.  All instruments will scan across the disk of the planet, once every spacecraft spin, 
that is every 30 s.  The instruments are expected to operate in a mode which captures an image 
every scan, though some may require to integrate over several spins (e.g. XIR, EPI, NAIR).  Other 
modes will be available for specific situations including “windowed” and downsampled modes, pro-
viding multiple images per spin for enhanced temporal information, in-flight calibration modes (e.g. 
observation of Earth’s limb or selected stars), and one or more safe modes, e.g. powering down of 
charged particle-sensitive instrumentation during passage through the South Atlantic Anomaly, 
which may be triggered by timing or particle detector data. 

Table 4.1.  Mass and power usage estimates for the Ravens scientific payload.  The estimates for each instru-
ment include DPU requirements; a shared DPU between instruments will significantly reduce the overall mass 

and energy requirements.  

Instrument package Mass (kg) Power (W) Data rate (kbs) 
UVAMC (UVAMC-0 and -1) 35 35 70 

FUVSI 20 3 70 

XIR 29 16 48 

WFAI 3 10 35 

EPI 7 7 35 

NAIR (NAIR-A and -B) 7 15 20 

Shared DPU 5 5 - 
Total 106 91 278 

Baseline data storage and telemetry requirements.  Each camera will capture one image every 30 s.  
If these images are constructed on the fly (i.e. data related to individual photon detections is not 
required) then a 256×256 pixel image with each pixel encoded in 16 bits requires 128 kByte (NAIR 
somewhat less).  UVAMC, FUVSI, and NAIR will collect 2 images each per spin, XIR, WFAI, and EPI, 
one each, or a total of 1.5 MByte per spin, including housekeeping.  This represents approximately 
3.5 GByte day-1 or 320 kbit s-1 per spacecraft.  These figures assume no compression.  Compression 
ratios of ~1.4-1.8 are possible using lossless algorithms (e.g. Rice), and considerably higher ratios are 
available via lossy processing Image compression techniques; this could significantly reduce the te-
lemetry requirements.  SD-RAM and flash memory COTS solutions are available in radiation-tolerant 
space-qualified packages which would meet these requirements, subject to  the use of a compatible 
DPU architecture. 

Cleanliness.  For all instruments, a high level of cleanliness is required during handling, installation 
and testing.  Optical components must not be exposed to environments exceeding 100,000 particles 
per cubic foot, greater than 0.5 microns in size.  All parts must be protected from contamination dur-
ing shipping and handling.  In general, sealed aperture doors will provide some measure of protec-
tion of the filters and coatings.  UV optics are particularly sensitive to contamination and require 
special attention during assembly, integration and verification; reference documents are provided in 
Section 5.2. 

Proposed procurement approach.  Instrument providers will approach their respective funding 
agencies from which they typically obtain support for space missions, or, where necessary, funds will 
be sought through ESA’s PRODEX. 

4.2. Ultra-violet Auroral Monitoring Cameras (UVAMC) 

Description of measurement technique.  UVAMC will consist of two cameras designed to image the 
long- and short-wavelength portions of the Lyman-Birge-Hopfield N2 wavelength bands (UVAMC-0 
and UVAMC-1, respectively).  The design of the UVAMC imagers is motivated by a desire to record 
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snapshots of auroral dynamics with high temporal resolution under nighttime as well as fully sunlit 
conditions.  An intensified FUV CCD-based imager with fast optics will be developed.  Such a design 
allows each image pixel to be exposed simultaneously, giving true snapshot ability as well as high 
temporal resolution.  Given that the spacecraft spins at a rate of 2 rpm, a too long exposure time 
would result in smearing of the image across the CCD.  In fact, given the various parameters of the 
mission, the allowable exposure time would be no more than a few milliseconds before smear would 
become significant.  Even with a fast optical design and an image intensifier, this exposure time is far 
too short to be able to image faint auroral emissions.  To overcome this problem, the CCD will be run 
in the Time Delay and Integration (TDI) mode.  This approach works well provided that the columns 
of the CCD (i.e., the direction of charge-stepping) is aligned almost exactly perpendicular to the spin 
axis of the satellite so that the image points move strictly along a CCD column (and not at some 
oblique angle to it).  Considering the high spatial resolution requirement, this will place certain de-
mands on the satellite platform spin pointing stabilization performance. 

 
Fig. 4.1.  UVAMC optical design. 

Instrument conceptual design. The image-
forming section of each camera comprises a fast, 
on-axis all-reflecting telescope with two elliptical 
conical mirrors and one hyperbolic mirror (Fig. 
4.1).  This type of reflecting telescope is very 
compact, and has excellent light gathering power.  
Moreover, it has excellent resolution over most of 
its field of view and has a high throughput in the 
far ultraviolet part of the spectrum.  Each camera 
has a field of view of 20 × 20 degrees.  This field of 
view must be unobstructed by booms or other 
protrusions that would scatter sunlight into the 
optical system and causing possible damage to the 
detector.  Adequate baffling will be implemented, 
and a reusable aperture door is planned. 

Special proprietary dielectric multilayer mirror coatings [Torr et al., 1995] will be used.  These have 
very low reflectivity in Visible and Near-UV region, and are manufactured for high reflectivity in the 
LBH-short or LBH-long wavelength region, as required.  The three reflecting surfaces on which to 
deposit such coatings will help us achieve the required 1010 out-of-band rejection, for an imager sen-
sitivity of ~60 Rayleighs in a 1.66-second exposure(the time to rotate the Earth through the camera 
FOV).  In addition, there is a BaF2 window in front of the detector, which provides the short wave-
length cutoff.  A CsI (solar blind) MCP photocathode provides additional long wavelength cutoff at 
about 200 nm. 

Table 4.2.  Preliminary characteristics for UVAMC-0 and -1. 

Field of View 20 degrees 
Camera speed f/2.5 or better 

Spectral Wavelengths 140-160 nm (UVAMC-1) 
160-190 nm (UVAMC-0) 

Detector Single-stage microchannel plate intensifier fibre opti-
cally coupled to CCD imaging array 

CCD format 1024 × 1024 
Pixel size 24.4 × 24.4 µm 
Active area 25 × 25 mm 
Image format 1024 × 1024 pixels binned to 341 × 341 
Sensitivity ~60 R FUV for 1.66 s exposure 
Instrument length × cylindrical diameter 23 × 14 cm 
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The overall design of the UVAMC intensified/CCD system is similar to that used for the FREJA instru-
ment design [Murphree et al., 1994].  UVAMC will adapt these flight proven technologies to meet 
the current measurement requirements.  A BaF2 (or CaF2 for LBH-l) window provides a short wave-
length cutoff and seals the intensifier, while the solar blind CsI photocathode provides a longer 
wavelength cutoff for visible light rejection.  The photocathode material is deposited directly onto 
the MCP which is biased with high voltage, approximately 5 kV.  The photoelectrons (generated in 
and accelerated by the MCP) are converted to light again with an aluminum coated phosphor.  The 
aluminum coating provides light isolation of the CCD to photons that have come through the MCP.  
The phosphor material, P43, was chosen because of the fast decay time (>100ns) due to the Time-
Delay-Integration (TDI) imaging mode of the cameras.  The photons produced in the phosphor are 
coupled through a short fibre optic relay onto the CCD camera. The baselined CCD is a 1024 × 1024 
pixels chip, yielding a ~40 km resolution from apogee, for a 20 degree field of view (when operated 
in a 3 × 3 pixel binning mode).  The CCD will not require a mechanical shutter. 

