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1 Executive Summary 
The Broadband Energisation and Auroral Development 
Satellites (BEADS) mission will comprise a well-
instrumented two spacecraft mission designed to provide 
science closure on two key physics questions in space 
plasma physics, to: discover the plasma instability 
responsible for the detonation of the magnetospheric 
substorm and its magnetospheric driver and, quantify the 
loss of radiation belt electron precipitation into the upper 
atmosphere.  The mission is low-cost, low-risk, uses an 
easily accessible orbit and involves a simple operational 
concept.  The specific and compelling science goals 
targeted by BEADS cannot be addressed by any other current or planned space mission.   

Primary Science Goal 
BEADS will discover the key physical processes behind explosive energy release in the near-Earth 
space environment, which characterise magnetospheric substorm onset.  To address this, BEADS will 
use a unique combination of multi-satellite auroral imaging and broad energy range electron 
measurements to unravel the spatial and temporal behaviour of this explosive energy release 
mechanism. Determining the partitioning of energy between electromagnetic waves and 
precipitating auroral particles is of critical importance in substorm onset to distinguish between 
competing substorm onset models. BEADS is designed specifically to study these relationships in 
detail for the first time.  The BEADS primary science objective builds upon recent discoveries from 
the NASA THEMIS mission of the discovery of repeatable auroral fluctuations along the substorm 
onset arc. These oscillations signal the action of a plasma instability operating in near-Earth space at 
the start of the substorm, but the nature of the plasma instability remains poorly understood. Over 
the past thirty years, single point measurements have advanced our understanding of the plasma 
physics responsible for driving the aurora. However, in order to distinguish spatial and temporal 
effects, essential during dynamic times such as substorm onset, multi-point measurements are 
absolutely vital. BEADS will provide the first two-point diagnosis of magnetotail instability, its 
dynamical evolution, and the dominant auroral acceleration mechanisms from a combination of 
auroral displays, magnetic field behaviour, and the variation of electron fluxes with energy.   On 
average, BEADS will sample the first critical minute of ~90 substorm onsets. 

Secondary Science Goal 
BEADS will also directly quantify the largest unknown in Radiation Belt physics; that of energetic 
electron precipitation (EEP) into the upper atmosphere.  Not only is it essential to understand loss in 
order to describe the delicate balance of the Radiations Belts, but EEP impacts upper atmospheric 
chemistry in ways that we are only now beginning to understand. Recent discoveries show that 
these upper atmospheric changes can affect regional climate, particularly in polar regions. The NASA 
Van Allen Probes have revealed new aspects of electron acceleration and transport in the Radiation 
Belts.  However, the Earth’s magnetic field geometry makes it impractical to measure precipitating 
particles from the equatorial magnetosphere, even with the Van Allen Probes.  Thus, BEADS will 
inhabit the only region where EEP measurements can reliably be made in LEO, sampling this critical 
region 30 times/day.   

Cross-Disciplinary Science 
A body of experts across all fields of space and astrophysics recently listed “How do magnetic 
explosions work?” as one of 10 major questions for Plasma Astrophysics, as many plasma 
environments exhibit “spontaneous explosions” including solar flares, stellar flares, and substorms in 
planetary systems.  Energetic particle precipitation can lead to significant changes in atmospheric 
chemistry, including ozone variations and polar surface temperatures. Quantifying these effects are 
necessary for more accurate models of the upper atmosphere.   
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Mission Concept and Design 
BEADS will use two identical spacecraft in high inclination sun-synchronous orbits in order to unravel 
the spatial and temporal characteristics of electron precipitation and auroral displays.  Two satellites 
will orbit at close separation along the same orbital track. With measurements from EESA and IES 
instrumentation, BEADS will provide the first multi-point observations that can distinguish between 
different theoretical predictions of the substorm onset mechanism and energetic particle loss from 
the radiation belts.  The BEADS mission will be launched into a sun-synchronous orbit circular orbit 
at an altitude of 600 km with an orbital period of 98 minutes.  The spacecraft will sample the pre-
midnight/pre-noon orbital plane 230km apart, traversing the locations where both substorm onset 
(pre-midnight) and enhanced wave-particle interactions leading to radiation belt loss (pre-noon) 
occur.  BEADS is a self-standing mission that can be launched in any part of the solar cycle and 
requires no other ground- or space-based facilities in order to achieve its primary and secondary 
science objectives. 

Instrumentation and Science Team 
The scientific payload is specifically designed to address the primary and secondary mission science 
goals, with high TRL of 6 or more based upon significant heritage and low risk, flight-proven 
instrument designs.  FUVI will make sufficiently high resolution spatial and temporal measurements 
of the aurora close to the magnetic footprint of the two spacecraft, essential to diagnose the growth 
and changing spatial scales of the substorm onset (arc) instability.  The EESA, IES and HEP/HEED will 
identify the temporal evolution of the auroral particle precipitation as the onset process begins and 
develops by sampling the precipitating electron spectrum twice in order to separate temporal from 
spatial effects.  The MAGs are essential both for measurements of the electromagnetic waves that 
play a pivotal role in wave-particle interaction, and to determine pitch angles of electron 
populations.  The science team is led by Dr. I. J. Rae and Prof. J. Cao, with an extensive Chinese, 
European and International Science team in support.  BEADS instrument teams have an excellent 
record of constructing and scientifically exploiting high-quality instruments in both primary and 
secondary science areas.  

Spacecraft 
Spacecraft design has been coordinated with Qinetiq Space (Belgium) and discussed with Surrey 
Satellites Ltd. (UK).  The two 3-axis stabilised spacecraft are designed specifically so that the auroral 
imagers can point towards the magnetic footprint of the spacecraft and for the particle instruments 
to view populations at all angles relative to the field required for science closure.  The spacecraft are 
of identical design, each with identical payloads other than equivalent high energy particle 
telescopes operating on each spacecraft. Each spacecraft is able to accommodate the telemetry and 
power requirements and the satellites can be placed into their LEO science orbit from a single 
launch.  

Strategic Relevance 
BEADS targets the second question prioritised by ESA Cosmic Vision “How does the Solar System 
work?”. The Space Weather targeted by the BEADS can also have a significant socio-economic 
impact and is a high priority area for the ESA SSA Program. Space Weather effects have also been 
identified as the highest priority strategic objective of NASA’s LWS/ILWS Programs in the NASA 
Heliophysics Roadmap. The BEADS measurements, targeting substorm onset and space radiation, 
are also targeted priorities in the 2015 COSPAR/ILWS Space Weather Roadmap (Schriver et al., 
2015). 

Cost 
The total cost of BEADS is estimated at €99.7Meuro including 10% margin on all estimates except 
launch, and the cost to ESA falls inside the €53Meuro limit.   
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2 Science Objectives 
The objectives for Broadband Energy and Auroral Development Satellites (BEADS) mission are 

detailed below in terms of Primary and Secondary science.  These objectives will be addressed by 

answering five sub-questions (P1, P2, P3; and S1, S2). The BEADS mission measurement 

requirements will ensure closure on all five of these primary and secondary science objectives. Each 

of the sub-questions have high scientific impact in their own right. Consequently, the mission design 

approach promises not only multiple high quality science returns, but also offers redundancy since 

answering any one of the three primary sub-questions alone would meet the minimum mission 

success criteria. 

Primary Science Objective: To discover the plasma instability responsible for the detonation 

of the magnetospheric substorm and its magnetospheric driver 
P1 What is the plasma instability responsible for substorm onset? 
P2 How does the substorm instability relate to magnetotail reconnection and associated 

energetic particle injections?  
P3 What processes create and sustain substorm aurora? 

Magnetospheric substorms are an explosive energy release mechanism and are the dominant 

method by which solar wind energy impacts the upper atmosphere yet we do not understand how 

they are initiated. BEADS will use a unique combination of multi-satellite auroral imaging and broad 

energy range electron measurements to unravel the spatial and temporal behaviour of 

magnetospheric substorms. Determining the partitioning of energy between electromagnetic waves 

and precipitating auroral particles is of critical importance in substorm onset to distinguish between 

competing substorm onset models. BEADS is designed specifically to study these relationships in 

detail for the first time. 

Secondary Science Objective: To quantify the loss of radiation belt electrons and quantify the 

resulting precipitation into the upper atmosphere 
S1 What is the precipitating electron energy flux from the radiation belts into the atmosphere? 
S2 How is the transport and energisation of the trapped particles linked to the precipitation in 

the radiation belt region? 
Energetic particle precipitation into the atmosphere is a major loss process from the Radiation Belts, 

yet has never been quantified because measurements are either made in the wrong location or only 

over a limited energy range.  BEADS will overcome both of these challenges by making pitch-angle 

resolved, wide energy range measurements of energetic electron precipitation in LEO.  These 

observations are vital to understand the influence of precipitation on weather and climate in the 

lower atmosphere.   

2.1 Background – Mission Relevance to Fundamental Astrophysical Plasma 

Processes 
The study of plasma physics covers many different environments, from fusion plasmas through 

solar-terrestrial physics, to extra-galactic jet systems in astrophysics.  In essence, plasma pervades 

the universe at all measurable scales, and as such the interaction of plasma with magnetic bodies of 

differing scales is of fundamental interest.  The Earth’s magnetosphere exhibits similar phenomena 

to other plasma systems throughout the universe, and is conveniently accessible to in-situ 

measurement. As an astrophysical object, the Earth’s magnetosphere appears to be a rather 

quiescent body which is in general dominated by relatively slow dynamical processes and small 

magnetic fields.  However, within this supposedly benign environment are highly dramatic magnetic 

explosions and regions of relativistic particles.  The explosions are known as magnetospheric 
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substorms, and the region of high-energy plasma is known as the Van Allen Radiation Belts.  A body 

of experts across all fields of space and astrophysics recently listed “How do magnetic explosions 

work?” as one of 10 major questions for Plasma Astrophysics, as a variety of plasma environments 

exhibit “spontaneous explosions” including solar flares, stellar flares, and substorms in planetary 

magnetospheres (Report of the Workshop on Research Opportunities in Plasma Astrophysics, 

Princeton, New Jersey, Jan 18-21, 2010).  The rapid release of energy from a stressed magnetic field 

into particle heating and acceleration from these explosions is a key scientific target of high-profile 

future ESA and NASA satellite missions such as Magnetospheric Multiscale Mission, Solar Dynamics 

Observatory, Solar Orbiter, Solar Probe Plus, and existing missions such as Cluster, Time History and 

Evolution of Macroscale Interactions during Substorms (THEMIS), and Van Allen Probes  However, 

even with such exciting operational and future space missions, there remains a significant scientific 

question surrounding initiation of the magnetic explosion that none of these missions is able to 

address. Magnetospheric substorms inject the seed population that is accelerated to relativistic 

energies to form the Van Allen Radiation Belts.  BEADS will directly 

measure the aurora and precipitating electrons during substorm 

onset in order to identify how magnetic explosions are initiated in 

our magnetosphere. 

2.2 Introduction to the Magnetospheric Substorm and 

Outer Radiation Belt 

 The Magnetospheric Substorm 
The substorm is a repeatable sudden disturbance in near-Earth 

Space. It is the major mode of variability in the magnetosphere and, 

apparently unpredictably, dissipates a considerable and variable 

amount of energy of order ~1015 J into the upper atmosphere 

[Tanskanen et al., 2002].  The build-up of stored magnetic energy in 

the magnetotail lasts ~1 hour.  Eventually no more energy can be 

stored and a plasma instability occurs at substorm onset which 

rapidly reconfigures the geometry and topology of the magnetotail 

magnetic field and releases some or all of the stored magnetic 

energy into various forms of energy in a matter of only ~tens 

seconds. Substorm energy is transported throughout the near-Earth 

system. It is dissipated into the upper atmosphere, the ring current, 

and into interplanetary space during the expansion and subsequent 

recovery phase lasting 1-2 hrs during which magnetosphere returns 

to a quiescent state.  In the ionosphere, substorm initiation is 

marked by a brightening and expansion of the nightside aurora 

(Akasofu, 1964), electromagnetic ULF waves (see review by Rae and 

Watt, submitted) and diversion of the cross-tail current into the 

ionosphere, perturbing the ground magnetic fields.   

The Time History and Evolution of Macroscale Interactions during 

Substorms (THEMIS; Angelopoulos, 2008; Angelopoulos et al., 2008) 

mission was launched with the primary science goal of determining which magnetotail plasma 

process is responsible for the initiation of a substorm. The THEMIS mission goal was to focus on the 

relative timing between magnetotail phenomena and ground measurements of substorm aurorae. 

Figure 2.1. Substorm onset 
observed from space by IMAGE 
WIC noting bead development 

(Henderson, 2009) 
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The mission goals focused on identifying the 

relative timing between magnetotail phenomena 

and ground measurements of substorm aurorae.  

The THEMIS mission comprised five satellites in 

different orbits spanning a large radial distance, 

together with a large network of ground-based 

observatories that provided low-resolution, white-

light images of the aurora using all-sky imagers 

(ASIs).  A number of high quality science results 

were quickly established, including the discovery of 

the ionospheric and auroral brightening response 

to magnetotail reconnection (Angelopoulos et al., 

2008).  However, it was soon realised that five point 

measurements at varying radial distances along the 

magnetotail were insufficient to diagnose the 

plasma physics occurring in the region close to the 

Earth, and could not distinguish between the motion of azimuthal and radial structures in the 

plasma.  It was the cutting-edge ground-based network that allowed the most significant progress to 

be made in determining the plasma physics responsible for onset.  Although low-resolution, the 

THEMIS ASIs provided low-cost, high-impact science data with which to time, locate and characterise 

many aspects of substorm physics over the large magnetospheric scale sizes.  

