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FOREWORD

The structure of Earth's magnetosphere 

is sensitive to variations in the solar 

wind, the stream of electrically charged 

particles released by the Sun. When 

the solar wind changes in such a way 

as to invert the orientation of the 

interplanetary magnetic field, the tail of 

the magnetosphere gets compressed 

and magnetic reconnection may take 

place there. As a result of magnetic 

reconnection, two powerful streams 

of highly-energetic plasma are 

launched both towards Earth and in 

the opposite direction. This is one of 

the mechanisms through which plasma 

particles can infiltrate the upper layer of 

Earth's atmosphere – the ionosphere – 

producing breathtaking aurorae but also 

disturbing telecommunication networks 

and GPS.

Given the need of improving our 

understanding of magnetic reconnection, 

on September 5-6, 2019, the two-day 

Forum on “Cross-scale Measurements 

of Space Plasmas to Explore Magnetic 

Reconnection” was successfully 

organized by the International Space 

Science Institute in Beijing (ISSI-BJ). 

ISSI-BJ Forums are informal, free 

debates, and brainstorming meetings 

among high-level participants on open 

questions of scientific nature. About 

30 leading scientists from 12 countries 

participated in this forum.

The forum started with an overview 

of magnetic reconnection and the 

Constellation missions (Cluster, 

PROSPERO, SAME, MagCon, MMS), 

moving then to the cross-scale and 

multiple-scale science of reconnection, 

including cross-scale measurements. 

The second day continued, bringing in 

turbulence, electron acceleration, waves, 

and MI-coupling as additional points of 

discussion in regard to reconnection and 

related to the space missions and their 

measurement approaches. The forum 

discussed also about the Self-Adaptive 

Magnetic Reconnection Microscope 

Mission (SAMRM) formulated by the 

NSSC, which aims to make simultaneous 

and self-adaptive measurements of 

plasmas at electron-ion-macro scales 

with a fleet of 12+ CubeSats and one 

mother satellite. 

I wish to thank the conveners and 

organizers of the Forum, as well as the 

ISSI-BJ staff, Laura Baldis, Lijuan En, 

and Xiaolong Dong, for actively und 

cheerfully supporting the organization 

of the Forum. In particular, I wish to 

thank the authors who with dedication, 

enthusiasm, and seriousness conducted 

the whole Forum and the editing of this 

report. Let me also thank all those who 

participated actively in this stimulating 

Forum.

Maurizio Falanga, 

Executive Director

ISSI-BJ

1. INTRODUCTION

Magnetic reconnection is a fundamental 

process in regard to the energy transfer in the 

solar-terrestrial connection. In the sun’s corona, 

magnetic reconnection explosively release 

energy and sets off solar eruptions such as 

the coronal mass ejections. In the Earth’s 

magnetosphere, the day-side and night-side 

magnetic reconnection phenomenon regulates 

the energy flow into and energy release within 

the magnetosphere. 

Magnetic reconnection is intrinsically a multi-

scale space plasma process, involving global-

scale, Meso-scale, and kinetic-scale structure 

and processes. The Earth’s magnetosphere 

is an ideal laboratory for multi-scale in-

situ exploration of magnetic reconnection. 

Currently, spacecraft constellation missions, 

such as Cluster and MMS, have provided 

precious measurements of magnetic 

reconnection on the plasma kinetic-scale. 

Cross-scale physics and science at several 

MACRO scale of reconnection, however, 

remain to be explored. 

To gather community input for the driving 

science questions and the trends for future 

explorations in the space plasmas, a forum was 

organized by ISSI-BJ on September 5-6, 2019. 

The forum was sponsored by ISSI-BJ, with 

partial support from the State Key Laboratory 

of Space Weather, National Space Science 

Center (NSSC), and the Chinese Academy of 

Sciences (CAS). Some 27 participants from 

Brazil, Germany, UK, US, France, Norway, 

Austria, Sweden, Russia, and China were 

invited to meet together at ISSI-BJ for this two-

day from. The participants include renowned 

experts in the field of theory, modeling and 

observations of space plasmas, as well as PI or 

project scientist of several current missions. 

The forum concentrated on the multiple-scale 

science questions of magnetic reconnection, 

reviewed lessons learned from the previous 

in situ spacecraft constellation missions, and 

discussed the mission profile of several current 

constellation mission proposals. Special 

attention is given to the SAME mission proposal, 

with intensive discussions on the optimization 

of its science scope, instrument payload, and 

potential international cooperation in the 

future.  

The primary concept study of SAME ("Self-

Adaptive Magnetic Reconnection Exploration 

Mission") was started by the National Space 

Science Center (NSSC) in 2016. SAME aims 

to make simultaneous and self-adaptive 

measurements of plasmas at electron-ion-

macro scales with a fleet of 12+ cubesats and 

one mother satellite. The proposed SAME is 

currently in the pre-phase-A in the Strategic 

Priority Research Program on Space Science II, 

Chinese Academy of Sciences. 

This issue of Taikong magazine presents the 

outcome of the discussions of the forum, 

covering topics of the science questions of 

magnetic reconnection, the needs for future 

multi-scale constellation mission, the overview 
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of SAME mission profile and other international 

constellation missions.

2. MAGNETIC RECONNECTION IN THE SOLAR-
TERRESTRIAL RELATION

2.1. Magnetic Reconnection: Basic Concept and Significance

A major subset of solar-terrestrial relations, 

responsible in particular for space weather 

phenomena, is the interaction between the 

magnetosphere (created by the magnetic field 

of the Earth) and the solar wind (which carries 

the interplanetary magnetic field, ultimately of 

solar origin). How the two magnetic fields (of 

terrestrial and of solar origin) are related, and 

in particular to what extent and in what pattern 

their field lines are or are not connected with 

one another, are the essential questions studied 

under the rubric “magnetic reconnection”. 

Magnetic field lines in the interplanetary 

medium extend inwards toward the Sun and 

outwards toward the distant heliosphere, while 

magnetic field lines near the Earth are closed: 

connected to the Earth in both directions. 

In between there may be open field lines: 

connected to the Earth in one direction but 

extending into the interplanetary medium in 

the other. The boundary between volumes 

threaded by differently connected field lines 

is a surface of field lines (the separatrix) that 

in the simplest case (Fig. 1) consists of two 

branches -- open/closed and interplanetary/

open boundaries -- which intersect along a 

line (commonly called the x-line). If a magnetic 

field line is visualized as being transferred (e.g., 

by solar wind flow) across the separatrix, then, 

when it is moving through the interplanetary/

open boundary (thick line in Fig. 1) it appears to 

be cut at the x-line and then reconnected to a 

field line that that is moving through the open/

closed boundary. (This is the literal meaning and 

origin of the term “magnetic reconnection”.) 

Mathematically, such cutting and reconnection 

can occur only at a point where all components 

of the magnetic field equal zero (magnetic null 

point), thus not everywhere along the x-line but 

only at pairs of isolated points (unless special 

symmetry conditions are assumed).

Both the solar wind and the magnetosphere 

contain plasmas with concentration (number 

density) of free electrons sufficiently high, relative 

to spatial-gradient length scale, to maintain 

the so-called MHD (magnetohydrodynamic) 

approximation: plasma elements connected at 

one time by a single magnetic field line remain 

so connected at subsequent times. Magnetic 

reconnection is thus possible only when and 

where the MHD approximation breaks down, 

which happens when the gradient length 

scale become comparable to or smaller than 

the electron inertial length (collisionless skin 

depth)    λe = c/ωp (c=speed of light,  ωp = 
electron plasma frequency).

The essential elements of magnetic 

reconnection in the magnetosphere thus are 

(a) transfer of magnetic flux across interfaces 

between regions of differently connected 

magnetic fields, which requires (b) thin layers 

within which the MHD approximation breaks 

down, which implies (c) isolated magnetic null 

points at which the actual reconnection of field 

Figure 1: V.M. Vasyliūnas, Fundamentals of planetary magnetospheres, in Heliophysics: Plasma Physics 

of the Local Cosmos, ed. by C.J. Schriver, G.L. Siscoe (Cambridge University Press, New York, 2009), pp. 

256–294, figure 10.3].. 



6        太空|TAIKONG  太空|TAIKONG           7

lines may be said to occur. Note that magnetic 

flux transfer is proportional the electric field 

tangent to the thin layer, in accordance with 

Faraday’s law, and is not confined to the null 

points (the essence of MHD breakdown is that 

field lines become decoupled from plasma 

flow and electric field).

Understanding magnetic reconnection raises 

questions on both local and global levels. Local 

questions concern primarily the thin non-MHD 

layers: their location, extent, internal structure, 

and the physics of deviations from ideal MHD.  

For observational studies, input on a variety of 

spatial scales is evidently needed.

The most important global question is: what 

determines the amount of open magnetic 

flux and the rate of flux transfer (reconnection 

rate)? This is substantially equivalent to the 

question: how much of the incoming solar wind 

plasma (parameterized by length LX in Fig. 1) 

reconnects and flows into the magnetosphere 

vs. how much flows around the magnetosphere 

without reconnecting? Whether the 

reconnection rate is determined primarily by 

the properties of the   non-MHD layer in the 

vicinity of the null points (diffusion layer) or, 

on the contrary, by the global dynamics and 

boundary conditions that govern the large-

scale plasma flow is a question debated since 

the earliest studies of reconnection and still not 

conclusively settled.

A question with both local and global aspect 

is: what forms the magnetopause, the 

current layer associated with the dominant 

change of magnetic field from interplanetary 

to geomagnetic, which cuts across all the 

open field lines (Fig. 1)?  Obviously, the 

magnetopause does not coincide with the 

separatrix except perhaps at the x-line. One 

repeatedly discussed possibility is standing 

waves in the post-reconnection plasma flow, 

which may involve both MHD and      non-MHD 

physics.

Finally, a word on energy conversion: Historically, 

the reconnection concept was first invented 

to explain the energy release in solar flares as 

supplied by converting magnetic energy of 

adjacent oppositely directed magnetic fields 

into thermal energy of plasma. In the terrestrial 

magnetosphere, however, the primary role 

of reconnection is to set up conditions for 

converting kinetic energy of solar wind flow 

into magnetic energy of the geomagnetic 

tail: the solar wind flow across the open field 

lines on the nightside (Fig. 1), and this converts 

kinetic energy into magnetic energy by a 

process that can be described either as work 

done by the flow against the curvature force 

of the kinked magnetic field or, equivalently, 

as dynamo action of the solar-wind electric 

field  on the nightside magnetopause currents. 

Within the resulting magnetotail of stretched 

magnetic field lines, a secondary reconnection 

process associated with formation of a new 

near-Earth x-line has been invoked to explain 

the energy release in auroral and geomagnetic 

disturbances during so-called magnetospheric 

sub-storms.

2.2. Magnetic Reconnection and Solar Wind - Magnetosphere 
Relations

The importance of the magnetic reconnection 

process in the context of Solar Wind - 

Magnetosphere coupling has been extensively 

discussed for almost six decades since the 

initial studies of Dungey (1961) and Petschek 

(1963).

Also, during the last two decades several 

complex satellite missions, such as CLUSTER, 

THEMIS and MMS, have been placed in the 

magnetosphere in order to elucidate the 

several plasma physical processes that are 

involved in magnetospheric reconnection.

However, since most of those satellite missions 

have concentrated efforts in the study of the 

central (DIFFUSION) region of reconnection, 

where it is thought that the reconnection 

process has its onset, the larger-scale / multi-

scale processes that are also expected to 

accompany the overall reconnection process 

have not been studied with a similar effort, 

especially due to the need of several more 

satellites measuring simultaneously at the 

multi-scale locations.