Pointing and alignment.  Provision of a despun platform for UVAMC would significantly improve 
spatial resolution and sensitivity.  This possibility will be explored in Phase-A studies. 

Resources.  The total UVAMC payload (two imagers and electronics) is expected to be 35 kg (includ-
ing a 30% contingency).  The physical envelope of each imager is 23cm in length with a 14 cm diame-
ter (cylindrical).  Two high voltage power supplies will be required (one per imager), each with physi-
cal dimensions of 15 × 14 × 12cm3.  The average power consumption for the entire payload will be 
approximately 35 W (again including a 30% contingency). 

Interface requirements.  The CCD needs to be operated at some stabilized temperature below 0 de-
grees C in order to reduce thermal noise.  This is accomplished by using a radiator that faces directly 
towards Earth, supplemented by low-power active cooling (or heating) from a TEC.  The power fig-
ures given below include provision for some low-power active cooling. Temperature sensors will be 
mounted at strategic places, and temperature will be continuously monitored.  The instrument input 
power supply voltage will be +28 VDC ± 6 V.  The instrument will survive indefinite application of in-
put voltages between 0 and +40 V, with no damage. 

Heritage and TRL.  All critical technology items within the UVAMC design have either been previ-
ously flown, or are flight qualified and awaiting launch.  These include the UV aspheric mirrors, baf-
fles and internal surfaces, UV mirror coatings, UV transmission filters, high voltage power supplies, 
image intensifiers, image sensor, electronics and fibre taper.  The UVAMC design is a reuse of these 
mature technologies in a new configuration with, in some cases, modifications to achieve specific 
measurement requirements. 

4.3. FUV Spectrographic Imager (Ravens-SI) 

Description of the measurement technique.  The Ravens-SI is an imaging monochromator.  In this 
instrument, optical elements are used to isolate one or several wavelength(s) and produce images at 
the desired wavelength(s) on spatially separated detectors, one per desired wavelength.  In the case 
of Ravens-SI, the desired wavelength are the Doppler-shifted auroral Lyman-α produced by auroral 
protons having captured and electron, and the oxygen emission at 135.6 nm produced in the aurora 
by collisions between auroral secondary electrons and the ambient oxygen [Mende et al., 2000a, b]. 

Instrument conceptual design.  The Ravens-SI consists of (1) An input aperture in the form of a (grill 
of) slit(s), followed by (2) a collimator mirror that produces parallel light from any point on the slit 
and focuses any parallel light coming through the slit at an intermediate image produced, approx-
imately, at the third element of the system: the grating. (3) A reflection grating, that allows the sepa-
ration of the desired wavelength(s) (several wavelength can be selected for observation), and that 
relays the intermediate image(s) onto spatially separated sensors (one per desired wavelength) 
made up of (4.a) an exit slit and two mirrors (one of them being spherical), and (4.b) an image sensor 
sensitive at the desired wavelength.  In the case of Doppler-shifted Lyman-α, the exit slit can consist 
of a pattern of slits in anti-coincidence with the input slit, while for the 135.6 nm wavelength, a 
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plane wide slit is convenient.  Time-Delayed Integration (TDI) is needed to compensate the space-
craft rotation. 

Performance assessment with respect to science objectives.  The design described at point 2 has 
been proven to properly select the Doppler-shifted auroral Lyman-α while efficiently rejecting the 
nearby geocoronal Lyman-α and the bright resonance line emission of atomic nitrogen at 120 nm, 
thus fully allowing the desired imaging of the proton aurora.  It was also demonstrated that a ~5 nm 
FWHM wavelength interval can be selected centered on the oxygen 135.6 nm emission, thus isolat-
ing the desired auroral emission. 

Resources.  We rely on the previous NASA-IMAGE mission legacy to estimate the properties of the 
instrument. The mass of an SI system selecting two wavelengths is approximately 20 kg. The electric 
consumption of the working instrument is 3 W (operating).  The typical dimension of an SI are 800 × 
515 × 300 mm, subject to modification if needed by higher performance requirements. 

 

Pointing and alignment.  As no tele-
scope is needed in the SI, the pointing 
and alignment issue reduces to proper-
ly assessing the geometry of the in-
strument within the spacecraft plat-
form, using reference cubes. 

 
 
Fig. 4.2.  Design of FUVSI, which will sepa-
rate and simultaneously image the Dop-
pler-shifted Lyman-α line at 121.8 nm and 
oxygen emission at 135.6 nm. 

 

Operating modes.  The instrument will be operated as (1) Off, (2) Stand by (these modes can be 
needed to protect the instrument while crossing the radiation belts), (3) On (standard operating 
mode), and (4) Star field observations: operated with the same electrical voltage as mode (3), and 
necessary for in-flight calibration and regular calibration checks using stable stellar emission pre-
viously observed with other satellites, like IUE or the Hubble Space Telescope. High voltage tuning 
can be decided based on mode (4) observations, in order to compensate for possible sensitivity loss 
due to detector ageing. 

Specific interface requirements.  In order to promote the out-gassing of impurities, which could de-
grade the optical performance, it is necessary to include heaters in the instrument. 

Calibration and other specific requirements.  Calibration and testing can be fully conducted at CSL, 
Liège, Belgium. 

Heritage and TRL.  Flown as NASA-IMAGE FUV/SI-12 and -13.  CSL (Univeristy of Liège) was exten-
sively involved in the construction, calibration and testing of the NASA IMAGE-SI.  Hence Ravens-SI is 
considered as a TRL-9 instrument. However, newer and more efficient image sensors will be used in 
the Ravens-SI instrument. Slight modifications of the optical design can also be considered to im-
prove the instrument PSF. 

4.4. X-ray Imager for Ravens (XIR) 

Description of the measurement technique.  Precipitating energetic electrons produce X-ray 
bremsstrahlung when colliding with the neutral upper atmosphere, which can be detected at satel-
lite altitude. The imaging technique is based on a pin-hole design and the photons will be detected in 
a layer of pixelated detector material. 

Instrument conceptual design.  For XIR the detector material will be Cadmium-Zink-Telluride (CZT).  
CZT semiconductor detectors have a high quantum efficiency for hard X-rays due to their high atom-
ic numbers. They can be operated close to room temperature (typically +10°C).  CZT detector sys-
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tems are operated with modest High Voltage (400 V) supply requirements. Coupled to ASICs, these 
systems are compact and ideally suited for space experiments with a low read-out noise and high 
energy-resolution.  XIR will have a simple embedded Data Process Unit (DPU) and a Power Supply 
Unit (PSU) for Low and High Voltage supply. 