P1: What is the plasma instability responsible for substorm onset? 

It was with the NASA THEMIS mission that the BEADS 

science target was discovered; that of repeatable auroral 

fluctuations along the onset arc that signal the start and 

evolution of a plasma instability operating in near-Earth 

space.  The first indication of a substorm is a sudden 

brightening of one of the quiet arcs lying in the midnight 

sector of the oval (or a sudden formation of an arc). 

[Akasofu, 1977]. A detailed analysis of the onset arc has 

demonstrated that the auroral brightening displays 

longitudinal structure and temporal variations that have 

the same characterstics as the electromagnetic Ultra-Low 

Frequency (ULF) waves that accompany them. The 

fluctuations grow exponentially, before evolving non-

linearly into vortical auroral structures. All of the 

characteristics of the fluctuations point to a plasma 

instability being responsible for the initialisation of large-

scale energy release from the magnetotail.   Using THEMIS 

ground- based auroral cameras, Rae et al. [2010] used the 

structuring of the auroral beads to show that substorm 

aurora has precisely those characteristics expected from 

magnetotail instabilities such as the cross-field current 

instability (Lui, 1991) or ballooning (e.g., Voronkov et al, 

1997; Horton et al., 2001). 

Figure 2.2: The epicentre of a magnetospheric 
substorm (Rae et al., 2009).  Contours show arrival 
time of the magnetic signature of a substorm at the 
same time and same location as the auroral beads. 

Figure 2.3. (top) Signatures of magnetotail  
reconnection and diversion of the cross-tail 
current into the ionosphere (Cao et al., 2010)  
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Table 2.1. Instability characteristics from theoretical analyses and testable BEADS observations 

 Potentially more important, these observations demonstrated that the magnetospheric substorm 

initiated via a plasma instability before the onset of magnetic reconnection.   Rae et al. [2010] ruled 

out a number of other plasma instabilities that could operate in the magnetotail because they do not 

fit the wavenumber range and growth rate range deduced from the ionospheric auroral data. Table 

2.1 shows the theoretically-predicted characteristics of different candidate instabilities. The final 

column demonstrates which of the characteristics could be used to differentiate between 

instabilities using BEADS measurements. It is essential to observe the consequences of the instability 

in space, and connect it unequivocally to the substorm 

aurora first attempted by Walsh et al. (2010), but 

thwarted by an inconvenient data gap).  BEADS provides 

us this opportunity using a unique combination of 

instrumentation on dual spacecraft in Low Earth Orbit.   

P2: How does the substorm instability relate to 

magnetotail reconnection and associated energetic 

particle injections?  

Plasma instabilities are the means by which free energy 
in the plasma is channeled first into wave generation 
and then into plasma energisation. Free energy in the 
magnetosphere can take the form of pressure gradients 
or plasma anisotropies, stretched fields creating large 
electrical currents in a natural application of Ampère’s 
Law, or even the existence of high-energy beams of 
plasma particles. It has been suggested that the 
initiation or intensification of magnetic reconnection far 
from Earth (>20RE on the night-side) could directly drive 
strong flows towards the Earth that would destabilize 
the near-Earth plasma (Nishimura et al., 2010). BEADS’ 
dual-spacecraft concept will provide the essential 
temporal information that can determine whether this 
scenario occurs, and the wide energy range of electron 

Instability Reference Frequency 
(mHz) 

Growth Rate 
(s-1) 

Spatial Scale 
(km) 

Observable 
Test 

Tearing Coppi et al. 
[1966] 

1-100  0.01 100-1000 Growth Rate 

Drift 
kink/sausage 

Zhu and Winglee 
[1996] 

1-100  0.01 1-100 Growth Rate 

Current driven 
Alfvénic 

Perraut et al. 
[2000] 

100s  1 1-100 Frequency  

Lower-hybrid 
drift 

Yoon et al. [1994] 1000s Hz 1 1-100 Frequency/ 
Monoenergetic 

Cross-field 
current 
instability 

Lui et al. [1991] 20-30 0.1  100 Spatial Scale/ 
Monoenergetic 

Shear-flow 
ballooning  

Voronkov et al. 
[1997] 

20-30 0.1 10 Spatial Scale/ 
Alfvenic 

Kinetic 
ballooning 

Horton et al. 
[2001] 

20-30 0.1  10 Spatial Scale/ 
Monoenergetic 

Figure 2.4. Pitch-angle dependence of auroral 
electron energy flux during substorms (Pu et 

al., 2010) 
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measurements will identify electrons from reconnection, and those from the instability itself.  

P3: What processes create and sustain substorm aurora? 
Auroral forms during the substorm 
growth and early expansion phase 
are relatively well spatially 
confined.  However, during the 
expansion and recovery phases (1-2 
hours after onset), the aurora are 
highly dynamic and unpredictable.  
Single spacecraft measurements 
have revealed some detail 
regarding the auroral acceleration 
mechanisms immediately after the 
initiation of a substorms (Mende et 
al., 2003).  However, more recent 
multi-spacecraft measurements at 
relatively low altitudes (~1600km) 
demonstrate complex and evolving 
field-aligned current structures 

above expansion phase aurora that change dramatically on timescales of < 2 minutes (Forsyth et al., 
2014; Figure 2.5).  The close separation of BEADS, coupled with its auroral imagers and conjugate 
comprehensive electron measurements means that for the first time we will be able to distinguish 
between temporal and spatial variations of auroral acceleration mechanisms in the highly-dynamic 
substorm aurora.   

 The Van Allen Radiation Belts 
The Van Allen radiation belts house a torus-

shaped region of relativistic plasma around 

Earth, resulting from a delicate balance between 

plasma processes that accelerate, transport and 

precipitate plasma from the Earth’s magnetic 

bottle. Transport, acceleration and loss 

processes never operate in isolation, making 

their competing effects very difficult to 

extract.  Electrons in the radiation belts with 

energies of MeV, so-called satellite “killer” 

electrons, are responsible for the most 

damaging of pace weather effects through 

charging and unwanted electrostatic discharge 

in satellite electronic systems. Understanding 

particle acceleration and transport are the 

specific scientific objectives of the recently-

launched NASA Van Allen Probe mission, a two 

satellite mission to sample plasma and wave 

properties in-situ in the heart of the Radiation 

Belts.  However, the Van Allen Probes sample 

plasma directly at the equator, and cannot 

measure the loss of plasma from the Radiation 

Belts.  

Figure 2.6. Radiation Belt dynamics from NASA 
SAMPEX satellite in LEO, with radiation belt 
losses at geosynchronous orbit from GOES 

(Yuan and Zong, 2013). 

Figure 2.5. Temporal and spatial variation of substorm auroral 
currents as observed by ESA Cluster (Forsyth et al., 2014) 
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S1: What is the precipitating electron energy flux from the radiation belts into the atmosphere? 

Electron loss is the big unknown in radiation belt physics. BEADS will directly measure loss from the 

Radiation Belts over a wide range of energies and address this important scientific gap. 

 Particle precipitation can be modulated by wave-particle interaction across many time and length 

scales.  Traditionally, higher frequency waves such as lower band chorus and plasmaspheric hiss and 

electromagnetic ion cyclotron (EMIC) waves are invoked as the most important agents in the 

scattering of relativistic electrons from the Van Allen belts into the ionosphere (see e.g., the review 

by Millan and Thorne, 2007) through resonant pitch-angle scattering. These different types of higher 

frequency waves all occur at different latitudes or different local times, but since an electron may 

drift around the Earth in ~5 minutes, it is able to interact with any or indeed all of these resonant 

wave modes at different energies (e.g., Horne, 2002).  The direct evidence to quantify how many 

electrons are precipitated, and at which energies, is very limited, principally due to difficulties in 

observing the small loss cone in the equatorial plane where the waves are believed to act. Even the 

extremely recent and exciting discovery by Breneman et al. (Nature, submitted, 2015) of a 

correlation between hiss wavepackets and bursts of Bremsstrahlung X-rays driven by precipitating 

relativistic electrons from the Van Allen belts relied on chance conjunction a Balloon ARray for 

Relativistic Electron Loss (BARREL) balloon launched from Antarctica during the Van Allen Probes 

mission (see Figure 2.7). These measurements demonstrate that precipitation is occurring, but 

cannot quantify it. In contrast the BEADS payload and orbit provide an exceptional platform to 

establish the amount and 

energy of energetic particle 

input into the ionosphere and 

atmosphere. 

Figure 2.7 Comparison of Van 
Allen wave data and and 
BARREL X-ray derived particle 
precipitation showing large scale 
coherence between hiss and 
Bremsstrahlung due to 10-200 
keV elec-trons (adapted from 
Breneman et al., Nature, Under 
Review, 2015.) 

 

Not only is it essential to understand loss 

in order to describe the delicate balance of 

the radiations belts, but Energetic Electron 

Precipitation (EEP) impacts upper 

atmospheric chemistry in ways that we are 

only now beginning to explore. Recent 

discoveries show that these upper 

atmospheric changes can affect regional 

climate, particularly in polar regions. 

State-of-the-art atmospheric models 

ingest many varied input conditions, but 

there is no accepted parameterization of 

EEP as it has never been directly 

quantified across a wide energy range. Measurements from BEADS will fill this important gap. 

Figure 2.8. (colour) OH variation at 75 km co-located with 
(white) energetic electron precipitation (Clilverd et al, 2013) 
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There is a pathway connecting EEP to surface temperature changes due to the catalytic effect of odd 

Nitrogen and Hydrogen Oxides (NOx and HOx) populations affecting ozone chemistry in the 

stratosphere, resulting in observable changes to the climate system (Turunen et al., 2009). Evidence 

for a direct linkage between geomagnetic activity and observed changes in surface temperature 

were presented by Seppälä et al., (2009), linking NOx to energetic electron precipitation presented 

by Rozanov et al., (2005). In the modelling presented by Turunen et al. (2009), auroral electron 

precipitation, relativistic electron precipitation from the radiation belts, as well as solar proton 

events are all shown to contribute to regional climatic changes. Very recently, Andersson et al. 

(2014) were able to quantify the effect arising from energetic electron precipitation from the 

radiation belts, concluding not only that “EEP events strongly affect ozone at 60–80 km, leading to 

extremely large (up to 90%) short-term ozone depletion”, and that the effect is “comparable to that 

of large, but much less frequent, solar proton events”, and therefore that “it is reasonable to suspect 

that EEP could be an important part of solar influence on the atmosphere and climate system”. The 

overall conclusion from this body of work is that understanding the nature of energetic electron 

precipitation is critical to evaluate the impact of wave-particle interactions and energetic particle 

precipitation on the Earth’s climate system. 

S2: How is the transport and energisation of the trapped particles linked to the precipitation in the 

radiation belt region? 

Pitch-Angle scattering is thought to 

be the dominant mechanism for 

EEP into the upper atmosphere, but 

we only have theoretical arguments 

to suggest whether the diffusion in 

pitch-angle is weak (slow) or strong 

(fast).  Sophisticated physics-based 

models of EEP rely on quasi-linear 

approximations of wave-particle 

interaction to determine the 

amount of loss through pitch-angle 

scattering, but it is clear that the 

radiation belts are home to 

powerful large-amplitude non-

linear waves that may be important 

for energisation and loss (Mozer et 

al., 2014).  In-situ measurements at low-altitude are required to compare the flux of electrons at 

different pitch-angles, and determine whether scattering is due to strong (non-linear) or weak 

(quasi-linear) diffusion.  The ratio of trapped vs. precipitating electron energy fluxes can be 

estimated from two pitch angle restricted look directions (see Figure 2.9).  However, information 

across the entire range of pitch angles is required to truly determine how the precipitating electron 

population responds to changes in the flux of trapped electrons due to transport or acceleration.  

BEADS will measure pitch angle resolved electron energy spectra across an unprecedented energy 

range, and using two point measurements will determine how the electron energy spectra change 

with time.   

Traditionally, ~kHz low-frequency (ELF/VLF) waves are invoked as the main driver of acceleration and 

loss in the radiation belts (e.g. Thorne et al., 2010).  However, recent research has shown that mHz 

ultra-low-frequency (ULF) wave interactions with relativistic electrons can also provide radial 

Figure 2.9. Trapped vs precipitating electrons from two pitch 
angle restricted NOAA POES sensors (Rodger et al., 2010) 
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transport, acceleration and loss to the ionosphere at significantly higher rates than previously 

thought (Pahud et al., 2009; Rae et al., 2012b; Ozeke et al., 2012, Mann et al., 2013).  What is clear is 

that electromagnetic waves across a large range of frequencies mediate energy transfer processes in 

the radiation belts through a myriad of wave-particle interactions. The physics of high-energy plasma 

(with energies >100keV) is therefore bound to the physics of lower energy plasma (1-100keV), since 

the lower energy plasma provides both the seed plasma population for the acceleration process 

through injection from the magnetospheric substorm, and the instability conditions for the 

generation of electromagnetic waves, especially those at higher frequencies (ELF/VLF). The complex 

interplay of electron energy distributions across many orders of magnitude in energy is often 

ignored in Radiation Belt physics. BEADS will allow us to study energy spectra over a wide range of 

energies, especially for precipitating electrons. The resulting particle precipitation from the 

Radiation Belts can take the form of diffuse aurora [Thorne et al., 2010] and this link between 

radiation belt dynamics, precipitating electrons and aurora will be exploited by BEADS.  