Thus, it is in this context that the SAME mission 

being proposed in this Workshop shows its 

importance, since the planned composition of 

the mission, with a central satellite surrounded 

by 12 cubesats, would allow observations at 

several distances from the central region of 

reconnection within its multi-scale structure, 

in order to study the large-scale processes of 

reconnection associated with the physics of 

the separatrices and of the external inflow and 

outflow of the magnetized plasma far away 

from the central region of reconnection. Thus, 

with the use of 12 cubesats located at such 

external regions, one expects to map those 

reconnection structures in a way that has not 

been done with previous missions.

Since the initial theoretical studies of large-

scale reconnection (e.g. Axford, 1968) it is 

expected that the onset and evolution of the 

reconnection processes becomes governed 

not only by the physics of the diffusion region 

(as it has been extensively emphasized 

in recent decades), but also and perhaps 

more importantly by the large-scale external 

magnetic fields and plasmas which enter in 

reconnection in a global way. For instance, it 

is expected that the reconnection rate that 

measures the efficiency of reconnection (e.g. 

Vasyliunas,1975) is dictated both by the physics 

of the large-scale reconnecting magnetic 

structures as well as by the local physics of the 

diffusion region.

Further, in most of the computer simulation 

studies of reconnection, both at the 

magnetopause and at the tail, one sees that 

the they concentrate with much more detail in 

modeling the central region of reconnection, 

and deal with the external physics mostly just 

by using simple boundary conditions. 

Therefore, we expect that the multi-scale 

reconnection mission SAME, discussed in this 
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Workshop, will help to study magnetospheric 

reconnection in several of its recognized 

scales, going from the central diffusion region 

of electrons and ions to its important external 

regions that have not been simultaneously 

measured and studied as yet in a consistent 

way.

Finally, with a multi-scale mission such as 

SAME, one expects to be able to learn more 

about important large-scale magnetospheric 

responses to the variable solar wind driver 

through several associated reconnection 

scenarios and geometries that can only be 

studied when dealing with  its large- scale and 

global structures.

3. CONSTELLATION SATELLITE MISSIONS IN 
THE SPACE PLASMA

3.1. Cluster

The Cluster mission is the first four-spacecraft 

mission to characterize the Earth-environment 

for the first time in three dimensions and to 

distinguish between spatial and temporal 

changes. It was joined by the five-spacecraft 

Time History of Events and Macroscale 

Interactions during Substorms (THEMIS) 

mission and more recently by the four-spacecraft 

Magnetospheric (MMS) Multiscale mission. 

Cluster embarked a complete payload made 

of 11 instruments identical on each of the four 

spacecraft. It is measuring magnetic fields and 

waves (FGM instrument), particles (CIS, PEACE 

and RAPID), electric fields and electromagnetic 

waves (EDI, DWP, EFW, STAFF, WHISPER and 

WBD), and a potential control instrument 

(ASPOC) is keeping the spacecraft potential 

close to 0 V. Although ASPOC instrument has 

depleted his reservoir of indium and has been 

switch-off since 2005, and a few instruments 

failed, the majority of instruments (37 out of 44) 

are still operating well.

The capability to change the spacecraft 

separation distance, paired with the evolution 

of the orbit, has opened new regions of the 

magnetosphere and new scales for analysis; it 

enabled new science and discoveries at every 

stage of the Cluster mission. The distance 

between the spacecraft has been changed 

55 times through lengthy and delicate 

constellation maneuvers, adjusting the 

spacecraft separation distances between 3 km 

and 36000 km, covering more than 4 orders of 

magnitude (Figure 2).

Cluster made many discoveries published in 

more than 2700 refereed papers. Among these 

we can highlight the 3-D properties of solar 

wind and magnetosheath turbulence, bow 

shock sub-structures and ripples, magnetic 

nulls at the heart of magnetic reconnection, 

rolled-up Kelvin-Helmholtz (K.-H.) waves, 

reconnection in magnetosheath turbulence 

and in rolled-up K-H waves, cold ionospheric 

outflows and plasmaspheric leakage, auroral 

acceleration evolution and source of theta 

aurora, magnetotail current sheet bifurcation 

and plasmasheet surface waves, and finally 

measurements of electric currents, density 

gradients and divergence of electron pressure 

tensor. Other highlights can be found at https://

en.wikipedia.org/wiki/Cluster_II_(spacecraft).

Rolled-up K.-H. waves were found for the first 

time on the dusk side of the magnetosphere 

as Cluster was skimming the magnetopause 

around apogee (Figure 2). The four spacecraft 

in a tetrahedron shape could demonstrate 

that the surface waves were turning into 

vortices as the spacecraft further inside the 

magnetosphere could observed higher density 

plasma that the spacecraft further out. The 

only way to explain these observations was to 

consider large size (a few Earth radii) vortices 

developing as the solar wind plasma was 

Figure 2: Cluster spacecraft separation distances as a function of time since launch. Perfect tetrahedra 

were formed in the polar cusp and plasmasheet during the first 5 years and then multi-scale constellation 

were started. Color symbols indicate the target regions and special guest investigations (yellow circles) 

proposed by the community.
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flowing along the flank of the magnetosphere. 

Initially no clear signature of magnetosheath 

plasma entering the magnetosphere was 

found but later on magnetic reconnection and 

mixing of magnetosheath and magnetospheric 

could be observed with Cluster. Such large-

scale structure as K.-H. waves would require 

cross-scale simultaneous measurements, with 

spacecraft at fluid scale, ion scale and electron 

scale, to be further understood. 

3.2. THEMIS and ARTEMIS Missions

3.2.1. The THEMIS Mission

The Time History of Events and Macroscopic 

Interactions during Substorms (THEMIS) 

mission consists of space-based and ground-

based segments. The prime goal of the 

THEMIS mission was to answers longstanding 

fundamental questions concerning the nature 

of the substorm instabilities that abruptly and 

explosively release solar wind energy stored 

within the Earth’s magnetotail. The primary 

objectives of the mission are to

 1.   Establish when and where 

substorms begin 

 2. Determine how the individual 

components of the substorm interact 

 3. Determine how substorms power 

the aurora 

 4. Identify how local current disruption 

mechanisms couple to the more global 

substorm phenomena

Original THEMIS space-based segment 

included five identically-instrumented spin-

stabilized spacecraft (probes) in carefully 

chosen orbits whose apogees line up once 

every 4 days over a dedicated array of ground 

observatories located in Canada and the 

northern United States. The THEMIS quintet 

was launched on February 17, 2007.

As it is shown in Figure 4, the three inner 

probes ~10 Earth radii (RE) from Earth monitor 

the near-Earth plasma sheet and the tail-dipole 

transition region. According to some substorm 

concepts, the processes referred to as “current 

disruption” may occur in this region. It is also 

the region where the fast plasma flows from the 

magnetotail brake and convert their energy to 

the generation of waves and the field aligned 

current formation. The two outer probes at 

20 and 30 RE remotely monitored magnetic 

energy conversion in the mid magnetotail. The 

Figure 3: Three-dimensional cut-away view of Earth's magnetosphere. The curly features sketched 

on the boundary layer are the Kelvin-Helmholtz vortices discovered by Cluster. They originate where 

two adjacent flows travel with different speed. In this case, one of the flows is the heated gas inside 

the boundary layer of the magnetosphere, the other the solar wind just outside it. The arrows show the 

direction of the magnetic field; in white the direction associated with the solar wind and in black the one 

inside Earth's magnetosphere. The white dashed arrow shows the trajectory followed by Cluster (from 

Hasegawa et al., 2004).

Figure 4: The THEMIS mission prime science goal: What powers a substorm? From http://themis.ssl.

berkeley.edu/overview.shtml
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magnetic energy conversion processes in the 

near- and mit magnetotail result in the fast-

transient plasma flows and magnetic structures 

such as plasmoids and dipolarization fronts. 

According to the Near-Earth Reconnection 

Model of the substorm, magnetic reconnection 

is considered as the main process of plasma 

acceleration due to lobe magnetic flux 

dissipation. The THEMIS configuration during 

main magnetotail conjunction (when the 

probes are aligned along the tail) enables us to 

track magnetic field and plasma disturbances 

during their propagation along the tail to 

establish their origin and the event sequence 

in the dynamic magnetotail.

The instrumentation, corresponding to 

the science objectives, includes Fluxgate 

magnetometers to measure the DC magnetic 

field, Search-coil magnetometers to measure 

the AC electric field, Electric Field Instruments 

to measure DC and AC electric field, 

Electrostatic Analysers to measure particle 

fluxes at energies from a few electronvolt (eV) 

up to ~30 kilo-electronvolt (keV), and Solid 

State Telescops to measure particle (both ion 

and electron) fluxes at energies of ~30 keV to 

relativistic energies of megaelectronvolt (MeV).

Magnetic field lines map phenomena occurring 

at the inner spacecraft to the ground arrays 

of all-sky cameras and magnetometers (the 

THEMIS ground-based segment), where they 

can be observed as nightside auroral displays 

and geomagnetic perturbations.

The prime THEMIS mission was successfully 

accomplished within 2008-2009 flight years. 

Results of THEMIS five-point measurements 

convincingly showed that energy and flux 

transport in the substorm-time magnetotail 

flows from mid-tail region towards the Earth 

dipole an dissipate in the inner magnetosphere 

and the ionosphere. The results indicated 

that mid-tail reconnection indeed triggers a 

substorm. THEMIS results also revealed that 

processes of energy conversion in the tail-

dipole transition region are equally, if not more, 

important in the substorm energy conversion 

chain as reconnection and need to be studied 

with multi-point missions that are able to 

resolve cross-scale interaction between global 

(fluid) system scales and ion and electron 

kinetic scales.

3.2.2. The ARTEMIS Mission

After the prime THEMIS mission was 

accomplished, the two outermost probes 

were redeployed to lunar orbit and form the 

"Acceleration, Reconnection, Turbulence, and 

Electrodynamics of the Moon's Interaction with 

the Sun" (ARTEMIS) mission. The ARTEMIS 

probes monitor the solar wind and IMF most 

of the time and the lunar-distant magnetotail 

during 3-4 days every month. Along with the 

three THEMIS probes, remaining on the near-

Earth orbits with apogees of 11 to 13 RE, 

the ARTEMIS bracketing the mid tail energy 

conversion region (20 – 30 RE, Figure 5) that 

allows us to understand how energy, magnetic 

and particle fluxes are transported earthward 

and tailward.

THEMIS and ARTEMIS provide global-scale 

observations in the magnetosphere that 

are essential for our understanding how the 

magnetosphere react on the solar wind and 

interplanetary magnetic field changes, i.e, 

space weather. It became clear, however, that 

cross-scale measurements that are able to 

resolve macro to micro-scales interactions are 

absolutely necessary to understand physics of 

magnetospheric plasma processes. THEMIS/

ARTEMIS measurements may provide global 

context and be integral parts of the cross-scale 

mission(s). 

3.3. MMS Mission

The main objective of the four-spacecraft MMS 

mission [Burch and Torbert, 2016], launched in 

March 2015, is to understand the microphysics 

of reconnection, with emphasis on electron-

scale physics in and around the electron 

diffusion region of reconnection. In order to 

accomplish this goal, the 4 spacecraft have 

been flying in tetrahedron formation, with inter-

spacecraft separations in the range of 7-10 km 

at the dayside magnetopause, and 20-50 km 

in the magnetotail. Furthermore, to address 

election-scale physics, ultra-highresolution 

Figure 5: THEMIS (P3, P4, P5) and ARTEMIS (P1, P2) probes bracketing the mid-tail reconnection region. 