For a 5 mm thick CZT-layer the quantum efficiency is close to 100% below 100 keV (80% at 150 keV).  
The lower energy threshold will be ~15 keV.  The detector area will be 512 cm2 with 8192 pixels.  The 
baseline design comprises a pinhole-size of 5 × 5 mm2, pixel-size of 2.5 × 2.5 mm2, and 200 mm be-
tween pinhole and detector layer.  An adaptive pinhole scheme will be used, with 18 open pinholes 
at apogee, 2 open pinhole at perigee and 8 open pinholes in an intermediate configuration. 

Table 4.3.  XIR count rate for a spinning platform. 

 Apogee imaging Perigee imaging 
 18 pinholes, 

typical X-ray flux 
Res**: 6 min 

18 pinholes 
10% of typical flux 

Res**: 6 min 

2 pinhole, 
typical X-ray flux 

Res**: 2 min 

2 pinholes, 
10% of typical flux 

Res**: 2 min 
Total counts 
/4 pixels*/res 600 +/- 25 180 +/- 13 200 +/-14 30 +/- 5 

Background counts 
/4 pixels*/res 140 +/-12 140 +/-12 8 +/- 3 8 +/- 3 

Spatial Resolution 500-950 km*** 500-950 km*** 130 km 130 km 
* 4 pixels correspond to pinhole size 
** Res=resolution, the actual accumulation time is only 1/5 of that (360°/72°) 
*** Spatial resolution from 4-7 Re geocentric distance 

From previous measurements of X-ray auroras we estimate a typical flux of photons (15-150 keV) of 
3000 ph cm-2 sr-1 s-1. The background count rate is estimated to be 2 cts cm-2 s-1 and will be reduced 
by a background rejection design which includes shielding.  In addition, a layer of plastic scintillator 
parallel to the CZT layer will enable detection of particles by coincident detection in the  plastic and 
the CZT layer.  All the edge pixels for background rejection.  It is estimated that the background will 
be reduced by a factor of 5.  Observations may be integrated over several spacecraft spins (approx 5 
min) to achieve required signal to noise. 

Resources.  XIR will weigh approximately 29 kg, with a power usage of 16 W (operating).  The in-
strument dimensions will be approx 34 × 36 × 30 cm. 

Pointing and alignment.  72° × 72° field-of-view. 

Operating modes.  An adaptive pinhole scheme will be used, with three pinhole configurations (see 
above). 

Calibration and other specific requirements.  Calibration will be carried out on ground and in-situ by 
weak radioactive sources.  

Heritage and TRL.  The XIR is similar to the Modular X and Gamma ray Sensor (MXGS), part of the 
Atmosphere Space Interactions Monitor (ASIM) instrument, to be flown on the International Space 
Station (ISS).  Both CZT with ASICs and the read-out electronics are fully developed.  The shielding 
and pinhole mechanical solution must be designed.  The background rejection design must be devel-
oped.  Current TRL-5/6; ASIM to be TRL-9 by 2011. 

4.5. Wide Field FUV Auroral Imager (WFAI) 

Description of the measurement technique. WFAI uses microchannel plate (MCP) optics to focus 
ultraviolet light onto a photon-counting imaging detector. One or more transmissive filters define 
broad wavelength bandpasses. These are deposited on a CaF2 window in front of the detector. 
Photometric images allow the measurement of auroral emission as a function of location and time. 
The wide instantaneous field of view and spacecraft orbital motion permit large areas of auroral 
emission to be observed during each spacecraft pass. 
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Instrument conceptual design. WFAI uses a radially-slumped square-pore MCP optic. UV light is fo-
cused by reflections from the walls of the channels onto a MCP detector slumped to match the 
curved focal plane of the optic. A 2 × 2 arrangement of optic tiles, each 40 x 40 mm and ~1mm in 
thickness, produces a field of view of 44° × 44°, and alternative geometries are possible. The band-
pass is defined by an interference filter deposited on a CaF2 substrate. The filter has flight heritage 
and enables the instrument to observe photons in the range 140-180 nm, containing the Lyman-
Birge-Hopfield (LBH) emissions. The substrate acts as a barrier to electrons and to the intense 
Lyman-α emission at 121.6 nm, permitting auroral emission to be imaged in dark and sunlit iono-
spheres. The detector consists of a two-MCP electron multiplier stack. The detector’s Capacitive Di-
vision Image Readout (C-DIR) element offers considerably enhanced spatial resolution at high count 
rates, and greater signal processing capability within the detector unit, compared to more conven-
tional readout designs. 

Performance assessment with respect to science objectives. The primary science requirements are 
summarised in Table 4.4. The objective of the instrument is to image the visible disc of the planet 
from perigee, and to resolve features of size ~20 km, matching the resolution of ground-based radar. 

Table 4.4. Science requirements for the WFAI. 

Parameter Requirement 
Field-of-view 68° (cross-track) 
Spatial Resolution 20 km (nadir) at 0.8 RE altitude, angular resolution 14 arcmin. 
Sensitivity limits 20 k Rayleigh (max) - 60 Rayleigh (min) 
Temporal Resolution Photon arrival time knowledge to better than 0.5 second 

A 2 × 2 optic WFAI module achieves a field of view of 45° × 45°.  Alternative geometries are possible; 
a module consisting of 3 × 2 MCP optics leads to a field of view of approximately 65° × 22°. The 
combination of channel size and diffraction limit the angular resolution to ~9 arcminutes, exceeding 
requirements for the instrument. A 10-sigma detection is indicated for the faint (60 R) emissions. 
The detector provides nanosecond-level timing, exceeding the requirements of the instrument. 

Resources. A single module occupies a volume of approx. 15 × 10 × 10 cm (excluding any dedicated 
digital processor unit) and has a mass of approximately 1.7 kg, (incl. 20% contingency). Power re-
quirements are +/-12 V maximum, 9.56 W per module. 

Data Handling & Telemetry. On-board data processing is required to perform aspect reconstruction 
and convert photon event data into images. Lossy (e.g. JPEG) and lossless (e.g. Rice) compression 
algorithms may be applied.  

Pointing and alignment requirements. The preferred orientation is nadir-pointing. Geodetic position 
of the emission element should be known to better than 5 km. Field-of-view to be free of obstruc-
tion from other spacecraft structures. Time resolution to <0.1 second resolution and attitude knowl-
edge at the few arcmin level is required. 

 
Fig. 4.3. Schematic view of a single 

WFAI module. 

Operating modes. Consecutive full-resolution image sequences; 
Increased time resolution downsampled images; high time reso-
lution, low data volume "Keogram" mode; Image burst mode; 
Keogram burst mode; Safe mode. 