Of particular interest to BEADS-related science is the fidelity of the electron measurements across 

the entire relevant energy spectrum.  Recent Van Allen Probe discoveries have revealed that the 

Inner Radiation Belt that from decades of study was known to contain both highly-relativistic 

protons and relativistic electrons (Pizzella, et al., 1962; Pfitzer and Winkler, 1968; Hess, 1968) 

actually contains no MeV electrons at all!  This remarkable discovery by Fennell et al. [2015] was 

only possible with co-located relativistic proton telescope measurements with the electron 

telescope onboard the Van Allen Probes, confirming conclusively that the inner zone electron 

population is simply due to the penetration of the highly relativistic protons into relativistic electron 

telescopes.  Hence, there is a clear need to be able to monitor the relativistic proton populations in 

conjunction with cross-energy scale electron measurements.   

2.3 Strategic Relevance 
The BEADS mission is consistent with the aims and scope of the ESA Cosmic Vision long-term 

planning for space science missions, and identifies with the second question of Cosmic Vision “How 

does the Solar System work?”.  BEADS will investigate the physical processes governing Space 

Weather effects within the regions of near-Earth space known as the magnetotail. Energetic 

particles are created within the magnetotail during substorms, and are of great Space Weather 

interest. The adverse consequences of Space Weather for both satellite infrastructure operating 

within space and to ground-based systems which magnetically map to these regions can have a 

significant socio-economic impact. The UK National Risk Register for Civil Emergencies has classified 

Space Weather as a new risk with relatively high chance of occurrence and high impact on UK 

society. According to senior science advisors to the UK Prime Minister and the US President, the 

potential cost of an extreme Space Weather event is estimated as $2 Trillion in the following year, in 

the U.S. alone, with a projected need for a 4-10 year recovery period (Holdrew and Beddington, 

2011).  As such, these are high priority areas for the European Space Agency Space Situational 

Awareness Program “to provide comprehensive knowledge, understanding, and maintained 

awareness as far as the population of space objects in orbits, space environment, and existing 

threats/risks are concerned" (Bobrinsky and Del Monte, 2010). The study of Space Weather effects 

has also been identified as the highest priority strategic objective of NASA’s Living With a Star and 

International Living with a Star Programs, identified in the NASA Heliophysics Roadmap 

(http://sec.gsfc.nasa.gov/2009_Roadmap.pdf). The BEADS measurements, targeting substorm onset 

and space radiation, are also priorities in the COSPAR/ILWS Space Weather Roadmap (Schriver et al., 

2015). 
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2.4 Why does this Science need to be done from space with two spacecraft? 

Simultaneous and co-located observations of aurora, electromagnetic waves and precipitating 

electron pitch angle distributions and electron spectra are required in order to discriminate between 

proposed models of the substorm onset instability.  Ground-based measurements such as from the 

THEMIS mission provide auroral measurements and an estimate of the electromagnetic waves that 

have not been damped, but do not provide the precipitating particle flux.  This measurement must 

be done from a space-based platform.  Equally, in-situ sampling of plasma distributions is rarely 

accompanied by conjugate auroral imaging such that auroral acceleration can be deduced but not 

conclusively linked.  Substorm aurora are highly dynamic and it is impossible to distinguish temporal 

from spatial variations from a single platform.  Past low-altitude spacecraft such as the NASA FAST 

mission may provide part of the precipitating electron spectra but often don’t provide pitch angle 

coverage, and have no means to distinguish from temporal and spatial effects. 

In terms of the Van Allen Radiation Belt, a critical capability provided by the two-satellite BEADS 

mission is the capacity to resolve the loss cone on multiple spatial scales and across a wide range of 

energies, enabling the study and comparison of wave-particle interaction processes which result in 

the energetic particle precipitation across all those scales. In the equatorial plane, the auroral and 

sub-auroral loss cone only spans a few degrees, and even the state-of-the-art particle 

instrumentation flown on the NASA Van Allen Probes is not able to resolve the loss cone or 

determine whether weak or strong diffusion dominates the system (Kennell and Petscheck, 1966). 

Similarly, almost all LEO orbit energetic particle instrumentation currently monitors only quasi-field 

Figure 2.10. Figure demonstrating the need for two spacecraft to resolve the spatial and temporal variability 
of the auroral acceleration mechanisms during substorms (P1-3). Diagnosis of the aurora, and sampling the 

temporal evolution of the precipitating electrons is essential for science closure. 
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aligned and quasi-perpendicular populations in two specific look directions. In order to assess the 

ionospheric and atmospheric energy input from energetic particles we will make observations of the 

entire pitch angle distribution from auroral to relativistic energies.  We do not know how electron 

precipitation from the radiation belt varies in time or space.  The dual spacecraft measurements 

from BEADS will make new discoveries of these characteristics. 

2.5 Synergy with Other Facilities 
While BEADS is a stand-alone mission, its observations will be of immense benefit to a host of other 

researcher endeavors.  BEADS will enhance existing scientific missions and facilities in Europe as well 

as Canada, US, Japan, Russia.  These ground-based facilities include SuperDARN, EISCAT, THEMIS 

GBO, and space-based facilities include THEMIS and Van Allen Probes. Specific examples would be to 

use the input particle precipitation from BEADS to calibrate the particle precipitation measured by 

the single-point EISCAT facility; to use the auroral imaging to determine whether wave-particle 

interaction processes can generate diffuse or narrow auroral structuring (e.g., Nishimura et al., 2010) 

and, where appropriate, combine with the ESA SWARM mission to provide 5-point field-aligned 

current measurements at unprecedented temporal and spatial resolution to determine the physics 

of magnetosphere-ionospheric coupling during geomagnetic storms and substorms.   Moreover, 

BEADS would be a fundamental component for the upcoming launch of the Japanese ERG satellite to 

the Van Allen belts; ERG providing detailed measurements of in-situ particle fluxes in the equatorial 

magnetosphere and BEADS providing the particle precipitation requisite for science closure on the 

dynamics of the Outer Radiation Belt.   

3 Scientific Requirements 

3.1 Science Requirements 
The primary and secondary science goals can each be answered by addressing sub-questions (P1, P2, 

P3, S1, S2) which drive the science requirements for the mission (see Section 2). Minimum mission 

success can be met by answering any one of sub-questions P1, P2, or P3. However, BEADS will 

provide closure on both the primary and secondary science objectives and sub-questions P1, P2, P3, 

S1, S2 all drive the measurement requirements. 

3.2 Measurement Requirements 
All Measurement Requirements (noted as MR#) are sourced from Science Objectives P1-3 and S1-2.   

 Remote sensing 
[MR 1.1] A meso-scale view of the aurora at > 100km shall be measured in order to monitor the 
large-scale spatial structure of the aurora during substorms and energetic particle precipitation 
[MR 1.2] A meso-scale view of the variation of the aurora at < 10s temporal resolution shall be 
measured to monitor the temporal structure of the meso-scale aurora, resolve auroral beading and 
arc dynamics during substorms  

FUVI will encompass a minimum 30°x30° FOV at 600 km altitude, corresponding to ~270 km spatial 

scale at auroral altitudes of ~100km.  Over two platforms, this spatial scale is sufficient to determine 

the location of the most poleward arc i.e., the location of the open-closed field line boundary (OCB) 

which is pivotal to P1-3 and S1. The OCB can be up to 2° poleward of the onset arc  (e.g., Blanchard et 

al., 1995).  

[MR 1.3] Small spatial resolution images able to resolve auroral forms of order 10 km width at the 
magnetic footpoint of the satellite shall be measured to resolve auroral beading and arc dynamics 
and aurora from wave-particle interaction in the ULF frequency range 
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FUVI will have an angular resolution of ~0.06°, which translates to an average pixel resolution of 

~525 m at 100 km altitude.  This requirement will mean that BEADS will be able to identify the 

exponential growth of auroral beading and auroral arc dynamics at 10s resolution and <30km spatial 

resolution (e.g., Sakaguchi et al., 2008; Rae et al., 2009; Henderson, 2009; Rae et al., 2014) and to 

identify optical signatures of ULF-VLF driven electron precipitation.  

[MR 1.4] Far UV measurements of electron aurora shall be measured to detect aurora that result 
from the energetic electron precipitation during substorms and from wave-particle interaction 

FUV measurements of the aurora are required in order to minimise the contamination of dayglow in 

the measurements, whilst being able to distinguish between softer spectra Alfven wave driven aurora 

and harder spectra mono-energetic precipitation.  The 140-190nm wavelength band offers both of 

these advantages (e.g., Mende et al., 2000a,b,c). 

 Electrons 
[MR2.1] Auroral energy electron Pitch Angle Distributions shall be measured with sufficient energy 

range, energy resolution, temporal cadence, and angular resolution to discriminate between 

acceleration by either Alfvén waves or static potential structures, to measure spatially localised 

diffuse electron precipitation and to measure electron distributions inside and outside of the loss 

cone 

A key requirement in the diagnosis of the substorm onset mechanism is to distinguish between 

electron populations that are wave-driven (Alfvenic) and those that are created by static potential 

drops (mono-energetic) on a timescale of <5s (Newell et al., 2009).  Figure 3.1 shows the difference in 

electron energy flux generated by a static potential drop (energisation of electrons at a single 

energy), and via Alfven waves (energisation over a wide range of auroral energies).  The energy 

range of the EESA should therefore cover 10eV to 25keV at an angular resolution of 15° in order to 

determine field-aligned electron fluxes across all auroral energies.    

[MR2.2] Mid energy electron Pitch Angle Distributions shall be measured with sufficient energy 
range, energy resolution, temporal cadence and angular resolution to identify the signatures of 
magnetotail reconnection and substorm injection, to measure spatially localised diffuse electron 
precipitation and to measure electron distributions inside and outside of the loss cone at sub-auroral 
latitudes 
 [MR2.3] High energy electron spectra shall be measured with sufficient energy range, energy 
resolution, and temporal cadence to identify the signatures of magnetotail reconnection and 
substorm injection and to directly measure high energy electron precipitation from the Radiation 
Belt region.  
[MR 2.4] Highly-relativistic proton measurements should be measured with sufficient energy range, 
energy resolution and temporal cadence to be able to remove contamination of relativistic protons 
from the electron measurements and provide clean electron measurements across all energies.   

Quasi-static 
Mono-
energetic 

Figure 3.1. Distinguishing between the two proposed drivers of substorm onset aurora from their auroral 
electron signatures; static potential drops and Alfven waves (see Newell et al., 2009 and references therein) 

Quasi-static 
Mono-
energetic 

Alfvénic 
Broadband 

t(0)           t(0)+10s 
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To determine the driver of the substorm instability, and whether magnetic reconnection signatures 

precede the formation of the instability, mid-high energy field-aligned electron measurements are 

required in order to measure the potential electron spectra resultant from near-Earth neutral line 

reconnection (e.g., Ostgaard et al., 2001).  For radiation belt physics, electron precipitation from 

30keV-MeV is required in order to reconstruct the spectra of energetic electron precipitation due to 

wave-particle interaction.  An additional requirement is to determine the orientation of the magnetic 

field in order to resolve electron measurements across all pitch angles, to diagnose whether weak or 

strong pitch angle diffusion is occurring.  As discussed above, in order to have clean electron 

measurements across all energies, it would be beneficial to also fly a relativistic proton telescope in 

order to distinguish true energetic electrons from highly-relativistic proton contamination (Fennell et 

al., 2015)  

 Magnetic Fields 
[MR 3.1] The magnetic field shall be measured with sufficient fidelity to resolve the amplitude of 
waves in the Ultra-Low Frequency (ULF: DC to < 10Hz) band. 
[MR 3.2] The magnetic field should be measured with sufficient fidelity to resolve the amplitude of 
waves in the Extremely Low Frequency (ELF) and Very Low Frequency (VLF) bands < 1kHz. 
[MR 3.3] The magnetic field magnitude shall be measured with sufficient accuracy to provide 
reliable estimates of the electron gyrofrequencies across Auroral, mid and high electron energies, 
and the vector magnetic field shall be measured with sufficient accuracy to determine electron pitch 
angle across Auroral, mid and high electron energies 

Plasma wave diagnosis is highly dependent on local magnetic field measurements and so a necessary 
requirement is to determine the magnetic field magnitude.  Moreoever it is necessary to be able to 
resolve ULF wave and VLF wave amplitudes in order to get reliable measurements of wave 
amplitudes up to electromagnetic ion cyclotron (EMIC) wave frequencies of ~10Hz. 

3.3 Instrument Requirements 
Instrument Requirements are noted as IR # and are mapped to the payload in Section 4. The payload 

will nominally include: Far Ultra Violet Imager (FUVI), electron electrostatic analyser (EESA), Imaging 

Electron Spectrometer (IES), Fluxgate magnetometer (MAG), High Energy Electron Detector (HEED) 

and the High Energy Particle (HEP) telescope. 