From V. Angelopoulos et al., Science, 2013
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plasma and field measurements are required. 

In burst mode, MMS measures 3-D electron 

and ion distributions at 30 ms and 150 ms 

resolution, respectively, which are 100 times 

and 20 times better resolved than previously 

available data. The electromagnetic fields are 

measured at ~8000 samples/s. With these 

measurements and spacecraft configurations, 

MMS has made many contributions to the 

understanding of reconnection at the dayside 

magnetopause and in the magnetotail. 

At the dayside magnetopause, Burch et al. 

[2016] and Chen et al. [2016] reported the first 

detection of the electron diffusion region (EDR). 

Electron acceleration and demagnetization 

were deduced from the unprecedented 

observation of non-gyrotropic crescent-shaped 

electron velocity-space distributions (see 

Figure 6), which were predicted by simulation 

[Hesse et al., 2014]. These observations 

revealed the key regions where magnetic-to-

particle energy conversion takes place within 

the current sheet, as well as the processes by 

which electrons become demagnetized in 

asymmetric reconnection.

In the magnetotail, where reconnection 

involves symmetric inflow conditions, Torbert 

et al. [2018] reported the encounter of the EDR 

by MMS, which revealed (a) super-Alfvénic 

electron jets reaching 15,000 km/s, (2) electron 

meandering motion and acceleration by the 

electric field, producing multiple crescent-

shaped structures in the velocity distributions, 

and (3) spatial dimensions of the electron 

diffusion region consistent with a reconnection 

rate of ~0.1-0.2. The well-structured multiple 

layers of electron populations indicate that, 

despite the presence of turbulence near the 

reconnection site, the key electron dynamics 

appears to be largely laminar.

The ultra-high resolution of the MMS 

measurements has also led to the discovery of 

reconnection within Kelvin-Helmholtz waves 

along the flank magnetopause [Eriksson et al., 

2016; Li et al., 2016] and within flux rope-like 

structures [Oieroset et al., 2016; Zhou et al., 

2017; Kacem et al., 2018]. Another surprise was 

the discovery of electron-only reconnection 

(without ion coupling) in the magnetosheath 

[Phan et al., 2018] and within the bow shock 

transition region [Gingell et al., 2019; Wang et 

al., 2019].

While MMS has made significance advances in 

the understanding of electron-scale physics in 

and near the EDR, many important questions 

concerning the temporal and spatial evolution 

of reconnection remain unanswered. To address 

such questions will require simultaneous multi-

spacecraft measurements at multiple (electron, 

ion, and MHD) scales.

3.4. Summary

Cluster, THEMIS and MMS missions have 

fulfilled their science goals with four or five 

spacecraft placed at key position or key 

separation distances from each other. Cluster 

initialing addressed plasma processes at ion 

scale and then measured two scales at the 

same time with two spacecraft separated from 

a few kilometers up to a few 10000 kilometers. 

In such case however the 3-D tetrahedron scale 

was lost with only four spacecraft. THEMIS 

addressed the substorm process and showed 

that the magnetic reconnection in the mid-tail 

region was responsible for the initiation of the 

substorm and its subsequent energy transport 

to the magnetosphere. The three inner THEMIS 

spacecraft were measuring fluid scales (Earth 

radii) while the other two spacecraft were at 

10 and 20 RE away down the tail, covering the 

global scales. Again, ion and electron scales 

could not be measured simultaneously and 

the kinetic processes were not studied using 

multi-spacecraft. More recently MMS focused 

on the reconnection process at electron scale 

with the four spacecraft in a tetrahedron shape 

in the range 7-50 kilometers. Electron diffusion 

region could be discovered and characterized.

The next step forward to advance the physics 

of reconnection is therefore to measure 

simultaneously its initiation at electron scale, 

its development and ion energization at ion 

scale and its impact on the magnetosphere at 

fluid and global scale.  Fortuitous conjunctions 

between Cluster, MMS and THEMIS in the next 

few years (Figure 7) would allow to derive the 

requirements for future multi-scales mission 

such as SAME. Such data set will however 

not be able to address the coupling between 

scales, by placing tetrahedra within each other, 

which is at the heart of the physical process of 

reconnection.

4. SCIENCE OPPORTUNITIES WITH CROSS-
SCALE CONSTELLATION MISSIONS

Figure 6: Burch et al, 2016
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4.1. Overview - Need for multiscale missions

Geospace is a spectacular example of a physical 

system dominated by multiscale interactions. 

Unlike many other multiscale systems, it is 

accessible to direct measurements and hence 

an ideal laboratory to understand this type 

of complex physical coupling. Geospace is 

structured in form of large spatial regions, 

which are separated from one another by 

thin, boundary layer-like regions. Examples 

of such regions is the magnetosphere itself, 

which is separated from the magnetosheath 

by the magnetopause, or the magnetotail 

lobes, which are separated from another by 

the plasma sheet. These comparatively thin 

separation layers are typically threaded by 

plasma current systems, and they feature much 

smaller magnetic fields than the surrounding 

large-scale structures. Typical scale sizes of the 

larger scale components of geospace are of 

the order of 100000km, whereas thicknesses 

of the separating layers are as small as 1km in 

case of the magnetopause – a difference of 5 

orders of magnitude!

Geospace dynamics is a complex interplay 

between largely laminar processes on large 

scales and often eruptive and turbulent 

processes occurring in these thin boundary 

layers. Processes in the latter are often eruptive 

and they, remarkably, facilitate transport 

between large-scale regions, and conversion 

of huge amounts of stored energy. Unlike 

the dynamics on large scales, which is often 

laminar and fluid-like, boundary layer dynamics 

is typically kinetic in nature, involving intricate 

interactions between charged particles and 

electromagnetic fields. 

The interaction between large and small 

in the Earth’s space environment involves 

two foundations: turbulence and magnetic 

reconnection. The playing field of these classes 

are the boundary layers, but it is clear that 

their dynamics is shaped as much by the large-

scale environments as the latter is shaped by 

them. These symbiotic feedback relations 

underpin the shape and evolution of our space 

environment. In order to understand them, we 

need a space mission capable of measuring 

simultaneously both the large and the small – a 

challenge, which we are now ready to embark 

on.

4.2. Previous large-scale constellation results 

The original ‘cross scale’ mission was conceived 

was to cover three spatial scales: electron and 

ion scales, and a larger meso-scale, for context. 

This requires a minimum of 10+ spacecraft, 

but the small scale (usually proposed as kms 

for electrons and 100s km for ions) is already 

Figure 7: Predicted conjunctions when Cluster 4, MMS1 and THEMISA will be at +/- 1 RE around the 

magnetopause in 2020-2022 and in YZgse plane. Each group of symbols represent one crossing of the 

magnetopause. Cluster will be located at high latitude, MMS at mid-latitudes and THEMIS around the 

equatorial plane, complementing each other. Conjunctions between Cluster and MMS are shown in black 

and blue and cumulate to 139h on each mission. THEMIS conjunctions with Cluster are shown in red and 

will occur over 313h cumulated. Triple conjunctions with Cluster, MMS and THEMIS at the magnetopause 

at the same time are shown superimposed in green and cumulate to 13h over the three years on each 

mission. 



18        太空|TAIKONG  太空|TAIKONG           19

at the limit of the current plasma-field payload 

resolution. Cross-scale coupling is part of the 

key physics controlling energy partition and 

transport and requires second order terms in 

spatial gradients and multiple temporal scales 

to be resolved. Measurement requirements for 

compact, cross-scale configurations are going 

to be the main driver for any mission. On the 

other hand, energy transport across regions 

in the magnetosphere (and ionosphere) 

requires that the macroscales (to address M-I 

coupling) to be covered (connection science 

is the key). One key question is 'how does 

the microscale physics impact the macroscale 

behaviour?’ A more flexible constellation 

of satellites achieving larger, multi-scale 

configurations with close coordination with 

simultaneous, multi-spacecraft LEO coverage 

could also be envisaged. This provides 

detailed measurements (on multiple scales) at 

either end of magnetic field lines and therefore 

allows energy transport as well as energy 

conversion aspects to be investigated. While 

ground coverage (e.g. from SuperMAG and 

superDARN) exists, outer spacecraft in the high 

ionosphere and magnetosphere provide the 

vertical dimension for coupling and transport. 

These outer constellations provide multi-scale 

coverage.

Previous serendipitous monitoring between 

different regions [e.g. Dunlop et al., PRL, 2011, 

doi:10.1103/PhysRevLett.107.0250041, 2011; 

doi:10.1103/PhysRevLett.102.075005, 2009; 

Pu. et al., 2007, 2013; Trattner et al. 2007] 

was done through combinations of Cluster, 

DSP and THEMIS (close constellations, single 

scale at once, and macros scale coordination). 

Indeed, this has expanded into coordination 

between multi spacecraft missions, not just 

in the magnetosphere (such as MMS, Cluster 

and THEMIS) at MEO and HEO, but also with 

spacecraft near the ionosphere/magnetosphere 

transition (such as Swarm (multi-point FACs) 

and AMPERE (global coverage at low resolution 

and accuracy) from the iridium array, and with 

older missions such as Champ or DMSP). These 

past attempts have certainly flagged issues 

of M-I coupling and have provided guidance 

on the open questions of energy transfer and 

partition that we outline, but the opportunities 

for coordinated coverage have been limited 

(almost serendipitous) and indeed have 

highlighted the critical role of measurement 

capability (through both the multi-spacecraft 

configurations and the spatial-temporal 

coordination achievable) in determining the 

effects of small scale processes on the large 

scale coupling. 

The coordination of Swarm and Cluster is an 

example of how this was realised to identify 

electric current signatures; field aligned 

currents and ULF waves, in particular, that can 

achieve energy transport. To illustrate these 

comments, Figure 8 shows an example for a 

magnetic conjunction between Cluster (in a 

four-spacecraft configuration) and Swarm (in 

a close grouping of three spacecraft), where 

adjacent spatial sampling is achieved through 

the use of adjacent time positions of Swarm. 

Common signatures can be shown for the 

vector determination of currents, but these 

configurations only occurred for a very limited 

part of the mission and such conjunctions were 

rare. 

4.3. Magnetic Reconnection

Magnetic reconnection is a key plasma 

transport and energy conversion process, 

which finds applications not only in the 

Earth’s magnetosphere, but in solar plasmas, 

in astrophysical systems, and in plasma 

fusion devices. It is the engine behind 

eruptive behavior such as solar flares and 

magnetospheric substorms, where huge 

Figure 8: Malcolm Dunlop



20        太空|TAIKONG  太空|TAIKONG           21

amounts of energy stored in the large-scale 

environment can be explosively released in 

time periods much smaller than the time to 

store the energy. The kinetic physics processes 

underpinning magnetic reconnection occur in 

very thin layers dominated by electron physics. 

Layer thicknesses can be as small as 1km at 

the dayside of the magnetosphere, and some 

10km at the nightside. 

Owing to its importance, magnetic 

reconnection has been the target of scientific 

research for many years, culminating in NASA’s 

Magnetospheric Multiscale mission (MMS), 

which was launched in 2015 and remains in 

operation. Courtesy of the groundbreaking 

measurement capabilities of MMS, we now 

have, among many others, developed deep 

insight into the structure of the heart of 

magnetic reconnection, the electron diffusion 

region, which forms an integral part of the 

complex interaction determining large-scale 

energy conversion and transport. MMS is a 

remarkable microphysics microscope, and will 

without any doubt, continue to provide critical 

knowledge to understand essentials details 

of the microphysical processes governing the 

boundary and separation layers of geospace.