Specific interface requirements. The focal plane assembly does 
not require active cooling. Non-operational thermal limits: -55°C 
to +125°C (structure & optics) and -40°C to +80°C (detector & 
electronics). Operational thermal limits of -20°C to +50°C apply 
for detector and electronics. 

Calibration and other specific requirements.  UV detector calibration facilities at Leicester are suit-
able for calibration and testing including detector noise, gain uniformity, image linearity, quantum 
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efficiency as a function of wavelength, spatial and temporal resolution and temporal stability. Some 
opportunities for in-flight calibration exist through the observation of UV stellar sources. 

Heritage and TRL. MCP optics: TRL-4 (MCP optics will be flown in the MIXS instrument onboard ESA’s 
BepiColombo mission to Mercury and have been demonstrated in thermal, vacuum and vibration 
tests.) MCP detector: TRL-9. Extensive flight heritage including Voyagers 1 & 2, and ROSAT. C-DIR 
Readout: TRL-3. Laboratory demonstrations have proved the C-DIR concept. A “fallback” readout 
technology with TRL-9 (the resistive anode) is available. Filters: TRL-9. These filters have flown in the 
UV photometer in Dynamics Explorer 1.Critical issues. The necessity for rejection of solar thermal 
energy from the instrument (e.g. baffles) will be studied. The sharing of subsystems such as Digital 
Processors between imaging instruments would offer substantial savings in mass, power and volume 
requirements and should be considered. 

Current heritage and Technology Readiness Level (TRL). MCP optics: TRL-4 (MCP optics will be flown 
in the MIXS instrument onboard ESA’s BepiColombo mission to Mercury and have been demon-
strated in thermal, vacuum and vibration tests.) MCP detector: TRL-9. Extensive flight heritage in-
cluding Voyagers 1 & 2, and ROSAT. C-DIR Readout: TRL-3. Laboratory demonstrations have proved 
the C-DIR concept. A “fallback” readout technology with TRL-9 (the resistive anode) is available. Fil-
ters: TRL-9. These filters have flown in the UV photometer in Dynamics Explorer 1. 

Critical issues. The necessity for rejection of solar thermal energy from the instrument (e.g. baffles) 
will be studied. The sharing of subsystems such as Digital Processors between imaging instruments 
would offer substantial savings in mass, power and volume requirements and should be considered. 

4.6. EUV plasmasphere imager (EPI) 

Description of the measurement technique.  A reflecting telescope will observe the 30.4 nm EUV 
line of sunlight resonantly-scattered from singly-charged Helium, He+.  He+ is a slowly varying frac-
tion ~20% of the cold plasma in the magnetosphere.  The source is optically thin and to obtain quan-
titative 3D global images of the magnetosphere we propose to observe the He 30.4 nm radiation 
from the two Ravens spacecraft providing a stereoscopic view. 

Instrument conceptual design.  The imager consists of two telescopes each with a field-of-view of 
45° (meridional plane) × 16° (zonal) relative to the spin axis of the spacecraft.  As the spacecraft ro-
tates the field-of-view sweeps out a range of 90° x 360° over the sky.  The optical structure consists 
of a concave mirror which focuses on a circular convex detector.  The spectral resolution is achieved 
by the combination of two elements: the mirror has a multilayer surface which acts as an interfer-
ence filter with a pass-band centred on 30.4 nm;  other pass-bands are eliminated by a filter placed 
across the aperture.  The detector is a microchannel plate whose spherical surface matches the mir-
ror’s focal plane radius.  The detector readout is a 2D wedge/strip scheme with processing capability 
of 105 events per second.  Tables 4.5 and 4.6 summarize the source brightness of features which 
must be resolved by EPI, and baseline optical characteristics of the EPI instrument.  The EPI could 
integrate over several spacecraft spins to increase to signal to noise. 

Table 4.5. Source brightness of plasmaspheric features. 

Plasmasphere feature Source brightness (Rayleighs) 
Plasmasphere structure 5 – 150 
Plasmapause location 1 – 5 
Detached plasma / drainage plumes 0.05 – 5 
Plasma trough refilling 0.05 – 5 

Table 4.6.  Optical characteristics of EPI. 

Sensitivity 1 Rayleigh in 60 s integration 
Resolution 0.4° on axis, 1.3° at edge 
Dynamic range ~106 
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Resources.  Mass and power requirements for the basic EPI are 7 kg and 7 W, respectively.  The di-
mensions are TBD. 

Heritage and TRL.  MSSL: The Wedge/Strip readout has flight heritage on Polar and Mars 96; MSSL 
flight software (Cluster, Mars 96), central data processing unit for instruments (Cluster), project 
management, environmental testing.  University of Leicester:  Optical design, optical bench struc-
ture, spherical surface detectors, telescope integration and calibration.  Currently TRL-4. 

4.7. ENA ring current imager: Neutral Atom Imager for Ravens (NAIR) 

Description of the measurement technique.  Energetic Neutral Atoms (ENAs) are generated in the 
terrestrial magnetosphere through charge exchange between magnetically trapped energetic ions 
and cool neutral gasses.  An ENA imager can record the arrival directions, energies and mass species 
of magnetospheric ENAs as well as indirectly provide global images of the spatial, energy and mass 
species distributions of their parent ion populations.  Continuous linear inversion is used to retrieve 
the ion intensities and plasma pressure of the ring current.  Each spacecraft would carry two ENA 
instruments: NAIR-A (high energy) is a neutral-to-ion conversion system that uses time-of-flight 
(TOF) for velocity and mass determinations; NAIR-B (medium energy) is a TOF system featuring 1D-
START and 1D-STOP MCP assemblies. 

Instrument conceptual design.  NAIR-A constitutes a 1-D, foil-based, TOF system. The sensor bore-
plane is parallel to the spacecraft spin axis.  An electrostatic deflector removes charged particles. 
Incoming ENAs are first passed through a thin START-foil.  The forward secondary electrons thereby 
produced are guided toward a 1-D position sensitive START-MCP and used for START-timing and for 
polar angle (in the spin axis) determinations.  After passing the START-foil, the ENAs continue and hit 
a STOP-foil.  The forward stop electrons are recorded by a 1-D, position sensitive, STOP-MCP used 
for stop-timing and polar angle (in the spin axis) determinations.  The pulse height of the STOP signal 
is analyzed and used for mass discrimination (separation of H and O) in a manner similar to that used 
by HENA/ IMAGE and INCA (Cassini). Fig. 4.4 shows the Cassini/INCA design, but for Ravens a 2nd 
generation ENA camera would be flown with a ~2-300 keV/nuc energy range for H and O and a G 
factor of about 1 cm2 sr enabling statistically significant images at a minute time resolution, which 
far exceeds Ravens measurement requirements. 

 
Fig. 4.4.  A 2nd generation Cassini/INCA design would be 

used as a baseline for the NAIR-A cameras. 