IR Instrument Requirement Source 

[IR 0010] FUVI shall image the aurora in the 140-190nm spectral range. MR1.4 

[IR 0020] FUVI shall image the aurora in FUV with a field-of-view (FOV) of 30°x30° 
corresponding to a ~270 FOV at 100 km altitude  

MR1.1 

[IR 0030] FUVI shall image the aurora in FUV with an angular resolution of 0.12° 
corresponding to a spatial resolution of order ~1 km at 100 km 

MR1.3 

[IR 0040] FUVI shall image the aurora in FUV with at and interval of <10 seconds. MR1.2 

[IR 0050] FUVI shall have a pointing accuracy of better than 216 arcseconds during 
collection of an image 

MR1.1, MR1.2, MR1.3, 
MR1.4 

[IR 0060] EESA shall measure energy distributions from 10eV to 25 keV MR2.1 

[IR 0070] IES shall measure energy distributions from 30keV to 500 keV  MR2.2 

[IR 0080] HEP shall measure energy distributions from 500keV to 3MeV MR2.3 

[IR 0090] HEED shall measure energy distributions from 400keV to 2MeV MR2.3 

[IR 0100] EESA shall measure electron energy spectra at <15% energy resolution MR2.1 

[IR 0110] IES shall measure electron energy spectra at <15% resolution MR2.2 

[IR 0120] HEP shall measure electron energy spectra at <50% resolution MR2.3 

[IR 0130] HEED shall measure electron energy spectra at <50% resolution  MR2.3 

[IR 0140] EESA shall measure electron energy spectra at <2s temporal cadence MR2.1 

[IR 0150] IES shall measure electron energy spectra at 2s temporal cadence  MR2.2 
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[IR 0160] HEP shall measure electron energy spectra at <2s temporal cadence MR2.3 

[IR 0170] HEED shall measure electron energy spectra at 2s temporal cadence MR2.3 

[IR 0180] EESA shall measure electron pitch angle distributions at <15° angular 
resolution  

MR2.1, MR3.3 

[IR 0190] IES shall measure electron pitch angle distributions at 60° angular 
resolution 

MR2.2, MR3.3 
 

[IR 0200] HEP shall measure precipitating electron pitch angles at less than 45° 
angular resolution 

MR2.3, MR3.3 

[IR 0210] HEED shall measure precipitating electron pitch angles at less than 45° 
angular resolution  

MR2.3, MR3.3 
 

[IR 0220] MAG shall be capable of measuring the 3D vector magnetic field over the 
range of +/- 65,536 nT 

MR3.3, MR2.1, MR2.2, 
MR2.3 

[IR 0230] MAG shall resolve 0.25 nT magnetic fields or better 
 

MR3.1, MR3.2, MR3.3 

[IR 0240] MAG shall have magnetic noise floor of 25 pT/√Hz at 1 Hz or better.  MR3.1, MR3.2, MR3.3 

[IR 0250] MAG shall have an offset error of +/- 100 nT or better MR3.1, MR3.2, MR3.3 

[IR 0260] MAG shall have an offset temperature coefficient of +/- 1 nT / oC or 
better. 

MR3.1, MR3.2, MR3.3 

[IR 0270] MAG shall have a scaling temperature coefficient of less than +/- 100 ppm 
/ oC or better. 

MR3.1, MR3.2, MR3.3 

[IR 0280] MAG shall have a calibration error of +/- 0.5% or better at DC.  MR3.1, MR3.2, MR3.3 

[IR 0290] MAG shall have a cross-axis orthogonality error of less than 1o MR3.1, MR3.2, MR3.3 

[IR 0300] MAG shall have an alignment error to the mounting face of less than 1o  MR3.1, MR3.2, MR3.3 

[IR 0310] MAG shall have a linearity error of 0.01% RMS or better. MR3.1, MR3.2, MR3.3 
Table 3.1 Instrument Requirements sourced against Measurement Requirements 

Measurement 
Requirement 

Instrument 

FUVI MAG EESA IES HEP HEED 

MR1.1 X      

MR1.2 X      

MR1.3 X      

MR1.4 X      

MR2.1  x x    

MR2.2  x  X   

MR2.3  x   x x 

MR3.1  x     

MR3.2  x     

MR3.3  x x X x x 
Table 3.2 Measurement Requirements against Instruments 

Table 3.2 shows how the measurement requirements map to the proposed instrument payload.  In 
order to resolve science question P1, auroral measurements are required to identify the onset and 
evolution of auroral beads over an extended period of time (~1 minute).  Growth rates and 
wavenumbers can be determined from these auroral measurements (Rae et al., 2010). In order to 
establish which substorm instability is responsible, two-point measurements of the electron energy 
spectra across all energies are required. These will demonstrate how the electron energy spectrum 
changes with time during the period of explosive growth, revealing the acceleration mechanism 
(Newell et al., 2009). Magnetometer measurements are then required to distinguish the spatial and 
temporal characteristics of electromagnetic wave activity from static auroral current structures.  
Science question P2 will require the same measurements, to determine the order in which 
precipitating electrons of different energies are observed relative to the substorm onset instability; 
more energetic electrons are likely to be generated from reconnection processes (Zong et al., 2005; 
Pu et al., 2010).  Science question P3 will require the same measurements, but in this case BEADS 
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does not need to pass over the initial brightening of the substorm onset arc, and so can diagnose any 
stage of substorm aurora.   

In order to resolve science question S1, detailed measurements of electron pitch angle distributions 

across eV-MeV are required in order to quantify the precipitating electron flux from the radiation 

belts into the atmosphere.  Pitch-angle resolved electron distributions up to 500 keV are required in 

order to determine whether strong or weak pitch-angle diffusion is acting in the inner 

magnetosphere to cause the precipitation (Kennell and Petscheck, 1966).  Two-point measurements 

are required in order to separate spatial and temporal effects, and magnetometer measurements 

are required in order to diagnose the wave modes operating during precipitation events.  Auroral 

measurements will support these required measurements by determining where the auroral and 

sub-auroral regions are and, where appropriate, where wave-particle interaction causes diffuse 

auroral precipitation.  In addition to the measurements from S1, science question S2 will require 

detailed measurements of both the trapped and precipitating electron electron flux to determine 

how the balance of the radiation belts manifests itself.   

Science Goal Remote Fields Particles 

FUVI MAG EESA IES H
E
E
D 

HEP 

P1 What is the plasma instability responsible for 
substorm onset? 

R R R R R R 

P2 How does the substorm instability relate to 
magnetotail reconnection and associated 
energetic particle injections? 

R R R R R R 

P3 What processes create and sustain substorm 
aurora? 

R R R R R R 

S1 What is the precipitating electron energy flux from 
the radiation belts into the atmosphere?  

S R R R R R 

S2 How is the transport and energisation of the 
trapped particles linked to the precipitation in the 
radiation belt region? 

S S R R R R 

Table 3.3. BEADS Science Traceability Matrix 

3.4 Mission Requirements 

 Orbital Requirements 
[OR 1.1] Two spacecraft should be placed 
in a high inclination sun-synchronous 
orbit 
[OR 1.2] The orbit must maximise the 
time the spacecraft spend in the pre-
midnight and dayside regions 

Substorm onsets are in general observed 

around the pre-midnight sector (see 

Figure 3.2) whereas whistler-mode waves 

are maximised in the dawn-noon region.  

Hence the ideal orbital choice for both 

Primary and Secondary science objectives 

is a sun-synchronous orbit. 

x 

y 

x 

y 

Figure 3.2 (left) whistler-mode wave amplitudes and 
(right) substorms onsets (from Meredith et al., (2012) and 

Frey et al., 2004, respectively 
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[OR 1.3] The spacecraft should be in the same orbital plane with separation of <60s. 

Auroral bead development occurs on a 10-60s timeframe.  Hence, to view the aurora and to measure 

the in-situ particle populations as the auroral beads grow necessitates an inter s/c separation on the 

order of this exponential growth timescale (Rae et al., 2009; 2012).  For radiation belt science, 30s 

corresponds to a spatial separation of 230km, and precipitation is hypothesized to vary over this 

spatial scale due to the relativistic electron drift timescale (~5 minutes).   

 Operations Requirements 
[OR1.4] Science Operations shall start above +/-50° magnetic latitude  

Science operations should be restricted to the auroral and sub-auroral regions above 50°, which 

corresponds to an L-shell of ~2.5, where the outer radiation belts are not expected to reach.   

4 Scientific Instrument Payload 

4.1 Overview 
The payload of each spacecraft consists of a Far UV auroral imager, magnetic field instrumentation 

and charged particle instruments, predominantly observing precipitating electron fluxes across a 

broad energy range. All the proposed instrumentation meets the requirements for a TRL of at least 

6. They also meet all instrument performance requirements defined in Section 3. 

Each spacecraft carries the same payload, with one exception; the high energy particle 

measurements may be provided by a HEED on one spacecraft and a HEP on the other.  

The resource requirements of the instruments are summarised in Table 4.1. The capabilities of the 

instruments are discussed below. 

4.2 Instrument Accommodation 

The two magnetometers (MAG) are mounted on a 3 m long rigid boom. 

The FUVI Imager is mounted looking to the spacecraft nadir. 

Table 4.1. Summary of Scientific Payload Resource requirements, TRL and Heritage.  

Orbit averaged power and orbit summed telemetry budgets are shown in Chapter 6 
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The EESA and IES particle instruments are mounted so that they can look in the orbit plane. 

The HEP and HEED particle instruments are mounted looking to the spacecraft zenith. 

Such an arrangement is illustrated in Figures 4.1, 4.2 and 4.3, but does not necessarily represent an 

optimised configuration for a specific spacecraft option. 

An analysis of the variation of the magnetic field direction local to the spacecraft has been 

performed. This is important for assessing how well the particle instruments can maintain a view 

along the magnetic field direction, and how well the imager can view the spacecraft’s magnetic 

footprint at auroral altitudes (100 km). The results are summarised in Figure 4.4 which shows that 

the out-of-plane angle between magnetic field and nadir direction varies seasonally during a year by 

~ +/- 10° while the in-orbit-plane angle switches between negative and positive (according to which 

hemisphere the spacecraft is above, north or south) predominantly within a +/- 20° range. 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Illustration of relative 

orientations and sizes of sensor fields of 

view; spacecraft elevation view 

Figure 4.2. Illustration of relative orientations 

and sizes of sensor fields of view; spacecraft 

plan view 

 

Figure 4.3. Illustration of relative 

orientations and sizes of sensor fields of 

view; spacecraft second elevation view 

 (plan view) 

Figure 4.4. Illustration of the variations of 

the angles between the spacecraft nadir-

zenith direction and the magnetic field 

direction, at auroral latitudes, during 1 

year. Angles in the orbit plane, and in the 

perpendicular sense are shown. 
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4.3 Instrument Descriptions 

 FUV auroral imaging system 
The twin BEADS spacecraft will both host a Far 

UltraViolet (FUV) imager. A block diagram illustrating 

the overall instrument is shown in Figure 4.5. 

The goal pursued here is to monitor the evolution of 

the auroral arcs and structures at short time scale. We 

will thus use an instrument that works in a wavelength 

interval where the auroral brightness is large enough 

to accommodate rather short duration exposure. On 

the other hand, we want to avoid working with visible 

light, because such an instrument generally requires 

important baffling to eliminate the effect of scattered 

sunlight. Our choice thus naturally turns to be the FUV 

interval between 131 and ~190 nm, which covers most 

of the N2 Liman-Birge-Hopfield band. The lower bound 

of the wavelength interval is chosen to eliminate the 

bright OI 130.4 nm triplet, because the thermosphere 

is optically thick to that multiplet, which would drive 

the data analysis into endless complications.  

4.3.1.1 Far UltraViolet Imager (FUVI) 

This choice is indeed the one previously adopted for 

the Wide band Imaging Camera (WIC) onboard the 

NASA-IMAGE spacecraft [Mende et al., 2000 a,b,c] 

which is presented in Figures 4.6 and 4.7. The 

instrument that we propose will be very similar to the 

WIC instrument, which proved to be very successful. 

The WIC instrument employed two elements to realize 

the wavelength selection: a CsI photocathode was used 

to minimize contamination by light with wavelength 

longer than ~190 nm, while a 2mm thick BaF2 window 

was used with appropriate heater and temperature 

monitoring system in order to reject light with 

wavelength shorter than ~140 nm. The optical system 

was largely inspired by the Viking-Freja instrument. In 

fact, the front optics graphite fibre epoxy composite 

(GFEC) tube of the IMAGE-WIC flight unit was a Freja 

flight spare. The optical system itself was an inverted 

Cassegrain telescope consisting in a primary, small 

convex mirror located in such a manner that the 

incoming light passes through a hole in the center of a 

large, concave secondary mirror. This is a concentric 

design with both mirrors being spherical with a 

common center of curvature. The system is very compact and efficient. However, such a system 

produces an image on a spherical surface, which requires that the photocathode be on a spherical 

Figure 4.6. IMAGE-WIC cutaway; from 

Mende et al (2003a)  

Figure 4.7. Photograph of the IMAGE-

WIC from the IMAGE mission website. 

The black cylinder is the carbon fibre 

optical tube holding baffles and the 

primary and secondary mirrors. An 

alignment cube is mounted on the 

cylinder. The rectangular units behind 

the tube contain the HV power supplies, 

intensifier and CCD electronics. 

Figure 4.5. FUVI block diagram 
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surface. In the Freja instrument, distortion of the image was corrected using a fiber optics system, 

which was heavy and difficult to manufacture. On board IMAGE, the distortions of the WIC images 

were corrected digitally onboard. 

The WIC instrument had an instantaneous field of view of 30°x30°, but effectively used a 17°x30°FOV 

and a detector of 256x512 pixels. This setup was used to produce 256x256 images across a 17°x17° 

effective field of view after correction for the satellite rotation and orbital motion using time delay 

integration (TDI).  

The BEADS mission will use 3-axis stabilized platforms, so the TDI will only be needed to compensate 

for the satellite motion. The IMAGE perigee was at ~1000 km of altitude from which the WIC 

instrument did produce high quality images after accumulating the signal during ~10 seconds which 

demonstrates the feasibility of auroral imaging at this wavelength using such an instrument from a 

satellite at relatively low altitude.  