Building upon this new knowledge, it is 

now timely to embark on the question of 

how reconnection microphysics shapes the 

large-scale space environment, and how the 

latter shapes reconnection. Researching this 

interaction requires a multiscale approach. 

MMS-derived knowledge reduces the 

measurement requirements for the kinetic 

scales, which opens the cost envelope for a 

mission addressing the large and the small 

simultaneously.

A multiscale mission of this type allows to 

put magnetic reconnection into its context. 

It facilitates the next step of reconnection 

research, which must combine large and small 

for closure of the interaction between these 

scales. Such a mission will permit us to research 

how reconnection facilitates energy conversion 

on large scales, and how this conversion 

couples to the dynamics of the tiny electron 

diffusion region. It can further resolve the 

critical question why reconnection operates 

in small bursts at times, and in large eruptions 

at others. It will furthermore shed light on the 

puzzle whether large eruptions are a collection 

of small bursts occurring very rapidly together, 

or whether they are a different, organized, type 

of reconnection altogether. Understanding 

when and how these big disruptions occur is 

also critical to predict the harmful effects of 

the space environment, which are collectively 

referred to as “space weather.”

A related, still unanswered, question involves 

the conditions, under which reconnection 

occurs, and the conditions, under which it 

ceases to operate or reduces in intensity 

substantially. The onset of reconnection must 

involve special conditions in thin current sheets 

– otherwise it would occur all the time, which 

it does not. To date, we neither know what 

these conditions are nor where and when 

they occur, but it is exceedingly likely that 

their occurrence is shaped by the large-scale 

regions separated by the reconnecting layers. 

Similarly, the cessation of reconnection must 

involve interactions with a changing external 

environment, otherwise it would continue 

forever, These external changes can be inherent 

in the dynamics of the large-scale system, such 

as rotations of the interplanetary magnetic 

field, but equally likely they can be brought 

about by the effects of magnetic reconnection 

on the large-scale system itself.

Resolving these science questions and 

others relates to how magnetic reconnection 

operates as an integral part of the coupled 

macroscale-microscale system, which we refer 

to as geospace. We must develop a deep 

understanding of how this coupling works to 

make progress in describing magnetospheric 

dynamics, and to predict geospacer dynamics 

for society in the context of space weather. 

Researching this coupling requires a specially 

designed flight mission, which builds upon 

our present knowledge to shed light on this 

fascinating example of a physical system in 

Earth’s neighborhood in space. We are now 

ready to embark on this quest.

4.4. Structures, Waves, and Turbulence

4.4.1. Current Sheets

Current Sheets (CSs) are widely spread in space 

plasma. They play a key role in the storage and 

conversion of the magnetic energy into to 

kinetic and thermal energy of plasma particles. 

Possibility of energy storage in CSs without its 

immediate release is related with their unique 

property - metastability. In situ spacecraft 

observations have revealed the formation of 

the CSs in very different magnetospheres: 

the compact and very dynamic Mercury’s 

magnetosphere (e.g. Slavin et al., 2012) in the 

induced magnetospheres of Mars and Venus 

(e.g. Vaisberg & Zeleny, 1984; Halekas et al., 

2006; Vasko et al., 2014; Dubinin & Fraenz, 

2015; DiBraccio et al., 2015; Grigorenko et 

al., 2017), magnetospheres of Saturn and 

Jupiter (e.g. Smith et al., 1974; Dougherty et 

al., 2009; Artemyev et al., 2014) with extended 

magnetodisc regions, the cylindrically 

symmetric magnetospheres of Uranus (e.g. 

Ness et al., 1989) and extended cometary 

plasma tails (e.g. McComas et al., 1987). CSs 

of different origin are often observed also in 

the solar wind (e.g. Gosling, 2012; Malova et 

al., 2017). Importance of formation of CSs with 

subsequent powerful reconnection processes 

is widely debated in application to different 

astrophysical objects. 

Earth’s magnetosphere provides remarkable 

opportunity to study CSs by means of 

multipoint measurements which thus far really 

shaped our understanding of the physics 

of these very important plasma structures. 
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Natural occurrence of CSs and the fact 

that in a foreseeable future we can hardly 

hope on conducting of multipoint plasma  

measurements in magnetospheres of other 

Solar System planets (not speaking about 

astrophysics) gives the  highest significance to 

a new generation of multipoint missions in the 

terrestrial magnetosphere (SAME, PROSPERO, 

MagCOn constellation) with advanced 

instrumentation and increased number of 

spacecraft.

Multispacecraft observations in the terrestrial 

magnetotail reported already that the CS 

thinning and intensification can result in 

formation of multiscale current structure in 

which a very thin and intense current layer is 

embedded into a thicker sheet (see Figure 

9) (e.g. Runov et al., 2005; Petrukovich et 

al., 2011). Such current structures cannot be 

described by popular Harris-like model and to 

describe them fully kinetic description taking 

into account all peculiarities of non-adiabatic 

particle dynamics is required. In such models 

the tension of the curved magnetic field lines is 

balanced not by the pressure gradient (like in 

Harris-type models with isotropic pressure) but 

by the non-gyrotropy of ion and non-isotropy 

of electron pressure tensors (Zelenyi et al., 

2006).

 Kinetic description brings kinetic scales to the 

CS models. The dynamics of electrons and 

ions is different: electrons are magnetized by a 

finite BN field even at the center of the sheet, 

while ions experience the quasi-adiabatic 

dynamics in the CS. Ion scales are controlled 

by thermal ion Larmor radius, while scales 

of sub-ion embedded CS are controlled 

by the topology of magnetic field lines until 

the electron motion is magnetized by a 

small component of the magnetic field stilly 

existing in a very center of the CS in typical CS 

observations.

The role of electrons becomes very significant 

then at the center of the CS where they 

generate a super thin (LSTCS~ρP∙(BN÷B0)~(0.05-0.1)

ρP) and intense current layer due to the 

curvature drifts in a sharply bended magnetic 

field lines (Zelenyi et al., 2004; 2006). The narrow 

electron current layer forms sub-ion CS which 

is embedded into a thicker proton layer. In the 

presence of heavy ions the proton layer could 

be, in its turn, embedded into a thicker and 

weaker sheet generated by heavy ions. This 

complicated multilayered structure explains 

the popular name for such configurations:  

“plasma matreshka”.

Certainly, for very small BN electrons are 

losing their guiding center dynamics, their 

motion becomes nonadiabatic, metastable CS 

becomes unstable which results in formation 

of a new reconnection region with sub-ion 

electron sheet becoming its electron diffusion 

region.

Such multiscale current structures have been 

observed in a large number of different 

experiments in the terrestrial magnetosphere. 

Recent measurements (unfortunately only one 

point thus far) indicate on their existence in the 

magnetotails of Mars (Figure 10) (Grigorenko et 

al., 2019) and Venus and Solar Wind (Figure 11) 

(e.g. Malova et al., 2017) at different distances 

from the Sun. So CSs both as widespread in 

nature plasma structures and   as precursors of 

powerful and fast reconnection processes are 

phenomena of a general physical importance 

Figure 9: CLUSTER observation of thin embedded 

current layer in the Earth’s magnetotail. The spatial 

profiles of the magnetic field reversal Bl(Z*) and the 

electric current density Jm(Z*) along the normal to 

the CS plane are shown in the top and bottom panels 

respectively. Adapted from (Runov et al., 2005).

Figure 10: MAVEN observation of a multiscale CS crossing on 3 December 2014 in the Martian 

magnetotail. a): the magnetic field in the LMN coordinates and the VN velocity of the PS center mass; 

(b): BL(lN); (c): JM(lN); d) a zoom of the JM(lN) corresponding to the STCS. The STCS is shaded by pink 

in the panels (a,b). The Harris-model approximations of the observed JM(lN) are shown by colored 

dotted lines in the panels (c,d). Adapted from (Grigorenko et al, 2019).
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and should become one of the targets of a 

newly suggested sophisticated SAME mission.

4.4.2. BBF and dipolarization front

Multi-point spacecraft measurements from 

MMS, Cluster and THEMIS missions enabled 

us to study transient and localized structures, 

which play important role in large-scale 

magnetosphere dynamics.  One of such 

example is the high-speed plasma flows in 

magnetotail called burst bulk flow (BBF) in 

the magnetotail and associated thin front 

structures, called dipolarization front. Multi-

point study from Cluster and THEMIS obtained 

that BBF is localized in dawn-dusk with scale of  

2–3 RE (Nakamura et al., 2004).  THEMIS five-

spacecraft covering the near Earth magnetotail 

region observed vortex flow pattern that show 

oscillatory features when it is braking in the 

near-Earth region (Panov et al., 2010 ).  While 

kinetic signatures of the dipolarization front has 

been resolved by Cluster (Fu et al., 2012) as well 

as THEMIS (Runov et al., 2011),  MMS  revealed 

for the first time rippled electron-scale structure 

generated by lower hybrid drift instability (LHDI) 

within a dipolarization front (Pan et al., 2018).  

Dipolarization front is shown as acceleration 

site for ambient ions (Zhou et al., 2011) as well 

as  for trapped electrons in the dipolarized 

flux bundle (Gabrielse et al., 201).   Important 

characteristic of BBF are also the accompanied 

field-aligned current, hence its significant role 

in the magnetosphere-ionosphere coupling 

process including substorm dynamics.  

Furtheremore, BBF has been shown to be the 

driver of larger scale flapping or wavy motion of 

current sheet (Sergeev et al. 2004).  As above, 

BBF associated disturbance involves processes 

from electron scale energy conversion process 

in the embedded current sheet within the 

ion-scale front structures associated with the 

MHD scale flow pattern, that affect the large-

scale magnetosphere-ionosphere coupling 

process. Due to this multiscale nature of BBF, 

it is important to cover all these scale with a 

constellation mission. 

4.4.3. Waves

Waves are important because they can provide 

information on kinetic instabilities driven by 

reconnection. They can contribute to particle 

acceleration, scattering, and energy transport, 

which can modify magnetic reconnection and 

plasma boundaries. Wave instruments provide 

very high resolution measurements compared 

to particles instruments. Wave instruments are 

typically cheap and accurate and accurate and 

can be used for important plasma diagnostics. 

For example, the plasma frequency line seen in 

electric field instruments typically provides the 

most reliable estimate of plasma density. 

From single-spacecraft measurements one can 

get the wave power, frequency, and Poynting 

flux, but phase speed, wave vector, and growth 

or damping rates are typically very challenging. 

Likewise wave-particle interactions and 

nonlinear processes are difficult to quantify. 

Multi-spacecraft cross-scale observations can 

help us with some of these questions. Below 

we illustrate the possible improvements using 

the examples of the electrostatic solitary waves 

(ESWs) and lower hybrid drift waves (LHDWs). 

ESWs are localized potential structures, 

which are supported by trapped particle 

populations, and are typically observed as 

bipolar electric fields parallel to the ambient 

magnetic field. Knowing the wave potential is 

crucial for understanding how the ESWs are 

interacting with plasma particles. From single-

spacecraft measurements we can calculate 

the wave amplitude and time scale. From two-

spacecraft measurements the phase speed and 

wave potential can be estimated. From four-

spacecraft observations the phase velocity can 

be calculated without assuming a propagation 

direction and the three-dimensional structure 

of the waves can be investigated. The example 

below illustrates an ESW observation by the 

four MMS spacecraft and a schematic of the 

ESW structure. From the perpendicular electric 

fields E⊥ observed at the different spacecraft 

we can determine the location of the center 

and the transverse scale of the ESW.