NAIR-B, which is based on a surface conver-
sion/reflection technique, consists of an ion 
rejection system, ionization surface, photon 
rejection system (which also performs rough 
energy analysis), and a velocity (mass) analysis 
and detection segment.  Neutrals enter the 
sensor through an electrostatic charged parti-
cle deflector which rejects ambient charged 
particles by means of a static electric field.  
Incoming neutrals are converted to positive 
ions on an ionization surface.  Thereafter, the 
beam is passed through an Electrostatic-
Analyzer (ESA) with a customized (“wave”) 
shape that effectively blocks photons. 

On exiting the ESA, neutrals are post-accelerated up to 1.5 keV and strike a START surface at less 
than the grazing angle (15°).  During impact, kinetic secondary electrons are emitted and these are 
reflected towards the STOP-MCPs to produce a STOP pulse.  Also, secondary electrons from the 
START-surfaces are guided to the START-MCPs and produce a START-pulse. The START- and STOP- 
timings provide the particle velocity.  Combining the TOF measurements and ESA settings allows the 
determination of LENA energy and mass (5 values up to Fe). Measuring the radius / azimuth of a 
neutral impacting on the START-surface by means of the position sensitive START-MCPs allows accu-
rate determinations of the TOF length and the arrival azimuth of the incoming neutrals.  
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Performance assessment with respect to science objectives.  NAIR-A have sufficient energy range 
to retrieve and reconstruct the 3D plasma pressure that drives the current system of the inner mag-
netosphere.  It has a large G-factor and instantaneous FOV (1/3 duty cycle on spinning platform) that 
enables statistically significant images on substorm timescales (minutes).  Continuous monitor-
ing/stereoscopic remote sensing of the ring current by NAIR will support the Ravens objective to in-
vestigate how the global magnetosphere responds to incoming solar wind disturbances. Joint NAIR 
and auroral observations will provide information regarding ongoing magnetospheric-ionospheric 
(MI)  coupling. NAIR-B will provide in 4 energy channels unique heavy ion information (5 masses up 
to Fe). 

Resources.  The mass and dimensions of NAIR-A and -B are summarized in Table 4.7.  Between them, 
NAIR will consume 15 W. 

Heritage and TRL.  Both units of the system (NAIR-A and -B) are “mission proven” through successful 
mission operations in space to level TRL-9: NAIR-A on HENA/IMAGE and INCA/CASSINI; NAIR-B on 
SARA/Chandrayan-1; Heritage DPUs provided for ASPERA3/4; SMART-1,PHILAE/ROSETTA. 

Calibration and other specific requirements.  Calibration will be carried out on the ground.  

Table 4.7.  Mass and dimensions of NAIR-A and -B. 

 Mass (kg) Dimensions (cm) Field-of-view 
NAIR-A 4 40 × 40 × 50 120o × 120o 
NAIR-B 3 22 × 21 × 9 4o × 120o 

 

5. System requirements and spacecraft key issues 
5.1. Spacecraft design philosophy and comparison to similar missions (IMAGE and KuaFu-B) 

Ravens will comprise a pair of identical spacecraft in identical elliptical polar orbits, phased such that 
one is at apogee when the other is a perigee.  The six instruments of the science payload should be 
able to observe the Earth and its environs, taking images with a cadence of 30 s.  It is envisaged that 
the spacecraft platforms will be spin-stabilized cylinders, with the spin axis perpendicular to the orbit 
plane, and the instruments arranged around the outer edge such they scan across the Earth every 
spin.  A spin rate of 2 rpm will deliver the required image cadence. 

Estimated mass and power requirements.  A detailed engineering analysis of Ravens has not been 
undertaken.  However, the spacecraft design and orbit philosophy closely matches that of the previ-
ous NASA Imager for Magnetopause-to-Auroral Global Exploration (IMAGE) mission.  IMAGE was 
primarily an imaging mission, but also included a radio experiment which required four 250 m-long 
booms, and two 10-m axial booms.  In addition, a spacecraft mission similar to Ravens was studied 
recently within China.  KuaFu-B was envisaged as an identical pair of spacecraft and was to combine 
an imaging payload, similar to Ravens, with an in situ payload including a magnetometer with two 8 
m-long booms.  Although the Ravens payload is expected to be simpler to accommodate than that of 
either IMAGE or KuaFu-B (no booms, no in situ payload), it is useful to consider the conceptual plat-
form design that was employed for IMAGE and envisaged for KuaFu-B. 

An exploded view of the IMAGE satellite, which itself was based on the earlier Fast Auroral Snapshot 
(FasT) mission, is presented in Fig. 5.1.  The platform was spin-stabilized, measuring 2.25 m in diame-
ter and 1.52 m in height, with a mass of 494 kg (including instruments).  Viewed from either end, it 
had the form of a regular octagon.  Arrays of solar cells were attached to the spacecraft's eight side 
and two end panels to provide power to the scientific instruments and subsystems, which together 
required an orbit-averaged power of 250 W.  The instruments are located on a payload deck in the 
middle of the spacecraft; subsystems for electrical power, communications, command and data 
handling, and attitude determination and control were mounted in four bays below the payload 
deck. Cutouts in the side panels accommodated the instrument apertures and radiators used for 
thermal control. 
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Each KuaFu-B spacecraft (Fig. 5.2) would also have been 
spin-stabilized, with the imaging instruments arranged 
around the edge of the platform.  Each spacecraft was to be 
a regular octagon in cross-section, 2.9 m in diameter and 1.3 
m in height, with a total dry mass of 400 kg; 43 kg of this 
were to be scientific payload.  The main body was to be con-
structed from ten honeycomb panels, 2 octagonal end pan-
els and 8 side panels.  Power for KuaFu-B was to be gener-
ated by solar cells arranged around the side panels and on 
the forward and rear panels of the spacecraft body, esti-
mated to provide 250 W, and stored in onboard batteries 
for eclipses.  Approximately 50 W was reserved for the sci-
entific payload. 

The mass breakdown that was proposed for KuaFu-B is pre-
sented in Table 5.1.  Although each Ravens spacecraft does 
not require booms, the estimated science payload exceeds 
that of KuaFu-B so the overall mass requirements are simi-
lar.  The KuaFu-B solar cells were estimated to produce 250 
W of power.  The estimated breakdown of the power 
budget across the spacecraft subsystems is indicated in Ta-
ble 5.2. 

Orbit attainment.  A major difference between IMAGE and 
Ravens is that it was launched directly into its operational 8 
× 1.15 RE (geocentric) orbit by a Boeing Delta II rocket.  This 
is not feasible for Ravens as two spacecraft must be 
launched together into the same 7 × 1.8 RE (geocentric) or-
bit, but phased 180° with respect to each other, so one is at 
perigee when the other is at apogee.  In this case, it is ex-
pected that the spacecraft will be launched together into a 
low parking orbit by a Soyuz-Fregat rocket, and each space-
craft will raise its orbit under its own propulsion.  This will 
require a propulsion system and fuel for each Ravens space-
caft.  The details of the method by which the Ravens space-
craft will be housed within the Soyuz-Fregat fairing, and 
how they will achieve their operational orbits and the fuel 
requirements will require a detailed study. 