We will use the full 30°x30° FOV allowed by the WIC design and produce 512x512 images. For a 

satellite moving at 600 km at ~7.6 km s-1, the resolution of the instrument would be ~511 m in the 

nadir direction, a distance that the nadir projection of the center of a pixel crosses in ~0.072 s. It will 

thus be necessary to build the final image by co-adding TDI’ed sub-images obtained on a high cadence 

with individual exposure time significantly shorter than 0.072 s. On board IMAGE, the gain of the 

intensifier had been adapted in order to guarantee that the auroral signal would largely dominate over 

the CCD readout noise after accumulating more than 300 images each having a 33 ms exposure time. 

This demonstrates that we can produce images with a high cadence by accumulating TDI’ed sub-

images obtained with an exposure time sufficiently small (here ~1/2 of the critical time of 0.072s) to 

neglect the spacecraft motion. We will produce 512x512 final images with a cadence of 1 snapshot 

every 3 seconds using a design similar to that of WIC. We may need to discard a part of the pixels in 

the direction of the march of the satellite depending on how the TDI will be performed onboard. At 

worst, we would lose ~41 pixels with the planned orbit configuration.  

Although efforts will be undertaken during the definition phase to improve the optical design and to 

identify components with better performances than those that were used for WIC, we consider that 

the BEADS FUVI imagers are at TRL-9 since, in principle, we can use the same material with the same 

design as the IMAGE-WIC instrument. We thus also consider that the mass, volume and power 

consumption will be nearly those of the IMAGE-WIC instrument, that we list in Table 4.2, with its 

reported performances that we will consider as minimum requirements for our FUV cameras (the FOV 

and the pixel size at ionospheric altitude were adapted to match the BEADS orbit). 

Mass 
(kg) 

Volume (mm3) Power 
standby (W) 

Power 
acquire (W) 

Pixel size 
(°) 

Ionospheric 
pixel size (km) 

Counts /pixel/100 
R/exposure 

FOV 
(°x°) 

4.1 327x175x180 0.84 3.90 0.06 0.511 23 30x30 

Table 4.2. Estimated resources needed by each FUV camera and requirements. 

 

4.3.1.2 Image Data Processing Unit (IDPU) 

The IDPU will be required to provide a conventional power, control and communications interface 

between the spacecraft and the FUVI instrument.  The FUVI data rate is such that there is no need 

for JPEG compression onboard. The IDPU has two main tasks in relation to handling the data from 

FUVI, which are to correct image distortion and to support “time delay and integration” (TDI) which 
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is a well-established method that is used when the image is moving by more than one pixel during 

the exposure time required for the CCD. These tasks are illustrated in Figure 4.8, and are described 

in more detail below. 

 

The FUVI uses two spherical mirrors that produce a distorted image on a curved surface. The image 

read from the CCD will then be a distorted image of the scene seen outside. The image will be digitally 

corrected by transforming the distorted source raster read from the CCD into a rectilinear raster. The 

signal (photon count) associated with each pixel of the rectilinear raster will be a weighted sum of 

contributions from several (4) adjacent pixels of the distorted raster. Conversely, the photon count of 

each pixel of the distorted raster will be distributed among several adjacent pixels (4) of the rectilinear 

raster.  

In order to accumulate the final digital image, the distortion-corrected raster will need to be added in 

memory accounting for the satellite motion and the time elapsed since the start of accumulation of 

the image signal. This correction implies a memory shift determined based on the satellite velocity 

and altitude. Formally, the TDI then reduces to operations very similar to the distortion correction: 

this can again be done by distributing the counts of the pixels of the rectilinear raster among those of 

the digital image. The shift in memory and the weights to be used for that operation can be done on 

ground once and for all and stored onboard as lookup tables. In fact, the TDI and distortion correction 

could be done at once by simply using appropriate lookup tables that summarize both operations 

which are very similar.  

The IDPU design has heritage from the Proba-3 Coronagraph Control Box (CCB), a dual redundant 

system which contains a power conversion unit, a digital processing unit and an ancilliary electronics 

units board. The Proba-3 CCB DPU contains a LEON3 microprocessor and an FPGA together with 

Figure 4.8. Illustration of the FUVI data handling tasks performed in the IDPU. 
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memory for use by scientific algorithms and telemetry assembly. The FUVI IDPU tasks and the BEADS 

space environment are both significantly less demanding than for Proba-3, thus initial study indicates 

that the IDPU can be implemented in a reduced resource envelope relative to the Proba-3 CCB.  

The construction of the FUVI instruments will rely on Centre Spatial de Liège (CSL, Belgium). The 

instrument data processing unit (IDPU) will be jointly provided by Centrum Badań Kosmicznych (CBK, 

Poland) and CAS-NSSC (China). Integration, environmental tests and calibration will be performed at 

CSL. 

 In Situ Instruments Suite 
The In Situ Instrument Suite measures the magnetic field at the spacecraft and measures the 

precipitating electron populations over a wide energy range. The HEP instrument also measures 

energetic protons, which is important for interpretation of the energetic electron data. Tables 4.3 

and 4.4 summarise the particle measurement capabilities. 

 

Parameter Range/resolution EESA IES 

 Species Electrons Electrons 

Energy Range 5 eV – 25 keV 30 – 600 keV 

 Resolution (∆E/E) 12% 10 % 

Angle Range (AZ) 360° 180° 

 Range (EL) ±20° 20° 

 Range scan (EL) Tracks magnetic field n/a 

 Resolution (AZ× EL) 11.25° x 3° - 8° 20° x 20° 

Temporal Resolution (msec) 80 1000 

Sensitivity  (cm2 sr eV/eV) 0.8 x 10-4 2.0 x 10-2 

 

 

Parameter Range/resolution HEED HEP-electron HEP-ion 

 Species Electrons Electrons Protons 

Energy Range 
400 keV 
-2 MeV 

0.5 - 3 MeV 3 - 30 MeV 

     

 Resolution (∆E/E) 20% 50 % 30 % 

Angle Range (AZ & EL) 30° 20° 20° 

Temporal Resolution (sec) 2 0.5 0.5 

Sensitivity (cm2 sr) 0.049 0.171 0.171 

 

 

 

Table 4.3. (above)    EESA and IES 

Table 4.4. (above)    HEED and HEP  
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Each particle sensor is mounted so that its field of view is not obscured, and spacecraft surfaces will 

not reflect sunlight into the aperture.  

As usual for particle instruments, dry nitrogen purging is required during all ground activities. 

The instruments will all be designed to have adequate radiation shielding through a combination of 

their own structures, the spacecraft structure and spot shielding. 

4.3.2.1 Fluxgate magnetometers (MAG) 

The magnetic field instrumentation is provided by a 

collaboration between the University of Alberta 

(Canada) and the Institute of Geology and Geophysics 

of the Chinese Academy of Sciences (China). 

Each spacecraft will carry two magnetometer 

sensors, one provided by each team, together with a 

shared electronics box based on a successful low 

resource Canadian design. The arrangement is 

illustrated schematically in the block diagram in 

Figure 4.9. 

The two sensors will be mounted at different distances along a 3m boom to reduce the contribution 

of the spacecraft magnetic field to each of their 

measurements. In combination, the dual-sensor data 

can be used to characterise and remove the stray 

spacecraft dipole magnetic field using the method 

originally proposed by Ness et al. (1971). This approach 

was demonstrated for example on the China-ESA 

Double Star mission. 

The Chinese magnetometer instrument was developed 

for an application similar to the ESA SWARM mission 

and it can provide 100 pT resolution in full Earth field (± 

65,536 nT), with a noise floor below 100 pT (rms) and a 

measured random error of less than 0.1 nT integrated 

over frequencies up to 128 Hz. 

The Canadian NGFM sensor (shown in Figure 4.10) 

provides 8 pT resolution in full Earth field (± 

65,536 nT), with a noise floor below 10 pT/√Hz 

at 1 Hz.  

Traditional fluxgate magnetometers have had 

limited utility above 1-10 Hz due to reduced 

sensitivity at these frequencies and a high-

noise floor compared to more complex and 

larger induction coil magnetometers. 

However, Miles et al., (2013) demonstrated 

how to extract significantly better bandwidth 

from existing sensors. Figure 4.11 illustrates laboratory 

results where the NGFM captures a 400 Hz 18 pTRMS 

Figure 4.9. MAG block diagram 

Figure 4.10. NGFM flown on ICI-4 

Figure 4.11. NGFM resolves an 18 pT 

signal at 400 Hz in a laboratory test 
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sinusoidal magnetic test signal. The NGFM instrument flown on the ICI-4 sounding rocket in Feb 

2015 used direct digitisation of the fluxgate sensor to acquire 2,893 samples per second which 

significantly outperforms existing state-of-the-art. This high cadence allows the NGFM to provide AC 

measurements normally provided by a search-coil magnetometer, albeit with a lower sensitivity.  

The BEADS MAG instrument measures the planetary magnetic field, together with waves and 

fluctuations associated with field-aligned currents, to an accuracy of within 2 nT in each component.  

The BEADS MAG instrument provides 3D magnetic field vectors at a time resolution of 100 vectors/s, 

covering the DC to low frequency range below 50 Hz. In burst mode, data can also be provides at 

1000 vectors/s extending the frequency range to 500Hz, a part of the spectrum typically covered by 

search coil magnetometers.  

The instrument is expected to operate continuously, using internal automated range changes if 

necessary to respond to varying magnetic field strength (as on previous missions). 

The Canadian NGFM sensor is identical to the sensor demonstrated on the ICI-4 sounding rocket and 

the sensors currently operating in space on the Cassiope/e-POP mission and so have TRL = 9. The 

Chinese MAG has been developed for flight but has not yet flown so has TRL = 6. The proposed 

magnetometer electronics sub-systems (able to provide data at frequencies usually associated with 

search coil magnetometers) have been demonstrated on the ICI-4 sounding rocket and are an 

improved version of those being used on Cassiope e-POP, and so they have TRL = 7. 

4.3.2.2 Electron Electrostatic Analyser (EESA)  

The EESA will be very closely modelled on the Solar 

Orbiter SWA-EAS instrument (Figure 4.12). 

An EESA sensor will measure the energy spectrum of 

auroral electrons of energies in the range 5 eV to 25 

keV across the complete 360° range of pitch angles 

every 128 ms, consistent with our science 

requirements. Electrons enter through a field-of-view 

deflection system (FDS) and then are energy-angle 

selected in the classic top hat electrostatic analyser. 

The “analysed” electrons are detected using a Micro-

Channel Plate (MCP) stack and a 32 sector anode, giving 

11.25° resolution.  

The basic data accumulation time for a single energy-

angle bin is 1 ms. The sensitivity is tailored to typical 

fluxes of auroral electrons (107 to 1010 eV/cm2-s-sr-

eV).  

The analyser head on each sensor is oriented relative 

to the spacecraft instrument deck as shown in Figure 

4.13, to allow its 360° x 5° field of view to lie 

tangential to the face of a cuboid spacecraft, and the 

FDS can be used to ensure that the magnetic field 

direction is always observed, by bending the field of 

view by up to 20° when required. Figure 4.13. EESA Configuration 

Figure 4.12. SWA-EAS Sensor 

Illustration 
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The sensor sub-systems are illustrated in Figure 4.14. The sensor carries out its measurement 

function by varying the voltages applied to the deflector and analyser in response to commands 

relayed via the SCU and interpreted in the FPGA, using algorithms demonstrated on heritage 

instruments (e.g. Solar Orbiter SWA-EAS).  

The instrument data handling functions and spacecraft interface (which for Solar Orbiter were 

achieved in the SWA DPU) will reside within some additional boards within the sensor unit, which 

will be jointly provided by MSSL and BUAA.  

The EESA sensor is a very close relative of the Solar Orbiter SWA-EAS instrument and the PEACE 

instrument design used on Cluster and Double Star.  EESA uses a higher measured energy than EAS 

(25 keV vs. 5 keV) which can be readily achieved. Due to EAS heritage, and some necessary changes 

to conform to ITAR regulations, the TRL = 6. 

The EESA 

instrument is a 

collaboration 

between MSSL 

(UK), LPP 

(France) and 

BUAA (China). 

LPP provides 

the ASIC and 

shares 

intellectual 

property with 

MSSL on the 

detector subsystem which LPP provided for 

EAS. The lead funding agency is UKSA. The LPP 

contribution explicitly does not require CNES 

support. 

 

4.3.2.3 Imaging Electron Spectrometer (IES) 

The IES instrument will provide fast 2-D angular distribution of 

suprathermal (energetic) electron distributions in the energy 

range from 30–600 keV. The sensor is based on the use of 

advanced solid state particle detectors, pin-hole collimator and 

compact front-end electronics.  

The instrument is based on an extremely small, effective 

detector module. The module design was adopted for the 

CEPPAD instrument on the ISTP Polar spacecraft and also for the 

RAPID instruments on the four Cluster spacecraft (Wilken et al., 

2001) which are still operating successfully after 

fifteen years. The design has a long heritage of 

providing accurate and reliable measurement of 

particle distributions. 

Figure 4.14. EESA Sensor Block Diagram 

Figure 4.15. IES detector cross-section 
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The instrument comprises a ‘pin-hole’ aperture and a Microstrip, Solid State Detector (MSSD), 

having a 0.5 cm, 1.5 cm planar format, segmented into 

three individual 20 degree elements, which form the 

image plane for three ‘pin-hole’ systems. The 

instrument has a tilted array of 3 detector modules, 

mounted to segment the polar directions, which result 

in nine 20 degree angular polar segments, as 

illustrated in Figure 4.15.  

The planned sampling rate is 1 energy-angle 

distribution per second.  