Lower hybrid waves are a fundamental wave, 

which are driven at plasma boundaries due to 

gradients. They often reach large amplitudes 

Figure 11: The intervals of STEREO-A 

observations of a thin embedded CS (red profile) 

and very thin CS (black profile) structures in the 

solar wind. The format of the Figure is similar to 

Figure 1. Adapted from (Malova et al., 2017).
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and can potentially modify these boundaries. 

Many of the wave properties can be determined 

with a single spacecraft, e.g., phase velocity 

and wave potential, but assumptions need to 

be made. Multi-spacecraft observations enable 

these properties to be determined without 

assumptions. For example, the wave speed 

and direction can be determined with MMS 

for very closely separated spacecraft. These 

measurements are necessary to determine how 

the waves interact with particles.

With the 4 sc measurements we need to 

assume that the waves are stationary. Also, 

with a tetrahedron configuration we are able to 

study one spatial scale at a time. But the wave 

processes, in particular developing in an active 

area such as a reconnection site, are inherently 

non-stationary and multi-scale. Cross-scale 

spacecraft configurations are necessary to fully 

characterize non-stationary and multi-scale 

processes. 

For example, ESWs are typically generated in 

the reconnection separatrix region. Here they 

can strongly interact with electrons leading to 

growth of decay of the waves. To investigate 

the temporal evolution more than 4 spacecraft 

are necessary, for instance a configuration 

with two tight tetrahedra separated along the 

magnetic field. 

Waves at plasma boundaries can grow or decay 

in response to the evolution of the boundary, 

for example, thinning of a current sheet or 

steepening of density gradients in response 

to unsteady reconnection. To understand the 

coupling of waves to the boundaries requires 

cross-scale configurations, which can monitor 

the temporal evolution of both the boundaries 

and the waves simultaneously. For example, 

a tight tetrahedron is required to study the 

waves, while a larger tetrahedron is required to 

monitor the boundary. 

Kinetic Alfven waves (KAWs) are important for 

forming the ion diffusion region and transporting 

energy away from the reconnection site.  KAWs 

typically require ion scale spacecraft separations 

to characterize. However, nonlinear evolution 

of KAWs can lead to generation of waves at 

smaller scales, down to the smallest electron 

scales (e.g. electrostatic high-frequency waves 

and ESWs), through which the KAW energy can 

be dissipated. So, such small-scale waves need 

to be observed at the same time as the KAW 

itself. Coupling between waves at different 

scales requires multi-scale observations.

4.4.4. Turbulences

One of the major insights coming from Cluster 

and MMS 4-point constellations, as well as from 

recent 3D supercomputer simulations, is that 

kinetic-scale turbulence is strongly coupled 

to dissipative processes such as magnetic 

reconnection and shocks. Examples are small-

scale reconnection in turbulence, turbulence 

in large-scale reconnection current sheets and 

turbulence at shocks. Numerical simulations 

even show the combination of shocks, 

reconnection and turbulence in the same 

region (Figure 13). All these processes involve 

coupling between electron, ion and fluid 

scales. Addressing these processes from an 

experimental point of view requires designing 

cross-scale constellations having more than 4 

points, which can go beyond the approach of 

existing Cluster and MMS missions focusing on 

a single scale at a time.

One very important science case demonstrating 

the need for such multi-scale measurements 

is particle energization due to the energy 

dissipation in coherent structures generated by 

turbulence, which are localized both in space 

and in time. These include thin current sheets, 

magnetic islands, isolated flux tubes and small-

scale vortices.

Figure 12: Right: Observations of an ESW by the four MMS spacecraft. Left: Schematic of the wave 

E⊥ from which the ESW center and the perpendicular scale l⊥ can be determined.  Adopted from 

Steinvall et al (2019).

Figure 13: Turbulence, reconnection and 

jets at quasi-parallel shock. Image credit: 

Karimabadi et al., Physics of Plasmas, 2014.
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Cluster measurements at ion scales have shown 

energy dissipation and particle energization at 

thin current sheets observed in the turbulent 

solar wind, which are associated to small-scale 

reconnection. However, Cluster measurements 

could not resolve the electron scales. MMS 

measurements have resolved electron-scale 

coherent structures, e.g. electron-scale 

reconnecting current sheets and electron-

scale coherent magnetic holes and vortexes. 

MMS, on the other hand, cannot provide 

simultaneous observations at ion and fluid 

scales, which are driving the turbulent energy 

input and the coherent structure formation, 

and therefore does not allow addressing the 

coupling between scales.

At least 7 measurement points distributed in 

space are needed to cover multiple scales and 

resolve scale coupling in turbulent coherent 

structures, and assess how this coupling 

controls particle energization mechanisms e.g. 

due to local reconnection. These measurements 

would allow the correct identification of 

coherent structures at kinetic scales, as well as 

the identification of turbulence conditions at 

larger scales. They would remove the severe 

approximations arising in the 4-spacecraft 

techniques, which are mostly based on linearity 

and stationarity assumptions for obtaining 

3D propagation and shape. Measurements of 

particle distributions need to be improved with 

respect to MMS e.g. higher time and phase-

space resolution electron measurements 

are needed to resolve the fine details of the 

distribution functions that can reveal the nature 

of the dissipative processes. Measuring mass-

resolved ions at high time resolution, currently 

not possible neither with Cluster nor with MMS 

is also needed to evaluate the differential 

energization of protons and heavier ions such 

as ⊥ particles.

4.4.5. Kelvin-Helmholtz instability 

Magnetic reconnection and Kelvin-Helmholtz 

instability (KHI), two of the most fundamental 

physical processes occurring within the 

heliosphere and throughout the Universe, 

often occur simultaneously on the Earth’s 

magnetopause. Previous studies indicate 

the importance of nonlinearly-developed KH 

waves (KHW), which produce multiple kinetic 

layers facilitating reconnection both in and 

out of the velocity shear plane and resulting 

in flux transfer events (FTEs). However, these 

studies significantly lacked detailed in-situ 

observations of cross-scale dynamics that leads 

to important energy transport occurring within/

around KHW and FTE as well as appropriate 

3-D analyses of the structure of KHW and FTEs. 

Hwang et al. presented detailed observations 

by the MMS spacecraft to investigate both 

2-D and 3-D structures of the FTE induced 

by the nonlinear KHW. They found that two 

flux tubes interacted through reconnection to 

form a single combined structure, which can 

explain the occurrence of M-shaped crater 

FTEs. This study, suggesting both in-plane and 

mid-latitude reconnection occurring within the 

KH vortex, strongly indicate the need of cross-

scale investigation of these two important 

magnetopause transient features. 

4.5. Modeling Opportunities

Physical processes (like magnetic reconnection, 

shock, and turbulence etc.) in space plasma are 

in general of cross-scale, they can range from 

electron scale to ion scale, and at last reach 

to magnetohynamic (MHD) . Based on the 

particle-in-cell (PIC) and hybrid simulations, 

lots of progresses on cross-scale magnetic 

reconnection have been obtained.

PIC simulations, which treat both ions and 

electrons as particles, have been widely used 

to study magnetic reconnection. The diffusion 

region consists of two scales: the ion diffusion 

region where only ions are unmagnetized in the 

magnetic field, and electron diffusion region 

where both ions and electrons are unfrozen in 

the magnetic field. Ion and electron motions 

in both ion and electron diffusion regions 

are studied thoroughly with the use of PIC 

simulations. The reconnection electric field is 

balanced by the off-diagonal electron pressure 

tensor in the electron diffusion region and 

Figure 14: Energy dissipation and particle energization in turbulence due to coherent structures: 

(a) spatial distribution of energy dissipation as seen in numerical simulations, showing that dissipation 

is concentrated at kinetic-scale coherent structures (b) simulations and MMS observations showing 

that the strongest dissipation occurs in regions of highest current (c) MMS measurements of electron 

heating showing that strong electron heating is associated to dissipation and high currents. Image 

credit: Wan et al., Physics of Plasmas, 2016; Chasapis et al., Astrophysical Journal, 2018.
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electromotive force term in the ion diffusion 

region (Pritchett, 2001). The diffusion region 

is usually unstable, and its length can be 

extended. When the length is sufficient large, 

magnetic islands can be generated due to the 

tearing mode (Drake et al., 2006). Magnetic 

islands play important role during electron 

acceleration during magnetic reconnection, 

and electrons can be trapped in magnetic 

islands and suffer Fermi mechanism. Electrons 

are be accelerated by both Fermi mechanism 

and reconnection electric field near the X line 

and during the merging process of magnetic 

islands, the acceleration efficiency can be 

highly enhanced. The produced energetic 

electrons may possess a power law spectrum 

(Lu et al., 2018).

Hybrid simulations, which treat ions as particles 

and electrons as fluid, are a powerful tool to 

study magnetic reconnection from ion to MHD 

scale. Global hybrid simulations have been 

developed to study magnetic reconnection in 

the magnetotail and dayside magnetosphere. It 

is found that magnetic reconnection occurring 

in the magnetotail can cause the burst bulk 

flow, and the generated magnetic islands can 

evolve into dipolarization front during their 

movement toward the earth (Lu et al., 2015). 

Magnetic reconnection occurs between the 

magnetosheath and dayside magnetosphere. 

Magnetic islands can also be generated during 

such a process, and move toward the auroral 

region (Lin et al., ). Magnetic reconnection can 

also induced in the magnetosheath when solar 

wind currents cross the bow shock and then are 

compressed in the magnetosheath, and even 

in the current sheets formed when the large-

amplitude plasma waves in the solar wind 

penetrate the quasi-parallel shock ( ).

Magnet efforts have also been made to develop 

simulation model, which can study magnetic 

reconnection ranging from the electron scale 

to MHD scale. One is MHD-PIC simulation 

model, in which a particle-in-cell model is 

embedded into a global MHD model. This type 

of simulation enables investigations of kinetic-

scale physics (e.g., magnetic reconnection) in 

global-scale contexts, and it has been applied 

to various space plasma environments, such as 

the interaction between the Jovian wind and 

Ganymede's magnetosphere (Tóth et al., 2016), 

Martian magnetotail reconnection (Ma et al., 

2018) and Earth's dayside reconnection. In 

addition to the above model of embedded PIC 

into MHD, a two-fluid ten-moment simulation 

model has been developed. By resolving the 

full electron and ion pressure tensor elements, 

this model captures some preliminary non-

MHD physics, such as the Hall effect, electron 

inertial, and anisotropic, non-gyrotropic 

pressure effects (Wang et al., 2018). This model 

has used to simulate the Jovian wind interaction 

with Ganymede and solar wind interaction with 

Mercury.

5. PROPOSED CONSTELLATION MISSIONS FOR 
SPACE PLASMAS

5.1. Self-Adaptive Magnetic Reconnection Explorer 
(SAME)

5.1.1. Mission's Overview

Previous and existing constellation missions 

of space plasma, for instance Cluster, 

MMS and THEMIS, consist of 4-5 identical 

spacecraft with inter-spacecraft separation 

at one specific spatial scale. In principle, four 

spacecraft is needed to distinguish spatial 

and temporal vibration at one specific scale. 

Existing constellation mission can provide 

detailed measurement at a single spatial 

scale. Due to limited number of spacecrafts 

in the constellation, however, the cross-scale 

connection of space plasma process cannot be 

explored with existing constellation missions.