 
Fig. 5.1. Exploded view of the IMAGE 

spacecraft. 

Table 5.1.  Mass estimate for a KuaFu-B spacecraft.  Ravens will have a greater instrument payload, but will 
not require deployable booms. 

Sub-system KuaFu-B mass 
(kg) 

Mechanical Sub-system (incl. booms) 175 
Attitude Determination & Control Sub-system 40 
On-board Data Handling Sub-system 55 
Communications 12 
Electrical Power Sub-system 70 
Thermal Sub-system 20 
Science Instruments 43 
Total dry mass  400 
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5.2. Ravens spacecraft requirements 

Attitude and orbit control.  Each Ravens spacecraft will be spin-stabilized, with its spin axis oriented 
perpendicular to the orbit plane; this alignment of the spin axis must be to within 1 degree.  The 
spacecraft will need to provide real-time attitude knowledge to within 0.1 degree for spin angle and 
spin axis.  Passive spin stabilization is required, but the feasibility of adopting active spin stabilization 
using e.g. magnetic torque loops shall be considered during Phase-A study. 

 

Fig. 5.2. (Left) The configuration of the conceptual design for the KuaFu-B spacecraft with deployed booms.  
(Right) Ravens will not require booms. 

Transfer from parking orbit to the final orbital configuration will require the use of an apogee kick 
motor.  The baseline mission design exploits the precession of the spacecraft orbits to achieve the 
required coverage of northern and southern auroral zones and low-latitude emissions. Orbit main-
tenance is therefore not required to satisfy these requirements. However, the ability to perform 
maintenance manoeuvres would permit significant additional science to be performed by e.g. “tun-
ing” spacecraft positions mid-way through the mission to provide conjugate imaging of specific re-
gions. The required frequency and delta-V for such operations will be considered in the next phase 
of instrument studies. 

Table 5.2.  Power allocation for a KuaFu-B spacecraft. 

KuaFu-B Sub-system Power (W) 

Kuafu-B 
s/c 

Attitude Determination & Control 
Sub-system 17 

Communications 21 
On-board Data Handling Sub-system 25 

Thermal Sub-system 18 
Electrical Power Sub-system 12 

Science 
Payload 

Science instruments 45.5 
Data Handling 35 
Transmission 80 

Total 250 

On-board data handling and telemetry.  Consideration shall be given to the provision of a common 
Digital Processor (DPU) serving multiple instruments onboard the spacecraft.  Specific DPU architec-
tures shall be considered in the Phase-A study, but a preliminary investigation of the task indicates 
that several solutions exist, including the RAD750 space-qualified single-board computer (BAE Sys-
tems), and a number of devices available from Atmel (including the AT697 32 bit SPARC processor). 

The worst-case scenario for data storage is 3.5 Gbyte day-1 (see Sect. 4.1) or ~2 Gbyte accumulation 
of data between ground station contacts, for the storage of photon event data and any processed 
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data products. This capacity can be supplied using radiation-tolerant SD-RAM or Flash memory de-
vices available as COTS solutions. The specific choice of components, and the storage capacity, will 
be a subject for Phase-A study and is dependent on the DPU architecture chosen.  In the worst case 
scenario (3.5 Gbyte day-1) this would require 1 h of downlink time per orbit of each spacecraft at 8 
Mbit s-1. 

Mission operations concept (ground segment).  Due to the nature of the eccentric polar orbit of the 
Ravens spacecraft, it is anticipated that each spacecraft will be visible from a high latitude northern 
hemisphere (e.g. Svalbard) for a significant fraction of each orbit, considerably more than the ~1 h 
per orbit required to downlink the worst-case scenario of 3.5 Gbyte day-1 data collection rate.  The 
availability of a second ground station at a location TBD (depending on orbital configuration) is de-
sirable to increase the total duration of downlink per orbit, and for redundancy. The required bit-
rate and end-to-end link budget for the spacecraft will be considered in Phase-A study, but in view of 
the estimated daily volume, S-band communications are likely to meet the mission requirements. 
The mission contains a high level of onboard autonomy, and minimal commanding is required (up-
loaded commands may be required for e.g. occasional recalibration of instruments). 

Specific environmental constraints (EMC, temperature, cleanliness).  Magnetic cleanliness not an 
issue.  Thermal cooling and heating will be required for some instruments (see Sect. 4).  Cleanliness 
during the assembly and testing of the spacecraft will be essential for all imaging instruments.  These 
instruments operate under a vacuum and must be maintained under constant dry nitrogen purge 
until launch.  The instruments must then be allowed to out-gas prior to power-up; no instrument 
should be placed in the path of gas venting from another. 

Current heritage and Technology Readiness Level (TRL).  It is not anticipated that significant techno-
logical development is necessary for the spacecraft bus, nor most instruments, for the Ravens mis-
sion.  A fuller discussion can be found in Sect. 7.  

Proposed procurement approach.  It is anticipated that the payload will be procured by standard 
ESA procedures for national agency-funded instruments.  The bus will be procured following stan-
dard ESA invitations to tender to European industry. 

Summary.  The Ravens spacecraft must meet the following requirements:  

• Meet a three-year mission lifetime;  

• Launch two spacecraft on a single Soyuz-Fregat rocket into LEO and achieve operational or-
bit under their own propulsion;  

• Accommodate Ravens instrument mounting and fields-of-view;  

• Provide power, structure, thermal control, and communications and data handling to sup-
port instrument and spacecraft operations;  

• Provide a spin-stabilized platform with the spin axis oriented perpendicular to the orbit 
plane within 1 degree;  

• Provide real-time attitude knowledge to within 0.1 degree for spin angle and spin axis;  

• Dynamically balance spacecraft and maintain spin to lateral axes moment of inertia ratio 
greater than 1.05 for spin stability during all mission phases;  

• Provide radiation shielding for spacecraft electronics;  

• Maintain required ESA margins on spacecraft resources, mass, power, data rate, inertia ratio 
and downlink signal (3 db margin);  

• Achieve mission reliability;  

• Support a 2022 launch date; and  

• Maintain spacecraft cleanliness to prevent instrument contamination.  
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6. Science Operations and Archiving 

6.1. Operations 

The main goal of Ravens is to provide long-term, continuous observation of the auroras, plasmas-
phere, and ring current regions, and regular conjugate views of the auroras.  The orbital geometry 
and spin of the spacecraft are designed to achieve this, without the need for instrument aiming or 
other significant intervention from the ground.  It will not be necessary to consider requests for tar-
geted observations.  It is expected that most instrument mode changes (e.g. for Sun-avoidance, if 
necessary) can be achieved autonomously by the spacecraft.  Indeed, most instruments are intended 
to operate in a standard mode for the majority of the mission.  Thus it is anticipated that the opera-
tions of the mission will be relatively uncomplicated. 