IES is a successful concept, and a Chinese version is now 

in production at PKU (a PFM unit is shown in Figure 4.16) for flight on Chinese GPS satellites, the first 

of which is due for launch very soon. In total, 6 IES units will be provided for the GPS programme. 

The TRL of this incarnation of IES is 8 and is hoped to shortly be raised to 9 when the GPS mission 

following a successful GPS satellite launch. 

The PKU IES is calibrated on the ground using radioactive sources, both for energy calibration (207 

Bi) and angular calibration (90 Sr-90Y). The instrument is equipped with a pulser for onboard energy 

calibration. 

The IES units for BEADS will be provided by 

PKU (China) in partnership with RAL (UK). The 

Chinese design does not use the front end 

electronics system used for Polar and Cluster 

since key components are no longer available. 

The role of RAL (who were part of the Polar-

CEPPAD and Cluster-RAPID teams) for BEADS-

IES is to provide a new set of front-end 

electronics, offering better characteristics (for 

example lower noise) than in the current 

Chinese IES instrument. The concept is shown 

in the block diagram in Figure 4.17.  

 The supporting electronics for the 

instrument consists of a front end interface, 

the DPU and the spacecraft interface. The use 

of low noise, multi-channel multiplexed front-

end data readout and digitisation Application Specific 

Integrated Circuits (ASIC) that require minimal 

external components is fundamental to the 

miniaturisation and simplified modular design of the 

IES sensor units. The ASIC technology has been developed in the UK by RAL. This type of ASIC is a key 

part of the Bepi-Colombo SIXS instrument and is at TRL = 8.  

The IES ASIC is planned to be adapted from the existing design developed for the SIXS instrument, 

current specifications: 8 channel single event measurement; 12 bit ADC, with a 10 MHz clock; 1keV 

FWHM noise, with compensation to 150nA; buffered data on-chip until bus is free, and 150mA 

response, at 3.3V per chip. 

Figure 4.16. IES PFM from PKU 

Figure 4.17. Proposed IES block diagram  
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4.3.2.4 High Energy Electron Detector  (HEED) 

The HEED instrument measures the electron energy 

flux over an energy range varying from 400 keV to 2 

MeV in 8 channels with 20% energy resolution and at 

a cadence of 2 s which meets the measurement 

requirements. The electrons which enter through a 

cone of acceptance are detected without being 

resolved in arrival angle. The representative geometric 

factor is 0.049 cm2 sr (varying a little with energy 

range).  

An instrument block diagram is shown in Figure 4.18. 

The energetic electrons are detected, and their energy 

is analysed, using a conventional silicon detector 

stack. The support electronics includes an ASIC for 

signal amplification and an FPGA for data handling.  

HEED is a high-heritage instrument with TRL 9. Earlier 

variants flow on Double Star (Cao et al., 2005) and on 

Chinese spacecraft in the 1990s. The current 

upgraded version (shown in Figure 4.19) is operating 

on the FY3 satellite in low earth orbit and the FY2 

satellite in geostationary orbit. 

During the assessment phase, it is proposed to explore the possibility of increasing the cadence to 1 

s and of using more than 8 energy channels. The implications of such a change, in terms of an 

increase of a factor 2-4 in the telemetry budget, would be relatively minor due to the rather low 

telemetry requirement of this instrument.  

The HEED and HEP teams plan to co-operate. In particular this would allow cross-calibration checks 

in-flight, and also allow the possible effects of energetic protons (which HEP can identify) on HEED to 

be identified and isolated. 

The HEED units will be provided by NSSC (China).  

4.3.2.5 High Energy Particles Instrument (HEP) 

HEP measures proton energy spectra from 3 MeV to 30 MeV in 12 log-spaced bins, and electron 
spectra from 0.5 MeV to 3 MeV in 4 log-spaced bins, from a 20° angular cone field of view, at 0.5 s 
cadence. The energy of an energetic particle energy can be determined by measuring the energy 
deposited in a stack of silicon detectors using the known stopping power (dE/dx) of silicon. Energetic 
protons or electrons passing through the detectors generate free charge proportional to the energy 
deposited by the particle in each detector in the stack. Using a charge amplifier and a pulse shaping 
amplifier, output pulses of height proportional to the deposited energy can be produced.  The 
amplifier output signals are continuously digitized by analog to digital converters and sent to a data 
processing FPGA. Coincidence logic applied to signals in the front detector and in the remaining 
stack validates the particle entry path, and improves signal to noise ratio.  

 

Figure 4.19. HEED from NSSC  

Figure 4.18. HEED block diagram  
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The instrument, illustrated in Figure 4.20, consists of a silicon detector stack with N=5 elements, 

together with  side shielding, entrance collimator, magnetic low energy electron filter and analog 
electronics optimised for counts and particle spectra appropriate for the BEADS orbit. The power, 
data processing and interface electronics are shielded to prevent interference with analog 
electronics inside the sensor assembly.  
The instrument sensitivity is sized so that peak count rate which can be handled without saturation 

effects from dead time is not exceeded in the expected environment.   

The HEP bench prototypes continuously sample the FPGA operating at 100 MHz requiring a power of 

11.1 W at 28 volts. However, a factor of 2 in power savings is realized by using a less powerful FPGA 

operating at lower clock frequency such as the 40 MHz and triggering the pulse sampling with a fast 

pulse detect channel adopted by REPT for Van Allen Probes (Baker et al., 2013) such that the 

baseline power for HEP is 5.6 W.   

The instrument will have a “measurement 

mode”, a “calibration mode”, a “raw data 

mode”, a “safe mode” during which the 

high voltage supplies are switched off and 

an “off mode”.The TRL = 6 as the 

instrument concept is based on the HEPT 

instrument developed for the proposed 

ORBITALS mission, for which a prototype 

was designed, built and tested in TRIUMF 

beam lines (see Figures 4.21 and 4.22) 

demonstrating performance in good 

agreement with GEANT 4 simulations. 

HEPT has identical stack elements to those 

in the REPT instruments currently 

successfully operating on the Van Allen 

Probe mission. The lead funding agency would be the Canadian Space Agency. Industrial partners, 

COMDEV, were recently responsible for the successful EFI instruments on ESA’s SWARM mission. 

Figure 4.20. HEP block diagram, sensor 

cutaway and photograph of the prototype  

Figure 4.21. HEP prototype undergoing 

calibration at the TRUIMF high energy 

particle beam line facility 

Figure 4.22. Proton channel calibration results from the 

HEP prototype calibration at the TRUIMF beam line. 
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5 Mission Configuration and Profile 
5.1 Launch, operational orbit, mission phases and operations 

 Launch 
The two spacecraft can be launched to the operational orbit using a range of Chinese and 

European launch vehicles, but should be launched together on a single rocket. The Chinese option 
usually preferred for Sun-Synchronous Orbit launches is the Long March LM-2C/CTS. The European 
options are Vega, or (as piggyback auxiliary payloads) with Soyuz and Ariane V. 

 Operational Orbit 
The proposed operational orbit is a 600 km Sun-Synchronous Orbit, aligned with the 10:30/22:30 

local time plane. A sun-synchronous orbit is preferred in order to cross the northern and southern 
substorm sector on each and every orbit.  

A scientific aim of BEADS is to catch the brief (1 minute duration) period of substorm onset. The 
orbit period is 98 minutes, and twice each orbit the spacecraft are suitably located to see an onset if 
it occurs; i.e. there is a 1 in 50 chance to be in the right place when a substorm starts. In an average 
year there are ~2140 substorms (Newell et al., 2013) so that the mission may observe 43 
events/average year. Even in a very quiet year, ~450 substorms may occur giving only ~10 events. As 
BEADS may launch at solar minimum, it may be necessary to have a 3 year mission to collect a 
statistically valuable collection of several tens of events. 

 Mission Phases 
The mission is launched to the operational orbit on a single rocket. The spacecraft are released in 

sequence, such that their separation along the orbit track is about 30 seconds (230 km). There is 

expected to be an instrument commissioning period, which would occur after time has elapsed to 

allow outgassing, at least for those instruments which use high voltages. 

The scientific operations plan is expected to be the same for each orbit.  The spacecraft orbit is low 

enough that the spacecraft orbit will naturally decay within 25 years, complying with space debris 

regulations. 

 Operations concept 
The proposed operations scheme is illustrated in Figure 5.1. As discussed later, it has been shown to 

be consistent with available spacecraft power under worst case conditions. 

The magnetometers operate continuously.  

The particle instruments operate between 50° and 80° magnetic latitude during four sectors on each 

orbit (on day and nightside, in northern and southern hemispheres).  
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The imager instrument operates between 60° and 80° magnetic latitude 

during two nightside sectors on each orbit (in northern and southern 

hemispheres), and (in the relevant season) on a dayside sector in the 

winter hemisphere for which these latitudes may be dark. When greater 

power resources are available, particle and imager operations could be 

extended to cover the polar cap regions (latitudes> 80°). 

The payload demands for power (orbit-averaged) and telemetry (orbit-

summed) are shown in Table 5.1. 

 

It is proposed that spacecraft operations could be controlled from the Redu MOC which has been 

used for previous PROBA missions 

It is proposed that communications with the spacecraft are achieved in S-band, using the Redu 

Ground Station together with a suitable Chinese Ground Station. 

5.2 System level requirements 
It is expected that science management will follow the usual ESA model, adapted for a joint 

international mission. Such an approach has already been successful in the previous collaboration, 

on the Double Star scientific mission led by China. 

 Attitude and orbit control system 
The spacecraft are proposed to be 3-axis stabilised.  

Figure 5.1. Operational intervals for the imager (blue arrow) and particles 

instruments (purple arrow), bounded by magnetic latitude regions. The 

Earth’s nightside is shown in black.  

Table 5.1. Summary of Scientific Payload needs for orbit averaged power and orbit summed 

telemetry. Based on a duty cycle related to magnetic latitude regions. 
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During science operations, the spacecraft should be nadir pointing to first order. On a seasonally 

varying basis, the pointing should tilt by up to 10° degrees out of the orbital plan to maintain the 

magnetic field in the field of view of the particle instruments. 

In between science operations, for example at low magnetic latitudes, the spacecraft may re-orient 

to maximise solar array power production for battery charging. 

The baseline assumption is that no orbit control is required, with the required (~200 km along track ) 

inter-spacecraft spacing being achieved at the point of release from the launch vehicle. An orbit 

control system could be included on one spacecraft if ESA-CAS the 300 kg mass threshold may be 

slightly exceeded to enable this change. 

 Electromagnetic cleanliness 
The science team does not seek to impose stringent electro-magnetic cleanliness requirements. The 

use of a dual-magnetometer system on a boom for each spacecraft provides the possibility to 

identify and remove spacecraft magnetic field signatures.  

The space plasma measurements may be affected by non-zero spacecraft potential and differential 

spacecraft charging, however the energies of interest are above those for which these effects are 

typically important. Thus it is not considered mandatory to ensure uniform conductivity on all space-

exposed spacecraft surfaces, although it would be “nice to have”. 

 Contamination 
The imaging and particle instruments use high voltages and require a vacuum for safe operation. 

Time should be allowed for outgassing before these instruments are commissioned, and during 

ground handling they should be purged with dry nitrogen. Imaging optics as well as detectors should 

be protected from contamination. 

 Thermal 
The operating and non-operating temperature ranges of the payload are typical for such 

instruments. No instruments require special arrangements (e.g. no radiators). It is expected that 

some instruments will require MLI on external surfaces as part of a strategy to maintain 

temperatures within desired ranges.  

 Radiation 
The radiation environment in a 600 km sun-synchronous orbit is well understood and relatively 

benign (at least compared 

to many higher altitude 

magnetospheric 

missions). Figure 5.2 

shows SPENVIS results for 

a 1 year (2021) interval in 

the BEADS operational 

orbit, showing only 

~5krad behind 2 mm Al.  

Figure 5.2. Dose-depth 

curve for the BEADS 

operational orbit for 

one year (SPENVIS)  
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5.3 Spacecraft Design 

 Spacecraft and mission concept overview 
Table 5.2 summarises key performance data for the BEADS spacecraft solution proposed by Qinetiq 

Space. 

BEADS spacecraft Key performance data 

Spacecraft launch mass 

Dry Mass (SC1): 135 kg (without margins) 
Dry Mass (SC2): 138 kg (without margins) 
Total launch mass (two spacecrafts): 301kg 
 
An additional allocation of 100kg (TBC) launcher adapter mass should be taken into 
account at a later stage of the project 

Spacecraft dimensions 
 

864mm x 728mm x1211mm mm³ 

Pointing performance: 3-
axis stabilized  

Absolute Point Error (APE): 20 arcsec – 95% confidence 
Absolute Point Knowledge (APK): 8 arcsec - 95% confidence 
Relative Point Error (RPE): 5 arcsec (over 60s) without in-orbit 
optimization 

Platform  

Platform heritage Based on PROBA platform 

Data Handling 

ADPMS using: 
Processor: LEON2, a SPARC V8. 
Interfaces: RS422 serial, analogue and digital status lines, 
AOCS Interface Unit (AIU) for the following functions 
Interface to 3 Magneto torquers 
Interface to 2 MagnetoMeter 
Interface to 2 GPS receiver 

Power 

Solar panels:  
2 body mounted panels GaAs cells 28% 
14 strings, 18 cells per string allowing for almost 150W available on 
the bus 
Battery: 7s8p, 12Ah, Li-ion (18650NL), 17.5V – 29.4V  
Power Conditioning:  
12A power capability 
28V battery regulated power bus 
Power distribution:  
24 protected overcurrent and undervoltage power outlets  

Structure 
The primary structure: 
Al honeycomb structure mounted on Al milled bottom board 
Double H structure  

Mechanism 
Boom deployment mechanism (Shanghai Academy of Space 
Technologies) 

AOCS 

3-axis stabilised satellite 
Actuators: 
4 reaction wheels (PROBA-V) 
3 MagnetoTorquers - Internally redundant (PROBA-V) 
Sensors: 
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 Spacecraft Structure and Accommodation  
The structure will be based on previous PROBA 

structures. The Bottom Board, which attaches to 

the launcher interface ring, will be milled 

aluminium board, which offers the necessary 

stiffness and strength. Inner panels are made 

from aluminium honeycomb sandwiched 

between aluminium sheets. Exterior panels use 

CFRP outer sheets sandwiching an aluminium 

honeycomb structure between them. Two 

panels carry the solar array. 