The proposed Self-Adaptive Magnetic 

reconnection Explorer (SAME) mission consists 

of a base satellite and a constellation of 12 small 

CubeSats. The basic concept of the mission 

is to employ the constellation of spacecraft 

to take simultaneously measurements at 

differential spatial scales, exploring processes 

and structures from kinetic-scale to Macro-

scales in space plasmas. The SAME mission 

proposal is currently in the stage of pre-phase 

A in the Strategic Priority Research Program 

on Space Science II, Chinese Academy of 

Sciences. In table 1, we present a summary of 

the SAME mission profile. 

5.1.2. Scientific Objectives 

The theme of solar-terrestrial connection 

focuses on the physical processes on the 

Sun, in the solar wind, as well as in Earth’s 

magnetosphere and ionosphere. Solar activity, 

such as in the form of Coronal Mass Ejection 

(CME), solar flare and solar energetic particles, 

release huge amount of energy and energetic 

particles. When transported to the near-Earth 

magnetosphere and ionosphere, energy and 

energetic particles from solar eruptions affect 
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the near-Earth plasma environment, producing 

the so-called “space weather” which are 

practically important for facilities in the near-

Earth space and on the ground. A schematic 

of the solar-terrestrial connection is shown in 

Figure 15. 

Magnetic reconnection is a key process for the 

flow of energy in the chain of the solar-terrestrial 

coupling. In the Sun’s corona, magnetic 

reconnection sets off solar eruption such as 

CME and solar flare, releasing explosively the 

stored energy in the twisted magnetic field. 

At the boundary of the solar-terrestrial 

coupling, dayside magnetopause reconnection 

enables the entry of the solar wind energy 

into the magnetosphere. Figure 16 shows a 

schematic depiction of magnetic reconnection 

as indicated by the box area. This is a key 

ingredient of the solar-terrestrial connection. 

The solar wind energy into the near-Earth 

space is the driving source of geomagnetic 

storms and substorms. 

In the ending of the chain of the solar-terrestrial 

coupling, magnetic reconnection regulates the 

release of energy within the magnetosphere. 

The stretched magnetotail stores the energy 

from the solar wind. Magnetic reconnection in 

magnetotail release the stored energy in the 

magnetotail. The explosive release of energy 

within the magnetosphere drives geomagnetic 

storms and substorms, producing various 

space weather effect such as the ionosphere 

aurora that is visible on the ground.   

Magnetic reconnection refers to energy 

release and magnetic field line reconfiguration 

as twisted magnetic lines “break” and 

“reconnection”. Reconnection is a ubiquitous 

phenomenon in the space plasmas and 

astrophysical system. Only in the near-Earth 

space, however, magnetic reconnection 

SAME MISSION SUMMARY

Main Scientific 
objectives

1. Understand the cross-scale connection of the multiple-scale 
processes of magnetic reconnection, ideally to the point of 
predicting when, where and how fast magnetic reconnection 
occurs in the context of solar-terrestrial coupling. 
2. Provide understanding of cross-scale coupling of turbulence, 
structures and waves in space plasmas. 

Payloads CubeSats: 
Magnetometer, thermal ions/electron detector for each of the 12 
CubeSats.
Base satellite: 
Magnetometer, thermal ions/electron detector, High-frequency 
plasma wave analyzer, energetic particle detector, energetic 
neutron imager (TBC),  electric field measurement    

Spacecraft platform CubeSats: a heritage from WN5000 Subsat 
The base satellite: Platform has been designed, with a Propulsion 
system and a Subsat Ejection Mechanism. 

Mass budget CubeSats: 12x 67kg. 
Base satellite: 605kg
Dry mass: 1409kg. 
Total mass with propellant: Scheme 1 2084kg; Scheme 2, 2495kg. 

Mission duration > 4 years

Orbit and Launcher Launcher: CA-3A; 
Spacecraft mass load: ~2200kg.
Orbit, Scheme 1: Phase 1, 1.2Re X 10Re; Phase 2, 1.2Re X22 Re 
Scheme 2: 10Re×22Re orbit

Table  1: SAME Mission Profile Overview

Figure 15: Schematic of the solar-terrestrial connection
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and as well as electron-scale reconnection 

without ion coupling. On the ion-scale, Cluster 

spacecraft made multiple-point measurements 

of the ion-scale kinetic signals in the form of 

Hall fields and current in reconnection. Over the 

large Macro-scale, THEMIS made observations 

of the consequence of reconnection front and 

dipolarization front.

With the achievement of previous constellations 

mission at individual scale, many fundamental 

questions of magnetic reconnection remain 

to be explored. With all the above discussions 

in mind, we try to propose following science 

objective for the cross-scale SAME mission. 

Science objective #1. Understand the cross-

scale connection of the multiple-scale 

processes of magnetic reconnection, ideally 

to the point of predicting when, where and 

how fast magnetic reconnection occurs in the 

context of solar-terrestrial coupling. 

Past and existing constellation missions 

mainly focus on the kinetic scale aspect of 

reconnection. THEMIS is at Macro-scale but 

the mission has limited number (5) of spacecraft 

aligned in one direction. It is unclear now how 

the micro-scale kinetic processes are related 

to the Macro consequence of reconnection. 

More specifically, how are the kinetic process 

in the vicinity of the diffusion region coupled 

with macro-scale structure and flow convection 

as affected by reconnection? The investigation 

of micro-macro cross-scale coupling requires 

a constellation mission that simultaneously 

deploy spacecraft at multiple scales. In addition, 

many macro-scale aspects of magnetic 

reconnection remain to be investigated. These 

macro-scale aspects of reconnection are crucial 

can be investigated with in-situ spacecraft 

measurements.   

Similar to many phenomena of the space 

plasmas, magnetic reconnection intrinsically 

involves multiple-scale physics. On the 

large Macro-scale, for instance, magnetic 

reconnection relates to the global-scale 

evolution of the magnetosphere system. On 

the small micro-scale, magnetic reconnection 

involves the kinetic process within and near the 

reconnection site. 

In the three-dimension, at least four spacecraft 

is in principle needed to make an unambiguous 

measurement that distinguish the spatial and 

temporal variations at one specific scale of 

the spacecraft separation. Past constellation 

missions normally consist of four spacecraft and 

focus on measurements at only one specific 

scale at a time. For instance, as shown in the 

Figure 16, the Cluster mission contains four-

spacecraft with an inter-spacecraft separation 

that is usually from 100 km to 1000 km. This 

is the spatial scale comparable to the ion-

kinetic scale in the magnetosphere. The MMS 

mission focus on measurement at the electron 

kinetic scale, with four-spacecraft separation at 

around 10 km. The THEMIS mission consists of 

five probes separated at Macro-scale as large 

as 10 Earth radius (Re). These past constellation 

mission have made important discovery of 

magnetic reconnection at each spatial-scale. 

For instance, MMS observed electron kinetic 

signals of reconnection in the form of electron 

crescent distribution in the electron diffusion 

Figure 16: Magnetic reconnection in the magnetosphere. Reconnection site is indicated by the 

dash box area. The LMN coordinate represents the local normal boundary coordinate system for 

reconnection at different location, L is the direction of the reconnecting magnetic field line, M is 

tangential to the normal and in the direction of the electric current, N is the normal direction to the 

boundary layer. Figure 17: Magnetic reconnection in the magnetosphere. Reconnection site is indicated by the 

dash box area. The LMN coordinate represents the local normal boundary coordinate system for 

reconnection at different location, L is the direction of the reconnecting magnetic field line, M is 

tangential to the normal and in the direction of the electric current, N is the normal direction to the 

boundary layer.
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for understanding the role of reconnection in 

the context of solar-terrestrial connection. 

The investigation of fundamental aspects of 

reconnection, such as when, where and how 

fast it occurs, requires the understanding of the 

cross-scale coupling and the global aspect of 

reconnection. Answers to these questions are 

necessary for quantitative prediction of the role 

of reconnection in the context of space weather. 

Magnetic reconnection is usually studied in 

a LMN (local-normal-boundary) coordinate 

system (see the description of LMN in Figure 

16). In the following, we specify the science 

questions as in the familiar LMN coordinate.  

Magnetic reconnection usually occurs in the 

current layer associated with magnetic field 

shear. But magnetic field shear does not 

necessarily means magnetic reconnection. 

Current layer without signals of magnetic 

reconnection exists all the time in the space 

plasma. Predicting when reconnection occurs 

rely on the understanding of the sequences of 

the processes related to reconnection onset.  

Figure 18 aims to list observations signals 

related to the onset of magnetic reconnection. 

These signals of reconnection is considered 

to be detected in the LN plane in the LMN 

coordinate. In the largest spatial and time 

scale, the upstream condition is considered 

to affect the pre-condition of onset. The 

upstream plasma beta (the ratio of particle 

pressure to magnetic pressure) combined with 

the magnetic field shear angle, is believed 

to be important parameter to determine if 

reconnection can occur for a certain current 

layer [e.g, Phan et al., 2010AJL]. On a smaller 

scale, the thinning of the current layer to the 

ion-scale is considered as a pre-onset signals 

in reconnection models. The thinning of the 

current sheet enhances the free energy. Thin 

current sheet can be unstable to a variety of 

plasma instabilities, including the Lower-Hybrid 

Drift Instability and collisionless tearing mode 

instability [e.g, Coppi et al., 1966PRL, Huba et 

al.1980 Phys. Fluids; Daughton et al.,2004PRL]. 

In addition, thin current layer down to the ion 

scale is also favorable for introducing two-

fluid effect and fast reconnection [e.g, Hesse 

2002JGR]. On the ion scales to macro scale, 

the formation of diverging ion outflow from 

reconnection site is the most definite signal 

of the occurrence of magnetic reconnection 

[e.g, Hones 1976; Paschmann 1979 Nature]. 

On the ion kinetic scale to Meso scale, the 

Hall fields and current that have been also 

interpreted as kinetic Alfven mode nature [Dai 

et al.,2017GRL], is considered as a key element 

for fast collisionless reconnection [Hesse et al., 

2001JGR; Birn et al., 2001JGR;]. On the electron 

kinetic scale, off-diagonal terms of the electron 

pressure tensor is considered to result in the 

reconnection electric field [Vasyliunas,1975; 

Rev. Geophys; Hesse 1999]. Similarly, off-

diagonal terms of the ion pressure tensor 

is considered to balance the reconnection 

electric field on the ion-scale as well [e.g, Cai 

et al., 1994JGR; Dai et al., 2015AG]. Kinetic 

signals of reconnection at the electron-scale 

also include the crescent-like distributions as 

recently observed by MMS mission. [e.g, Burch 

et al., 2016 Science]. As described above, 

processes related to reconnection onset 

occurs at differential scales. It would require 

a cross-scale constellation mission to resolve 

the relation and the time-sequence of all these 

processes. 

The Reconnection site where magnetic field 

line “reconnect” forms a shape of “X-line” 

along the direction of the electric current and 

in the M direction in the LMN coordinate. The 

extent of the “X-line” characterize the efficiency 

of reconnection in space. On the largest scale, 

a case study in the solar wind indicate that 

the X-line can be as large as several hundred 

Re [Phan et al,2006; Gosling et al.,2007GRL]. 

Measurements in the magnetosphere suggest 

that the X-line of magnetopause reconnection 

may extend from several Re to 10s Re along the 

magnetopause [Phan et al., 2000; Dunlop et 

al., 2011PRL;]. Magnetopause X-line may also 

appear patch or of limited extent as inferred 

from in-situ and ground-based measurements 

[MiLan et al., 2000JGR; Walsh et al., 2017GRL]. 

Compared with existing in-situ measurement, 

a cross-scale constellation mission would 

have much larger spatial coverage in terms of 

number of point measurement. As illustrated in 

Figure 19, such constellation spacecraft would 

allow systematic investigations of the spatial 

characteristic of X-line. 