Detailed operations planning will be undertaken by a designated Ravens Spacecraft Operations 
Working Group (RSOWG) who will comprise the Ravens PI, instrument PIs, and PIs responsible for 
coordination with ground-based observations and modelling, as described in Sect. 8.  Ravens Science 
Working Team (RSWT) members will also be seconded to SOWG meetings where necessary.  All such 
discussions would be expected to involve the European Space Operations Centre (ESOC).  

Ground-based and other supporting observations will be coordinated by a Ravens Ground-Based 
Working Group (RGBWG), using a model similar to the Cluster and Double Star Ground-Based Work-
ing Group (CDSGBWG).  This working group will interface with the bodies responsible for the sched-
uling and operations of observatories such as SuperDARN, SuperMAG, and EISCAT, either to provide 
continuous observational support for Ravens or for targeted observations relating to a specific sci-
ence goal.  The RGBWG would oversee and coordinate the ground-based observations, dealing with 
community requests for specific observations, without affecting the operations of Ravens itself.  
Similarly, a Ravens Assimilation and Modelling Working Group (RAMWG) will be formed to oversee 
and advise on mission requirements to interface with the physics-based modelling effort. 

6.2. Data policy and archiving 

Ravens will employ an “open data” philosophy.  This will maximise science return from the mission, 
by engaging the whole science community in exploitation of the observations.  The success of such 
an open data approach has been proven recently within the magnetospheric science community by 
both the ESA Cluster Active Archive (CAA) and NASA Time History of Events and Macroscale Interac-
tions during Substorms (THEMIS) data system, both of which allow free access to mission data 
through web-based interfaces to the respective archives.  Unfortunately, the CAA was conceived and 
implemented belatedly, several years into the Cluster mission lifetime, and arguably this negatively 
impacted science return in the early phase of the mission.  THEMIS, on the other hand, had its ar-
chive and web-interface prepared prior to launch, and data have been delivered into it, for free ac-
cess by the community, within 2 weeks of collection throughout the mission lifetime to date.  This is 
the model that Ravens will adopt. 

A Ravens Data Archiving System (RDAS) will be designed and implemented prior to the start of the 
mission operations phase, ready to receive data as it is collected.  The archive will be active for the 
operational lifetime of the mission, the archive becoming static once the mission has ended and all 
high level data products have been generated and ingested.  The archive could be provided by ESA 
or by the Ravens PI institute.  A backup service could be arranged by FMI in their Arctic Research 
Center data processing facilities which include the ESA MMFI archiving system.  ESA now has experi-
ence of designing and operating active archives for magnetospheric data, and can build on lessons 
learned though the development of the CAA. 

Data access for the community will be through a web-based interface to the mission archive.  The 
web-interface will provide data from the spacecraft as it becomes available (see below), quicklook 
data plots, orbital ephemeris data, and other useful supporting information.  This portal will also 
provide links to supporting information, e.g. instrument descriptions, software archives for plotting 
and manipulating data, orbit plots and predictions, with the aim of making the data as accessible to 
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users as possible.    The archive will also include supporting ground-based data and the results of 
modelling runs where appropriate.  The format in which data is distributed will be decided upon dur-
ing further study phases of the mission, driven by instrument and mission requirements.  Possible 
data formats that will be considered are Common Data Format (CDF), the Cluster Exchange Format 
(CEF) developed by ESA for the CAA, or another, possibly bespoke, format which is optimized for the 
description of the imagery that will form a major component of the Ravens science data.  

It is expected that “low level” data products will be delivered to the archive within a short period of 
time, similar to the two-week period achieved with THEMIS.  Such low level data products include 
raw auroral, plasmasphere, and ring current images.  Supporting data from ground-based observato-
ries will also be archived and made available on-line as rapidly as data collection and processing al-
lows.  Higher level data, in which the energy distribution of precipitating particles or the tomo-
graphic reconstruction of the 3D structure of the plasmasphere and ring current regions, will require 
more detailed processing, but will be archived and made available as rapidly as possible.  The highest 
level data would involve the assimilation of Ravens and supporting observations into the modelling 
framework.  This also would be archived and made accessible to the community once it was avail-
able. 

One key feature that will be explored will be the potential for the regular downlink of quicklook im-
ages of the auroras, plasmasphere, and ring current.  This would be of use now-casting magneto-
spheric state, but also for public engagement purposes, where these images would be available 
through web- and mobile phone-based technology (see Sect. 9). 

7. Technology development requirements 

The Ravens mission is designed around proven technology.  The innovation in the mission does not 
arise from novel spacecraft design nor, in the main, novel payload design.  The novelty arises from 
the use of two spacecraft to meet the science requirements of continuous auroral imaging in one 
hemisphere, frequent, simultaneous imaging of the other hemisphere, and stereoscopic views of the 
plasmasphere and ring current.  Hence, neither spacecraft design nor instrument design present sig-
nificant technology challenges. 

7.1. Payload technology challenges and technology development strategy 

Most of the instruments proposed for Ravens have flight heritage, or are based on a design that has 
flight heritage.  These include UVAMC, FUVSI, NAIR; EPI is based on technology that has a proven 
history.  The two instruments that require the most development are WFAI and XIR. 

XIR (Sect. 4.4) is based on technology that is currently under development for the ASIM X-ray 
imager, to be flown on the International Space Station (ISS), which is close to completion. 

WFAI (Sect. 4.5) is based on technology that has previously been used in soft X-ray cameras with 
flight heritage (e.g. ROSAT, Chandra) and which is currently under development for X-ray imaging of 
Mercury (MIXS on BepiColombo) and FUV imaging missions to Jupiter.  WFAI contains subsystems 
with TRL ranging from 9 (filters & MCP detector) to 3 (readout anode). The readout anode itself con-
sists of components demonstrated to TRL-4 and the device is currently undergoing funded develop-
ment for several space and terrestrial applications.  A demonstration of TRL-5 is planned for early 
2012.  A fallback readout solution at TRL-9 is available offering degraded performance compared to 
C-DIR, but maintaining compliance with minimum count rate and spatial resolution requirements. 

Both XIR and WFAI expect to be at TRL 5 or greater by the end of the mission definition phase, and 
are not considered risks for Ravens. 

During Phase A study the benefit and feasibility of a shared DPU, or some shared DPU functionality, 
will be considered for the six imaging instruments, in terms of reducing mass and power require-
ments. 
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7.2. Mission and Spacecraft technology challenges 

The spacecraft design is expected to conform to well-understood standards, possibly based on pre-
vious designs (see Sect. 5).  The main technology developments that are required include the ability 
to accommodate both spacecraft on a Soyuz-Fregat launcher, for both spacecraft to attain the cor-
rect orbits under their own propulsion, and to maintain the correct orbits such that the mission ful-
fils the main science requirements, that is, continuous imaging coverage of one polar region, and 
regular snapshots of the other, together with continuous observations of the plasmasphere and ring 
current.  These have been achieved previously for similar missions (Cluster, IMAGE, Polar) and it is 
not expected that these present major technological challenges.  The proposed adoption of a central 
DPU serving multiple imaging instruments requires particular attention to instrument interfaces and 
data formatting, but does not represent a new technology challenge and offers substantially in-
creased mass, volume and power efficiency for the spacecraft. 