The S-band antennae are accommodated so that omni-directional coverage is achieved.  

The GPS antennae are placed with line-of-sight to the zenith to provide clear visibility of GPS 

satellites. 

2 Star trackers (DTU µASC) (PROBA-V) 
1+1 MagnetoMeters(PROBA-V) 
2 GPS Receiver (PROBA-V) 

Propulsion None 

Communications  

ECSS compatible 
Architecture: based on S-band transceiver 
S-band Telemetry 
Medium rate - 830kbps (~2 Msps) 
Low rate – 143 kbps (~330ksps) 
S-band Telecommand:   
64 ksps 

Software 

OS: RTEMS 
Application SW: Based on PROBA-V OBSW 
Implemented in accordance to ECSS, including ECSS PUS standard.  
Designed for maximum on-board autonomy, which includes system 
mode management, payload operations and FDIR. 

Thermal 
Passive thermal control for the spacecraft in general. 
Active thermal control for the battery 

Ground Station  

S-band GS 
Redu – Belgium 
Chinese GS of choice 

Figure 5.3. Illustration of accommodation of 

some key BEADS spacecraft systems 

Table 5.2. Summary of Qinetiq BEADS mission study. 
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Star-trackers are accommodated near the payload.  

The basic platform structure is 

illustrated in Figure 5.3.  

The payload accommodation is 

illustrated in Figure 5.4.  

Most of the instruments are 

accommodated on the spacecraft 

top structure, using a payload 

deck to host particle instruments 

on its outer surface and the 

imager underneath.  

The magnetometers are placed on a dedicated boom, 

as illustrated in Figure 5.5. The boom is proposed to be 

supplied by the Shanghai Academy of Space 

Technology. 

The spacecraft dimensions are illustrated in Figure 5.6.  

 AOCS 
A minimal set of AOCS modes is defined such that the 

attitude and orbit control requirements for all mission 

phases and operational modes can be satisfied. 

An AOCS Observation mode is chosen as it is already 

implemented and reused from PROBA2.  This mode 

corresponds to quasi-inertial mode where the Sun 

pointing is maintained. One shall however notice 

that it is not possible to combine sun pointing and 

nadir pointing constantly all over 

the year and for the whole orbit. 

This is due to the facts that: 

 Sun declination which 
varies over the year 

 Sun-synchronous orbits 
are not inclined at 90° 
inclination like Polar orbits. 

An AOCS Inertial mode is chosen 

as it is already implemented for 

PROBA and reused for PROBA2 

and PROBA-V.  This is also an interesting AOCS 

mode that can serve as general purpose test mode or calibration.  

The AOCS Bdot mode is selected as the very robust safe mode of the satellite, which uses a set of 

redundant actuators and sensors. This mode is used as general safe mode of the satellite (e.g. after a 

reboot of the onboard computer) and to detumble the spacecraft after separation from the launcher.  

The control mode is based on the Bdot algorithm.  Bdot stands for the rate of change of the magnetic 

field, B. It uses the magnetometers as sensors and the torquers as actuators. The reaction wheels are 

Figure 5.4. Illustration of payload accommodation 

Figure 5.5. Illustration of magnetometer boom 

Figure 5.6. Illustration of spacecraft dimensions 
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commanded by the OBSW such that there is a fixed momentum bias around one of the satellites 

principle axis of inertia. The algorithm will reduce the spacecraft’s rotational kinetic energy. After 

reducing the kinetic energy of the satellite rigid body, the satellite axis around which the momentum 

bias is commanded aligns itself with the orbit normal with a certain accuracy. Around this axis, the 

angular velocity is, on average, twice the orbital angular velocity (± 0.12°/s). This is due to the fact that 

the Bdot control law tries to attach the satellites body-fixed axes to the local orientation of the 

magnetic field, which varies with twice the orbit frequency.  This angular velocity is low enough for 

the star trackers to obtain an attitude fix.  

In this mode, the power consumption is minimal and there is sufficient solar power input. This mode 

has been used on all PROBAs, and it has demonstrated to be a robust satellite safe mode. 

An AOCS Orbital mode, initially foreseen for PROBA-1, is kept as a general test mode. In the AOCS 

Orbital Mode, the AOCS SW will control the error between BOF frame and the ORB Frame. 

An AOCS Quiescent mode is foreseen as in PROBA2 and PROBA-V, to be used between each AOCS 

mode transition. In this Quiescent mode, all AOCS SW control outputs are zero, such that no torque is 

commanded towards the reaction wheels and torquers. 

Table 5.3 shows the AOCS modes that have been identified for BEADS. For each mode, the AOCS 

sensors and actuators involved are shown. An explanation of each mode is given below. 

Mode Sensors Actuators Reuse of PROBA 

Quiescent mode - - 
 

Bdot mode 
(=Safe Mode) 
 

1 MM 3 MTs, 
2 RWs 

 

Inertial mode 2 STs, 
1 GPS (rec + ant), 
1 MM 

3 RWs, 
3 MTs 

 

Observation mode 2 STs, 
1 GPS (rec + ant), 
1 MM 

4 RWs, 
3 MTs 

 

Orbital mode 2 STs,  
1 GPS (rec + ant),  
1 MM 

3 RWs, 
3 MTs 

 

 

 

From flight heritage from PROBA-V, QinetiQ Space will be able to guarantee the following 

performance without payload in the loop. This performance easily exceeds FUVI requirements. 

 Budgets  
In the frame of this feasibility assessment, only mass, power, data downlink and memory budgets 

have been considered.  

5.3.4.1.1 Mass Budget 

The BEADS spacecraft have a maximum launch mass of 301kg (all margin included).  

Table 5.3. BEADS AOCS operational modes 
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5.3.4.1.2 Power Budget 

The BEADS spacecraft power budget has been built around two average power scenario: 

 Safe 

 Observation 
Safe scenario is constructed to keep the spacecraft is a power safe configuration in which it can survive 

in case of anomaly. The safe mode is a low power consumption mode relying on a magnetic set of 

sensors and actuators.  

The Observation scenario consists of the nominal operations of the scientific payload when in visibility 

of a ground station and thus downlinking both ancillary data and payload data (S-band).  

Each scenario takes duty cycles into account.  

From the solar array, it is assumed 73W average can be generated providing the following 

assumption are taken: 

 50% duty cycle of payload operation – spacecraft Nadir pointing over auroral zones 

 50% of the orbit daylight period is spent in Sun pointing mode to recharge battery 

 Worst case 5 years mission considered 

 Summer period is considered (furthest from the Sun) 
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A positive power balance of 7W is thus provided even under worst case conditions. This figure will 

be further investigated later in the project to allow an increase in payload duty cycle. Such an 

investigation can also be pursued to avoid switch them OFF completely and enter stand-by mode 

instead.  

5.3.4.1.3 Data downlink & Memory budget 

The payload data are 

downlinked in S-band to 

REDU and one Chinese S-

band Ground Station of 

choice.  

The 1-day and annual 

coverage for the Redu ground 

station are shown in Figures 

5.7 and 5.8.  

The coverage can be 

summarised as follows: 

 5-6 passes per day 

Table 5.6. BEADS Power Budget 
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 50 minutes per day 
contact (average) 

 9 minutes per pass 
contact (average) 

Taking a high downlink rate of 

830 kbps, REDU provides around 2.5Gbit of data downlink capability. Further, it serves as main operation 

centre as demonstrated for PROBA-1, PROBA-2, and PROBA-V. 

5.4 Conclusion 
The BEADS satellite design is based on the PROBA platform. Experiences, acquired through the various 

operational small satellite projects, allow building on heritage. It is particularly important to state that 

the avionics subsystem will be provided based on PROBA heritage.  

The BEADS spacecrafts (combined) have a launch mass of 301kg. One launched, the BEADS satellites 

will be injected in a 600km SSO orbit with a time delay at separation to create the formation. When 

established, both spacecraft will provide up to 150W of power to its various units and scientific 

payload. Taking the altitude and mass of the spacecraft, no propulsion subsystem was doomed 

necessary to de-orbit.   

The BEADS spacecraft will ensure continuous operations and scientific return 

during the complete mission lifetime. In order to combine a high power generation and a reduced 

spacecraft mass and volume, advanced autonomy is included in the software. Already present in 

operational PROBAs, this approach allows to automatically switch between target- and sun-pointing 

attitudes depending on the observation needs. Using the autonomy to its maximal extent, BEADS will 

be able to operate on its own as soon as a target reference timeline is uplinked (using high-level 

commands), resulting in reduced operations cost at the ground segment.  

Both the platform and the instrument management will be handled by the on-board software running 

on the proven and high performance on-board computer, the ADPMS (Advanced Data and Power 

Management System). Based on the currently flying and successful PROBA-V and PROBA2 satellites, 

the ADPMS is providing both power and data handling in a single unit with internal redundancy. 

Weighing 15kg, it is able to perform up to 100 MIPS thanks to its LEON-2 processor. Data are 

transferred to its integrated mass memory where up to 88Gbits (EDAC protected) are available. The 

RF link shows comfortable margins of more than 3dB under worst-case assumptions and payload 

generated data rate of 43 Mbps. The baseline Flight Operation System (FOS) is REDU, which has a 

Figure 5.7. Coverage for Redu ground station (yellow sections of 

the ground traces) 

Figure 5.8. 

Redu ground 

station 

contacts 

over a year 
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proven infrastructure with huge heritage on PROBA missions. This will ensure that the BEADS 

operations can benefit from the major advantage of no required modifications to the standard and 

approved, low-cost approach used several times in the past PROBA missions. This will furthermore 

significantly reduce the effort of the in-orbit commissioning and operations, resulting in a lower cost 

phase E.  

6 Management Scheme 

6.1 Overview 
The BEADS mission is proposed as a mission under the joint responsibility of the Chinese Academy of 

Sciences and the ESA Directorate of Science and Robotic Exploration. The model payload presented 

in this proposal includes items provided by China, ESA member states and Canada.  

6.2 Mission Procurement Scheme 

 ESA/CAS responsibilities 
ESA/CAS has overall responsibility for the design and implementation of the mission, and will 

appoint a Project Manager and supporting team to achieve this. ESA/CAS will select an Industrial 

contractor through an open Announcement of Opportunity process. ESA/CAS will select the scientific 

payload provider teams through an open, international Announcement of Opportunity process. 

ESA/CAS will manage the instrument payload teams. The instrument teams will be responsible for 

delivering all payload elements to an agreed schedule, and to support integration and testing at the 

spacecraft test facilities. ESA/CAS will procure the mission launch services. ESA/CAS will develop a 

ground segment which will be responsible for operating the spacecraft, collecting data from the 

spacecraft and providing it to the PI teams.  

The Mission Operations Centre function could be supported by ESOC or, for a PROBA mission, at 

Redu. The Science Operations Centre responsible for ESA-led instruments could be supported by 

ESAC. A parallel SOC could operate in China, responsible for Chinese-led instruments, following the 

Double Star model. 

 Industrial Contractor 
The industrial contractor will be responsible for all aspects of achieving the delivery of two complete 

spacecraft to an agreed schedule and cost. The spacecraft must be able to support the payload and 

meet the mission requirements. Tasks include developing the spacecraft concept, manufacturing 

and testing the spacecraft, integrating and testing the payload as part of the completed spacecraft 

system. 

 National Funding Agencies 
The financial support for the procurement of the scientific payload will be the responsibility of the 

appropriate funding agencies in the nations from which the proposed payload providers originate. 

Our proposed payload envisages payload provisions from the Chinese Academy of Sciences, from 

three ESA Member States (Belgium, Poland and UK), and from Canada (an ESA Cooperating State). 

Relevant letters of support are included with this proposal (though a Polish letter may not be 

available at the time of proposal submission). 