A central question of magnetic reconnection 

is how fast it occurs [Sweet and Parker, 1956; 

Petschek 1965]. The meaning of “how fast 

reconnection occurs” include at least two 

aspects, the energy conversion and magnetic 

topology changes. This is illustrated in the 

Figure 18: Science questions of SAME mission. Scales of physical processes as in the reconnection 

onset problem.  
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Figure 20. In the scale of reconnection diffusion 

region, the change of magnetic topology 

allows mixture of plasmas from different origins. 

On the global-scale, magnetic flux transfer 

as allowed from magnetic reconnection is a 

crucial elements in the global evolution of the 

magnetosphere [Dungey 1961PRL]. Energy 

conversion occurs in the limited diffusion 

region in the Sweet-Parker model but in 

extended ion exhaust region downstream. 

Recent observations suggest that coherent 

structure, for instance reconnection front 

and flux rope, play important role in energy 

conversion of reconnection [Angelopoulos et 

al., 2013; Fu et al., 2017GRL;]. These coherent 

structures occur over a wide range of spatial 

scale. A cross-scale constellation mission can 

study the relation between different energy 

conversion processes at different scales.   

Science objective # 2. Provide understanding 

of cross-scale coupling of turbulence, 

structures and waves in space plasmas. In 

addition to study magnetic reconnection, a 

cross-scale constellation can study a variety 

of phenomena in the space plasmas. As an 

example illustrated in Figure 21, turbulence 

and coherent structures universally exist in the 

space plasmas. Turbulence in the space plasmas 

include flow eddies as well as wave turbulence. 

A variety of structures have been intensively 

studies in space plasma, including but not 

limited to, Shock waves, current sheet, different 

types of discontinuity, flux ropes, dipolarization 

front, fast ion busty bulk flow, etc [reference]. 

Plasma waves in the magnetosphere occurs in 

a broad range of timescale and spatial scale. 

Studies of structures and waves from four-

point measurement usually rely on assumption 

of linear interpolation and laminar structure 

at scales of spacecraft separation. Studies 

of turbulence usually need to apply Taylor’s 

hypothesis or equivalent assumptions to 

convert timescale to spatial scales. With a cross-

scale constellation mission, some assumptions 

of four-point/single-point analysis method can 

be relieved or replaced. New multiple-point 

method such as nonlinear interpolation [Fu et 

al., 2019APJS] may be applied to shed new 

insights in studies of turbulence, structures and 

waves.

Figure 19: Science questions of SAME mission. Spatial scales of magnetic reconnection X-line. 

Figure 20: Science questions of SAME mission. Spatial scales of physical processes in the energy 

conversion and topology changes in reconnection.
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5.1.3. Payload

The magnetometer and thermal plasma (ions/

electrons) detectors are employed on the main 

spacecraft and all the 12 CubeSats. In addition 

to these three payloads, high frequency plasma 

wave analyzer, energetic particle detector and 

the DC electric field instrument are employed 

on the main spacecraft.   

5.1.3.1. The magnetometer (MAG)

The vector magnetometer measures the 

three-dimensional magnetic field vector in 

the frequency range from DC to 40Hz. The 

configuration of MAG sensor and its deploy 

boom is shown in Figure 5.8. The MAG is a 

heritage from the payload for the CAS-ESA 

joint SMILE mission. The specifications of MAG 

is shown in the table 1. The designed range 

of measurement for MAG is from -12800nT to 

+12800nT in the orbit. This is a suitable range 

usually used for magnetosphere measurement. 

The noise level is 0.1nT (RMS). The mass of 

MAG instrument itself (without the deploy 

boom) is round 3.2kg. The power of MAG is 

5.0W.  

Figure 21: Coherent structures in formation of current sheets and magnetic islands in turbulence. 

(Image credit by Berkeley Lab)

Figure 22: Configuration of MAG: Top, the MAG sensor; bottom, Boom
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5.1.3.2. 5ev-30keV thermal plasma (Ions/electron) detector

The thermal plasma (Ions/electron) detector 

measures the three-dimensional particle 

distribution and the corresponding moments 

of magnetosphere plasmas in the range of 5eV-

30keV. The payload includes two instruments of 

electrostatic analyzer, which take measurement 

for ions and electrons respectively. The payload 

is a heritage from the light ion analyzer (LIA) 

for the CAS-ESA joint SMILE mission. The 

configuration of one electrostatic analyzer 

and electronic box in shown in Figure 23. The 

specifics of plasma (Ions/electron) detector 

is presented in Table 3. The thermal plasma 

(Ions/electron) detector measures the three-

dimensional distribution function of ions and 

electrons. The energy resolution is 10%. The 

energy range is designed as 5 eV-30 keV. The 

angle range of the detector is 360 degrees in 

azimuthal direction and 90 degrees in elevation 

direction. To make a measurement of the full 4π 

solid space, either the spinning of spacecraft 

or two identical sensors is needed. For a 

time cadence of 0.5 s, the data rate for each 

instrument is 48 kbps. The mass and power for 

each instrument is 3 kg and 6.0 W respectively.  

MASS 0.2 kg per sensor (2x)

2.2 kg E-box

0.4 kg harness

5.7 kg boom and release mechanism

MASS ALLOCATION 10.4 (+20%)

POWER 5.0 W 

MEASUREMENT +/-12800nT   in orbit

RANGE +/-64000 nT   for ground tests

RESOLUTION 24 bit

NOISE 0.1 nT (RMS)

SAMPLE RATE 40 Hz 

DATA RATE 6 kbps

Table  2: Summary of the performance of MAG

Figure 23: The configuration of the thermal plasma (ions) detector, including the sensor and the 

electronic box.
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5.1.3.3. Electric field measurement

The double-probe electric field instrument 

use the potential difference between two 

conducting sphere separated by booms to 

measure the DC and low frequency electric 

field. The electric field is obtained from 

dividing the potential difference by the length 

between the probes. The specifications of the 

electric field measurement is list in the Table 

3. The dynamic range of the electric field 

measurement is ± 1000mV/m. The frequency 

band of the measurement is from DC to 5 kHz. 

MEASUREMENT Particle 3-D velocity distribution functions

 ENERGY RANGE  0.05 – 30 keV/q 

 ENERGY RESOLUTION (∆E/E) ≤ 10% 

 ANGLE RANGE (AZIMUTH) 360°

 ANGLE RANGE (ELEVATION) 90°

 ANGULAR RESOLUTION (AZ X EL) Azimuth: 30°coarse, 7.5° fine 
Elevation: ≤ 6°

MASS 3.0 kg

POWER 6 W

DATA RATE >48 kbps

Table  3: Summary of the performance of thermal plasma (ion/electron) detector

MEASUREMENT Electric Field

 RANGE OF THE ELECTRIC FIELD  ± 1000 mV/m 

 ELECTRIC FIELD RESOLUTION 15μ V/m

 FREQUENCY BAND DC-5 kHz

 RANGE OF VOLTAGE ON THE PROBE -100 V~ +100 V

 RESOLUTION OF THE VOLTAGE ON THE 
PROBE

3 mV 

MASS 1.5 kg  (each pair of probe)

POWER 2.5 W  (each pair of probe)

Table  4: The specifications of the double-probe electric field measurement
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The designed mass and power is 1.5kg and 

2.5W for each pair of the probes.

5.1.3.4. High frequency plasma wave analyzer

The high frequency plasma wave analyzer 

employs a tri-axial search-coil magnetometer 

(SCM) to measure the 3D wave magnetic field 

vector in the frequency range from 10Hz to 10 

kHz. The noise level is of the designed SCM is 

less than 5x10-3 nT/√Hz at 10 Hz, 2.5x10-4 nT/√Hz 

at 200 Hz, 5x10-5 nT/√Hz at 2 kHz, 6x10-5nT/√Hz 

at 10KHz. The waveform provided by SCM 

together with electric field data provided by 

the double-probe measurement are processed 

inside the digital signal processor of the High 

frequency plasma wave analyzer.  

5.1.3.5. Energetic particle measurement

The energetic particle detector measures the 

energy spectra, the pitch angle of the energetic 

protons and electrons. The energetic particle 

detector includes three sets of sensors and one 

electronic box. Each set of sensors includes 

one proton sensor and one electron sensor. 

The energy range of the measured proton is 

50 keV-4 MeV, the field-of-view is 40 degrees, 

the energy resolution is 20%. The energy range 

of the electrons is 50 keV-400 keV, the field-of-

view is 30 degrees, and the energy resolution 

is 20%. 

5.1.4. Spacecraft, orbit and Launcher

The spacecraft configuration is shown in the 

Figure 24. The left side shows the configuration 

of the combination of the SAME constellation 

fleet. The 12 CubeSats is installed on the top 

side and the front side of the main spacecraft. 

An explosive bolt is installed together with each 

Subsate, serving to release the each CubeSats 

when the spacecraft goes to the planned orbit. 

The configuration of the cubesats is shown on 

the middle top of the figure. The dimension of 

each cubsats before (after) the deployment is 

484 mm X 225 mm X 226 mm (484 mm X 1025 

mm X 226mm). The main spacecraft, after the 

unfolding of the solar panel, is 8964 mm X 2554 

mm X 2801 mm. 

The spacecraft product tree is presented in 

Figure 25. The main spacecraft include the 

Platform that consists of six subsystems. The 

structure subsystem includes the structure 

Figure 24: The configuration of the main spacecraft and the CubeSats of the SAME mission.  

Figure 25: The Spacecraft product tree of the main spacecraft and CubeSats 
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components, the solar panel mechanism and 

additional component. The Power sub-system 

includes the battery. PCDU, the solar array 

and harness. The thermal sub-system includes 

the heaters, thermistor, heat pipe, MLI, white 

and black paint and radiator. The OBDH sub-

system include the GPS and SMU. The TT&C 

sub-subsystem includes the transponder, HPA 

and Antenna. The TT&C system is responsible 

for the uploading of the telemetry commands, 

downloading all telemetry data, and ranging 

and tracking for the satellite. The TM and 

TC data rate are 8192 bps and 2000 bps, 

respectively. The AOCS sub-system includes 

the reaction wheels, the sun sensor, star tracker, 

Fiber Gyro and propulsion system. The average 

power for the platform and payload of the main 

satellite is 200W and 180W, respectively. The 

average power for the platform and payload 

of each CubeSats satellite is 67W and 30W, 

respectively.

Two scheme of spacecraft orbit is designed 

to accommodate the science requirement 

to make measurement near the dayside 

magnetopause reconnection and the nightside 

magnetotail reconnection. The orbit in scheme 

#1 is shown in Figure 26. 

Scheme #1 include a dayside phase of 2 year 

and a nightside phase of 2 years. The parameter 

of the orbit is as follows. In the first dayside 

phase of the mission, the perigee is 1.2 Re, the 

apogee is 10 Re in the dayside, the semi-major 

axis is 6.6 Re, the eccentricity is 0.6667 and the 

inclination of the orbit plane is 23.5 degree. 

In the nightside phase, the perigee is 1.2 Re, 

the apogee is 22 Re in the nightside, the semi-

major axis is 12.6 Re, the eccentricity is 0.82 and 

the inclination of the orbit plane is 23.5 degree. 

Scheme #2 is an optional orbit that can measure 

magnetopause reconnection near perigee and 

magnetotail reconnection at apogee. Scheme 

#2 is shown in Figure 27. The parameter of the 

orbit is as follows. The perigee is 10 Re, the 

apogee is 22 Re, the semi-major axis is 17 Re, 

the eccentricity is 0.353, the inclination is 23.5 

degree, the argument of perigee is 0 degree. 