8. Preliminary programmatics/costs 

8.1. Overall proposed mission management structure 

The Ravens mission is an uncomplicated two-spacecraft magnetospheric imaging mission.  The mis-
sion preparation and execution is expected to follow the standard ESA model for magnetospheric 
missions, for example Cluster which involved four spacecraft.  That is, the instruments are expected 
to be provided by member states (with possible participation of the US) and would be PI-led investi-
gations.  It is anticipated that the spacecraft buses and their subsystems are all easily within the ca-
pabilities of European industry. 

Instrument providers will test instrument models in isolation and with their DPUs (or shared DPU if 
that model is adopted).  It is envisaged that instrument teams will provide structural/thermal models 
(STM × 1), engineering and qualification models (EQM × 1), flight models (FM × 2), and flight spares 
(FS × 1) which themselves would be identical to the flight models. 

Proposed programme schedule. Phase A/B1: 2013-14; Down-selection: 2015; Implementation 
phases B2/C/D: 2016-2020; Launch: 2021; Prime mission: 2021-2023; Extended mission: 2024-32. 

8.2. Mission schedule drivers 

All scientific instruments for the payload are expected to be TRL-5 by 2014 as required by the im-
plementation schedule; most instruments can be considered to be TRL-9 (see Sect. 7.1).  We antici-
pate no major development regarding the spacecraft bus.  The launch date is flexible, and mission 
science requirements would be met by a launch any time between 2020 and 2022, inclusive. 

Table 8.1. Estimated costs of individual instruments and the total cost to Ravens (1.5 × unit cost). 

Instrument 
Cost per unit 

(Meuro) 
Cost for Ravens 

(Meuro) 
UVAMC-0 5.0 7.5 
UVAMC-1 5.0 7.5 
FUVSI 3.0 4.5 
XIR 3.4 5.1 
WFAI 3.0 4.5 
EPI 2.0 3.0 
NAIR-A 7.5 11.3 
NAIR-B 4.0 6.0 
Shared DPU 3.0 4.5 
Total 35.9 53.9 
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8.3. Payload/instrument cost 

The cost of the payload instruments is expected to be met by the national agencies of the instru-
ment providers, not by ESA.  Table 8.1 gives the instrument cost for a single unit, and multiplied by 
1.5 for the total cost to Ravens to reflect economies of scale in building two instruments. 

8.4. Overall mission cost analysis 

We do not have access to the tools available to ESA and industry to undertake a detailed mission 
cost analysis.  However, Table 8.2 represents an estimate of the cost to ESA of Ravens, based on 
costs for similar missions.  We note that ESA estimated the cost of the proposed CrossScale mission 
(7 spacecraft, 107 instruments) at 600 Meuro.  Ravens represents 16 instruments on two spacecraft, 
so we suggest that it should easily fit within the 470 Meuro cost envelope of the M3 opportunity. 

Table 8.2. Estimate of cost to ESA of Ravens mission. 

 Fraction of cost (%) Cost (Meuro) 
Spacecraft design 14 35 
Spacecraft construction (2 s/c) 38 95 
Launch 18 45 
MOC 10 25 
SOC 10 25 
ESA internal 10 25 
Total 100 250 

 

9. Communication and Outreach 

Scientific dissemination.  Analysis of Ravens data will provide major scientific discoveries in the field 
of space physics, results which will be disseminated at major international conferences and in major 
international journals, including Nature and Science as well as more topical journals in the field of 
space physics.  To ensure as broad use of the data as possible, an open data policy will be followed, 
data being disseminated through the Ravens Data Archiving System as soon as possible after collec-
tion (see Sect. 6.2). 

Public outreach.  Given the enormous public interest in the “northern 
lights”, the Ravens mission will provide unrivalled opportunities in public 
outreach and engagement.  Unlike previous auroral imaging missons, 
Ravens will observed the northern hemisphere auroral oval continu-
ously, with “thumbnail” images returned in near-realtime, in a format 
that is eye-catching and easy to understand.  Members of the space 
plasma community associated with Ravens regularly engage with schools 
and older audiences through open days, public lectures, seminars, web 
pages (e.g. www.sunearthplan.net), and articles in the popular press.  
This will be enhanced through the use of Ravens data.  We will work with 
teachers to develop Ravens-related training materials, available through 
the mission website, suitable for a number of age-groups, and explore 
the possibilities of providing Ravens-based resources to museums, such 
as the UK National Space Centre in Leicester. 

Fig. 9.1. Consumer technology, combined with Ravens data, will enable unique 
smartphone applications for public engagement.  

Digital dissemination.  After selection for the assessment phase, a mission website will be devel-
oped containing scientific content and content for wider public engagement, including near-real 

http://www.sunearthplan.net/
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time feeds of the Ravens data (an evolving template can be found at www.ion.le.ac.uk/ravens.html).  
In addition, the ubiquity of web-enabled multimedia consumer technology, unavailable during pre-
vious missions, means that these data will be available to be viewed around the clock, from virtually 
any location.  We will therefore develop a series of web-based tools and services that will enable 
users to view current auroral activity, exploiting data from other ESA and NASA missions in order to 
provide upstream interplanetary and solar conditions and place the auroral data in context.  The im-
aging nature of the mission implies that location-specific data products will be possible.  A key ser-
vice will be a realtime auroral alert service, customised to the user’s own geographic location.  Pre-
vious services of this kind have attracted large public audiences (>30,000 subscribers in the case of  
the UK’s “AuroraWatch” project, www.dcs.lancs.ac.uk/iono/aurorawatch/), and considerable media 
attention can be anticipated.  Such programmes are also ripe for implementation as “apps” for mo-
bile devices, increasing the potential worldwide audience to millions.The significant volume of data 
returned from this mission will also lend itself to analysis and interpretation via “citizen science” pro-
jects, in which networks of hundreds of thousands of volunteers, many of whom may have no spe-
cific scientific training, can carry our research-related tasks such as observation, measurement or 
computation.  Current examples include Galaxy Zoo (to classify the shape of galaxies in astronomical 
images) and Solar Stormwatch (to identify and classify coronal mass ejections in STEREO heliospheric 
images). 

Education of students.  The Ravens mission will offer potential opportunities to both undergraduate 
and graduate students to be involved from the early definition stages through to the analysis of data 
once the mission is operational.  The mission goals can provide a focus and context for their formal 
education in topics such as space plasmas and electromagnetism, or university courses including 
Space Science and Technology.  In addition, the science questions that can be addressed with Ravens 
are numerous, and it is anticipated that it will support 10s of Ph.D. students over its lifetime, in all 
aspects of mission and instrument design, data handling, software development, data analysis and 
interpretation. 
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