 Proposed Payload Provison 

Element China ESA 
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The BEADS payload is provided by a mixture of Chinese and ESA teams. The co-operation scheme 

varies from case to case, with some of the most mature payloads being provided by either China or 

ESA (e.g. IES, EESA, HEED, HEP) while others have major elements which will be jointly produced 

(FUVI, MAG). The payload elements described in this proposal are proposed to be procured by the 

teams indicated in Table 6.1. The FUVI telescope and camera will be produced by CSL who have been 

closely involved in the FUV instrument team on the very successful NASA IMAGE mission. The FUVI 

DPU is envisaged as a collaboration between the Polish team which is presently developing the 

Proba-3 Coronagraph Control Box and NSSC who have long experience of instrument building in 

China. The EESA is a very similar instrument to Solar Orbiter SWA-EAS currently being assembled at 

MSSL. MSSL has long experience with plasma electron instruments, for example being the PI 

institution for the four Cluster-PEACE instruments. On Solar Orbiter, a separate DPU takes care of 

the spacecraft interfaces and internal data handling. For BEADS, these function will be incorporated 

in the instrument using electronics produced in co-operation between BUAA and MSSL. The IES 

design was first demonstrated on Polar and Cluster, but the instrument which is proposed is a 

currently available Chinese instrument (about to fly) prepared by a Peking University team. We 

propose to incorporate updated front end electronics based on an ASIC which has been prepared for 

Bepi-Colombo-SIXS, from RAL. The RAL team have plenty of experience with this type of instrument 

having been partners in the Polar and Cluster IES teams. The HEED instrument is a TRL 9 design 

already operating in orbit. The CAS NSSC team has built several variants of HEED as well as other 

space environment instrumentation (for example for Double Star). The HEP instrument has not 

flown in space but has undergone significant development and testing. HEP makes measurements 

that complement those of HEED, and so the two instruments are seen as part of a joint high energy 

particles team which will work together to optimise the measurement quality and inter-calibration 

of their instruments. The MAG team combines a Canadian team with experience of building and 

operating scientific magnetometers (most recently on Cassiope) with a Chinese team from the CAS 

Institute of Geology and Geophysics which has developed a space magnetometer with a SWARM-like 

mission in mind, but which has not yet had a flight opportunity for their equipment. 

 Ensuring Compliance with ITAR 
The proposed payload designs are sufficiently mature that an investigation of whether ITAR-sensitive 

components are currently in use has already been done, and a preliminary plan for mitigation has 

been prepared where needed. The FUVI telescope/imager system design is considered to be ITAR-

free. The Polish DPU design for Proba-3 is for a more demanding application in a higher radiation 

environment and is known to have one component (FPGA) that need to be exchanged for an ITAR-

free alternative. A preliminary study has identified options available in China and additional less rad-

hard ITAR-free variants. The implementation in co-operation with NSSC in China is expected to 

facilitate the option for use of Chinese components if required to solve ITAR issues. The EESA team 

FUVI   Imager Dr Hubert (CSL) 

DPU * Dr Fu (NSSC) DPU * Prof Rothkaehl (CBK) 

EESA DPU electronics Prof Cao (BUAA) Instrument Dr Rae (MSSL) 

IES Instrument Prof Zong (PKU) Sensor electronics Prof Dunlop (RAL) 

HEED/HEP Instrument HEED  Dr Zhang (NSSC) Instrument HEP Prof Fedosejevs 
 (U Alberta) 

MAG Sensor Prof Du (IGG) Sensor Prof Mann (U Alberta) 

DPU* Prof Du (IGG) DPU* Prof Mann (U Alberta) 

Table 6.1. Proposed payload provision roles. An asterisk shows joint involvement in a subsystem 
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has done a detailed review of the electronic parts list and has identified a number of components 

that would violate ITAR. These include DAC, ADC, FPGA, FETS, LVDS, PWM and opto-coupler parts. 

The mitigation plan involves a combination of switching to non-ITAR sources and where appropriate, 

upscreening of suitable commercial technologies (as for example done under ESA approval for other 

projects at MSSL). An ASIC alternative to the FPGA has been identified, should the upscreening route 

be unsatisfactory. The preliminary costing presented to UKSA takes account of the non-ITAR 

approach. The IES instrument is Chinese and so ITAR-free. The proposed upgraded electronics will 

use a UK ASIC which is ITAR-free, and which has already received export licences for China. The HEP 

is based on a radiation hard minimum 100 krads tolerant electronics design and includes parts which 

were historically ITAR restricted including FPGAs, EEPROM, DC-DC converters, ADCs, and charge 

amplifiers. Taking account of recent ITAR reforms, lower radiation tolerance and ITAR-free 

alternative sources have been identified for most parts. The FPGAs need to be changed for an ITAR-

free version; lower radiation tolerance ITAR-free parts appropriate for the LEO BEADS orbit perhaps 

with spot shielding offers a solution. During the study phase the team will also investigate an ASIC 

implementation of the FPGAs which offers an alternative ITAR-free solution. The Canadian 

magnetometer now flying on Cassiope e-POP and the NGFM tested on the ISI-4 sound rocket are 

both completely ITAR-free instruments (sensor and DPU) and these will be the basis for the ESA 

participation in the magnetometer instrument.  

 Selected Principal Investigators 
The selected Principal Investigators are responsible for delivering the proposed scientific 

instruments according to an agreed schedule, and for supporting integration, environmental testing  

and launch activities as appropriate. The proposed Co-PIs (one from China, one from ESA) for each 

instrument are listed in Table 6.2. 

Element China ESA 

FUVI Dr Fu (NSSC/CAS) Dr Hubert (CSL) 

MAG Prof Du (IGG/CAS) Prof Mann (U Alberta) 

EESA Prof Cao (BUAA) Dr Rae (MSSL) 

IES Prof Zong (PKU) Prof Dunlop (RAL) 

HEED/HEP Dr Zhang (NSSC/CAS) Prof Fedosejevs (U Alberta) 

6.3 Science Management Plan 
It is expected that science management will follow the usual ESA model, adapted for a joint 

international mission. Such an approach has already been successful in the previous collaboration, 

on the Double Star scientific mission led by China. 

 Mission Manager 
During the mission operations phase, the ESA and CAS contributions to the project will be jointly 

overseen by ESA and CAS Mission Managers, who will work together to ensure the overall success of 

the project. 

Table 6.2. Proposed instrument Co-PIs 
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 Project Scientist 
ESA will set up a Science Office led by a Project Scientist.  The ESA Project Scientist will chair a 

Science Working Team which will include the Principal Investigators and coordinate its activities. The 

Project Scientist also represents the project to the general scientific community. 

 Science Working Team 
The Science Working Team will support the Project Scientist in ensuring that the implementation of 

the mission will deliver the scientific goals, and to maximise the scientific return of the mission. The 

Science Working Team will consist of the Project Scientist (and possibly a deputy), the Principal 

Investigators and representatives of the MOC and SOC. The SWT will advise ESA-CAS where required 

on any aspect of the mission relating to successful delivery of the scientific goals. The SWT will be 

responsible for planning science operations and developing a Master Science Plan. ESA-CAS may 

wish to widen participation in the scientific activities by offering Guest Investigator roles through an 

Announcement of Opportunity once the mission is declared operational. 

 Mission Operations Centre (MOC) 
The responsibilities of the MOC include  

(i) Overall mission planning 
(ii) Spacecraft and instrument commanding 
(iii) Data acquisition from the spacecraft 
(iv) Provision of instrument raw data and ancilliary data (such as spacecraft housekeeping, 

attitude and orbit data) to the SOC 
(v) Monitoring the state of the scientific instruments against key parameters in instrument 

housekeeping data 
(vi) Advising PIs and the SOC of any payload anomalies, and assisting in diagnosing any 

problems and taking appropriate corrective activities. 

 Science Operations Centre (SOC) 
The responsibilities of the SOC include  

(i) optimising the science return from the mission through implementation of a science 
ground system and an effective approach to science operations 

(ii) Preparing payload operations plans based on inputs from the SWT and implemented at 
the MOC 

(iii) Provision of instrument raw data and ancilliary data to the instrument teams 
(iv) Provision of scientific data, received from the PI teams, to the scientific community 
(v) Preparation of a scientific data archive 

6.4 Data Policy 

 Overall Philosophy 
Our aspiration is for an open data policy as this generally leads to maximum scientific return. This 

appears to be consistent with ESA and NSSC/CAS policy on current scientific missions. Work to 

prepare and exploit scientific data will be carried out by joint teams, and data rights will be shared 

by the Chinese and ESA instrument teams, at instrument level and across the payload complement. 

 Quicklook Data 
It is proposed that the PI teams and the SOC define suitable quicklook summary parameters and 

produce a simple system for displaying complementary data from several instruments as soon as 

possible after it is received. An example is the Cluster CSDSWeb interface.  
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 Level 1 Data 
The PI teams will be responsible for receiving raw data from the MOC and producing scientific data 

products. The PIs will typically need a period of time during which to perform initial validation and 

calibration work, following the time at which they receive the raw data from their instrument and all 

required supporting datasets (including spacecraft orbit and attitude information). A preliminary 

proposal for the period of time needed for this work is 3 months, balancing the importance of 

making the data available promptly with the importance of avoiding the provision of data that is not 

suitable for scientific analysis. The output may be termed Level 1 data. 

 Level 2 Data and Data Archiving  
Level 2 science data is taken to refer data which has received further treatment, for example 

including revised calibrations when appropriate. This will also be delivered to the SOC which is 

presumed to be the host for the mission science data archive during the mission operations phase. 

Level 2 data should be made available within 1 year of data acquisition. This approach is consistent 

with the statement in the Joint Call for Proposals that all data will become public after a one year 

proprietary period. We note that standards and working approaches developed for the Cluster 

Science Archive, including cross-calibration activities, form a sound basis for data archiving of a 

space plasma mission. 

 Dissemination of Scientific Results 
Scientific results will be published in a timely manner in relevant journals, by joint CAS-ESA science 

teams, with proper acknowledgement of CAS and ESA.   

6.5 Public Outreach and Science Communication 
The BEADS mission has excellent public outreach potential.  BEADS will frequently provide good 

auroral imagery from space at a high time resolution, which will attract considerable interest. The 

auroral beads that are the main objective of the FUVI observations will show spectacular fast 

changes, but at times when substorm activity is not in progress auroral arcs may also display an 

interesting variety of other phenomena on a range of spatial and time scales.  The aurora borealis 

have always captivated onlookers.  Cultures around the arctic circle have developed a range of 

myths and folklore in order to explain the appearance of these ghostly lights in the night sky and this 

keen interest in one of nature’s most spectacular natural phenomenon continues to the present day. 

The aurora regularly feature in popular culture through film, television and literature. An industry 

now exists to enable tourists to view the northern lights first-hand from cruise ships, pleasure flights 

and artic holidays.  

 Engagement with the general public 
The ubiquity of high-speed internet access provides excellent multimedia opportunities for public 

engagement.  We will share exciting images and movies using channels such as Vimeo or Youtube, 

websites such as SpaceWeather.com’s aurora site and social networking tools such as Facebook and 

Twitter.  Increasingly, public involvement with scientific research is made possible via the internet-

based “citizen science” projects.  For BEADS, we will engage with aurora watchers by publishing the 

auroral zone overflight times and locations of the spacecraft and encouraging them to submit their 

own images of the northern lights (taken from ground) for comparison with the BEADS space-based 

imagery. 

 Outreach for teachers and students 
Links with mythology, literature, media and the arts provide excellent starting points to engage with 

younger students (aged 8-12) while older students (aged 13-18) can be engaged by linking the 
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physics of the aurora to the core aspects of the science curriculum, such as electromagnetism and 

atomic physics.  We will develop a package of BEADS classroom resources aimed at both teachers 

and pupils.   

 Science Communication 
Data will be made available to CAS and ESA at the earliest opportunity to support their professional 

Science Communication activities. 

7 Mission Cost 

7.1 Introduction 
In this section we provide a preliminary ROM cost estimate for the proposed mission. 

7.2 Elements of the mission 

 Launch 
We propose that the spacecraft are launched by China. We estimate that the cost of a LM-2C/CTS 

would be comparable to Vega; perhaps equivalent to 35 Meuro. 

It is unclear whether the LM rocket family can support a dual launch of satellites of this size. Thus 
we propose to budget 5 Meuro for possible development activities on the launcher side. 

 Ground Station Costs 
It is estimated that 6 passes per day per ground station would provide ample opportunity to 

return the data, including some margin. The cost for a European ground station such as Redu is of 
order 300 euro/pass. Thus the annual cost for 6 passes/day is ~ 1.3 Meuro. 

It is proposed that this activity is shared equally by CAS and ESA. 

 MOC 
It is proposed that spacecraft operations could be controlled from the already established Redu 

MOC which has been used for previous PROBA missions. 
Due to the level of autonomy of PROBA spacecraft, it is estimated that routine operations require 

< 1 FTE effort even for the case of two spacecraft. We conservatively assume 2 FTE will be needed. 

 SOC 
It is proposed that there are two SOCs, one in China and one in Europe. This approach was 

successful for the Double Star project. 
The responsibility for supporting the Chinese PIs in their work to operate the Chinese instruments 

would lie with the Chinese SOC. In addition the Chinese SOC would work with the Chinese 
instrument teams to provide calibrated scientific data in a timely manner.  

The ESA SOC would play a similar role for the European and Canadian led instruments.  
We assume that these SOCs would be co-located with other SOCs (e.g.at ESAC for the ESA case) 

so that the infrastructure cost of setting up the facility is not large. 
We estimated that a team of 5 FTE per SOC would be sufficient. 

 ESA Internal costs 
ESA typically budget of order 10% of the total ESA cost, for internal costs. 
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8 Back Cover 
Contact Information for both BEADS Co-PIs are enclosed below. 

 

 

Name Prof. Jinbin Cao Dr. Iain Jonathan Rae 
Age 50 38 
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Affiliation Beihang University of 

Aeronautics and Astronautics 
Mullard Space Science Laboratory-
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Address Beihang University of 
Aeronautics and Astronautics 
XueYuan Road No.37 
HaiDian District 
Beijing 
China 

Dept. of Space and Climate Physics 
Mullard Space Science Laboratory 
University College London 
Holmbury St. Mary, Dorking 
Surrey, RH5 6NT 
United Kingdom 

Telephone +86 13910574652 +44 1483 204128 
Email jbcao@buaa.edu.cn jonathan.rae@ucl.ac.uk 
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Appendix 3. National Funding Agency Letters of Endorsement 
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