The main satellite and the 12 satellite forms 

multiple tetrahedrons around the main 

satellite. The baseline option of the satellite 

formation is to divide the 12 CubeSats into 

three four-sub-satellite group. Each four-sub-

satellite group form a tetrahedron at a specific 

scale. The three tetrahedron has three different 

scale, at 1-10 kms (electron-scale), 100-1000 

kms (ion-scale), and 1-3 Re (macro-scale). 

Another optional formation #2 of the satellite 

is to divide the 12 CubeSats into four three-

satellite group. Each group of three CubeSats, 

together with the main spacecraft, forms a 

tetrahedron. The fleet forms four tetrahedron 

at 1-10 km (electrons-scale), 100 km (ion-scale), 

1000-10000 km (meso-scale) and 3-5 Re (macro-

scale). In either formation, the configuration of 

each tetrahedron is self-Adjustable to form 

suitable configuration in the LMN coordinate. 

The input for adjusting the confirmation is 

based either on real-time measurement data 

or on planning.

The mass budget of the mission is shown in the 

Figure 28. The platform (PF) of the main satellite 
Figure 26: The configuration of the spacecraft orbit in scheme 1.

Figure 27: The configuration of the spacecraft orbit in scheme 2
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is 529 kg. The payload (PLM) on the main 

satellite is 76 kg. The mass of each CubeSats 

is 76 kg, including 26 kg payload and 9.5 kg 

propulsion system. The total dry mass for the 

main satellite and the 12 CubeSats is 1409kg. 

The Launcher is CZ-3A, which has capability 

to carry a spacecraft mass load of 2200kg 

with a maximum envelope of 3350*8887mm. 

Considering the propellant, the total mass for 

launch is 2084kg for the scheme 1 and 2495kg 

for scheme 2. The launch site is expected at 

Xichang. The ground station is Sanya and 

Miyun. 
5.2. Magnetospheric Constellation (MagCon)

The Magnetospheric Constellation (MagCon) 

mission has been studied by NASA since 

the late 1990 s. It is a constellation of small 

satellites focused on mesoscale dynamics, at a 

spatial scale that lies between the global scales 

of the magnetospheric system and the smaller 

ion and electron kinetic scales. The MagCon 

science objective can be broken into two over-

arching focus areas: 

* mass and energy transfer into 

the magnetosphere occurring at the 

magnetospheric boundary

* mass and energy storage, transport 

and release within the magnetosphere.

Energy is input into the magnetosphere at 

the magnetopause, yet there remain many 

questions that can only be answered with a 

constellation of spacecraft at mesoscale (1-2 RE 

average) separations. Magnetic reconnection 

is believed to be the dominant mechanism of 

energy transfer during southward IMF, yet we 

do not know the temporal or spatial scales of 

magnetopause reconnection. For example, 

we still do not know the azimuthal extent of 

dayside reconnection sites, nor do we have 

a quantifiable understanding of how much 

energy enters the magnetosphere during 

different solar wind conditions. Other coupling 

mechanisms, including the Kelvin-Helmholtz 

instability and diffusion induced by wave-

particle interactions, provide additional mass 

and energy transport across the magnetopause 

boundary. Substantial questions regarding 

the input and transfer of energy into the 

magnetosphere remain, and single point 

or narrow clusters of observations remain 

inadequate to the task of understanding when, 

where, and under what conditions the different 

modes of energy input occur. 

Meanwhile, the magnetotail is a critical volume 

of geospace for energy storage and releases, 

where global circulation of magnetic fields and 

plasmas is regulated in response to changing 

solar wind conditions. On the nightside, 

impulsive flow bursts (BBFs) at various spatial 

and temporal scales occur frequently during 

storms and substorms and couple to the 

ionosphere through still unresolved physical 

mechanisms. These processes involve spatial 

scales ranging from the azimuthal extent of 

localized fast flows, ~1–2 RE and possibly 

smaller, up to the largest scales that can be 

contained in the tail, as well as all temporal 

scales ranging from a few tens of seconds 

up to several hours, the typical substorm 

duration. The scale, dynamism, and evolution 

of the magnetotail have evaded our efforts 

to observe and understand it using individual 

spacecraft. To understand the flow of mass and 

energy through the magnetotail, the plasma 

sheet must be observed over all of these spatial 

scales simultaneously and continuously. Only a 

Figure 28: The Mass budget of the SAME mission.
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constellation of spacecraft that is distributed 

over the plasmasheet can accomplish this and 

provide global “images” of plasma convection, 

providing definitive, quantitative answers to 

the questions of how mass and energy flow 

through the geomagnetic tail.

The NASA Magnetospheric Multiscale 

(MMS) mission focuses on the smallest scale, 

targeting the microphysical processes of 

magnetic reconnection. The NASA THEMIS 

mission targeted a one-dimensional view of 

the magnetotail, a substantial advancement 

over the study of complex phenomena using 

individual spacecraft. Yet this one-dimensional 

mission was designed to answer a narrowly 

defined question of which of the two substorm 

models was acting. A distributed array of small 

satellites is the required tool for unraveling 

the physics of magnetospheric mass and 

energy transport while providing definitive 

determinations of how major solar events lead 

to specific types of space weather. It will reveal 

simultaneously for the first time both the global 

spatial structures and temporal evolution 

of the magnetotail, the dayside and flank 

magnetopause, and the nightside transition 

region, leading to the physical understanding 

of system dynamics and energy transport 

across all scales. MagCon would establish a 2-D 

array of spacecraft both along and across the 

magnetopause boundary and the magnetotail, 

designed to produce for the first time a truly 

complete understanding of mass and energy 

transport, at all local times, on spatial scales 

from 1-5 Re and minimum time scales of 3-10 

seconds.

While the original MagCon concept covered 

regions beyond 25 Re, results from the THEMIS 

and Cluster missions have highlighted the 

importance of the nightside transition region 

located between inner magnetospheric 

dipolar and stretched tail field lines. In this 

region flow bursts are braked and deflected, 

flux pile-up and dipolarization occurs, 

particles are rapidly energized and injected 

into the inner magnetosphere, and strong 

field-aligned currents couple the ionosphere 

to magnetospheric drivers. The current 

thought on MagCon is to focus the mission 

to this region, between geosynchronous and 

approximately 15 Re. It is also possible to take 

advantage of ride share to geosynchronous or 

super synchronous orbit, and use commercially 

available propulsive ESPAs for orbit formation. 

This approach eliminates the full launch vehicle 

cost in favor of a modest rideshare cost, and 

replace the unique dispenser ship with a 

low-cost propulsive EPSA. Each ESPA port 

could contain up to 2 ~30 kg small satellites, 

allowing 12 spacecraft to be deployed on a 

single rideshare. An added benefit is that this 

modular approach would enable contributions 

from partners worldwide.

5.3. PROSPERO constellation mission

Baryonic matter in the Universe is almost 

exclusively in a plasma state, where the motion 

of ions and electrons is governed by their 

interaction with electromagnetic fields. The 

interaction between fields and particles enables 

the conversion of electromagnetic energy into 

particle energy, resulting in particle heating 

and acceleration. Particle energization is a key 

problem of modern space plasma physics and 

plasma astrophysics, which is still unsolved. 

Particle energization occurs at energy 

conversion sites embedded in large-

scale plasma boundaries, such as shocks 

and magnetic and flow shear boundaries. 

Fundamental processes responsible for 

energization are magnetic reconnection, 

Kelvin-Helmholtz turbulence, shocks, jets and 

a combination of them. These processes are 

universal and occur in many plasmas, ranging 

from planetary magnetospheres to the solar 

corona and interplanetary medium, supernova 

remnants, astrophysical jets and accretion 

disks.

The experimental study of particle energization 

in space plasmas requires direct measurements 

of particle distribution functions and 

electromagnetic fields, which is only possible 

through in situ spacecraft observations. 

Additionally, particle energization is a multi-

scale process where the physics occurring at the 

small electron and ion scales strongly affect the 

large fluid scales and vice versa. The near-Earth 

Figure 29: A propulsive ESPA is a capable of 

deploying up to 12 (30-40 kg) small satellites

Figure 30: MagCon is a constellation to study the mesoscale dynamics of Earth’s magnetosphere
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space is the best natural laboratory to study 

energization since it is the only environment 

where high-resolution measurements at 

multiple points are available, through 

constellations of spacecraft. Recent 4-point 

constellations, such ESA/Cluster and NASA/

MMS, have boosted our understanding of 

particle energization, yet 4-point observations 

are limited by many assumptions (e.g. linearity 

and stationarity) and cannot resolve the multi-

scale physics of reconnection, turbulence and 

shocks because they can only address one 

scale at one time (Cluster: fluid or ion; MMS: ion 

or electron). Simultaneous measurements in at 

least two scales are needed to make significant 

advances. This requires at a constellation 

composed by least 7 identical spacecraft, 

which is not available at present. 

Earlier attempts to make multi-scale 

constellations, e.g. the Cross-Scale concept 

(which performed a Phase-A study at ESA) or the 

SCOPE concept (which performed a Phase-A 

study at JAXA), were not successful because 

considered to be too expensive.  There is a 

strong need of a constellation to study multi-

scale plasma processes at a reasonable cost. 

A possible approach is to use small satellites. 

Smallsats technology is fast growing worldwide 

and making high-quality measurements on 

such spacecraft is becoming now feasible, e.g. 

through payload miniaturization. 

PROSPERO (PRObing the Structure of 

Plasma Energisation RegiOns) is a smallsat 

constellation concept tailored to study 

particle energization is near-Earth space. In its 

simplest version, it consists of one “mother” 

spacecraft acting as communication relay and 

8 identical “daughter” smallsats carrying full 

plasma payload consisting of ion and electron 

spectrometers, energetic particle detectors, 

DC and AC magnetometers and electric 

field antennas (7 measurements points plus 

one to add redundancy). The size of each of 

the smallsats is 12 U with a mass of about 20 

kg and a payload mass of about 5 kg. The 

smallsats are spin-stabilized, in order to allow 

three-dimensional measurements of particle 

distribution functions with a time resolution of 

a few tens of seconds. An upgraded version, 

which will be studied by the French Space 

Agency (CNES) in a Phase 0 study, includes 

some instrumentation on the mother, (e.g. an 

ion-mass spectrometer) and the daughters 

would be bigger to allow higher time resolution 

particle measurements. The cost of such a 

mission is expected to fit the typical ESA cost 

cap for an M-class mission (up to 500 M€). 

PROSPERO’s measurements at eight points 

would allow to establish the electromagnetic 

structure of particle energization sites beyond 

the approximations of Cluster and MMS 4-point 

observations, such linearity and stationarity, 

and to address important questions related 

to scale coupling during particle energization 

(electron/ion or ion/fluid), which will be an 

observational first. 

The need of a multi-scale constellation with 

more than 4 spacecraft to study fundamental 

plasma processes such as particle energization 

is recognized by many space agencies 

worldwide, e.g. in the current  ESA Cosmic Vision 

science program as well as in China, Japan 

and USA. In China, the SAME (Self-Adaptive 

Magnetic Reconnection Explorer) mission 

concept is being currently studied. SAME is 

a constellation of one mother spacecraft and 

12 daughter smallsats targeting the multi-

scale physics of magnetic reconnection in 

Earth’s magnetosphere. Synergies between 

the PROSPERO and SAME concept would be 

a possibility of international collaborations in 

coming years.

6. SUMMARY AND RECOMMENDATIONS
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