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Abstract. We present a concept for a small mission to the Sun-Earth Lagrangian L5 point for 47 
innovative solar, heliospheric and space weather science. The proposed INvestigation of Solar-48 
Terrestrial Activity aNd Transients (INSTANT) mission is designed to identify how solar coronal 49 
magnetic fields drive eruptions, mass transport and particle acceleration that impact the Earth and 50 
the heliosphere. INSTANT is the first mission designed to (1) obtain measurements of coronal 51 
magnetic fields from space and (2) determine coronal mass ejection (CME) kinematics with 52 
unparalleled accuracy. Thanks to innovative instrumentation at a vantage point that provides the 53 
most suitable perspective view of the Sun-Earth system, INSTANT would uniquely track the whole 54 
chain of fundamental processes driving space weather at Earth. We present the science 55 
requirements, payload and mission profile that fulfill ambitious science objectives within small 56 
mission programmatic boundary conditions.  57 
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1.  Introduction 58 

Coronal mass ejections (CMEs) are massive expulsions of plasma and magnetic flux from the solar 59 
corona into interplanetary space with speeds ranging from 200 to 3000 km/s. The occurrence rate 60 
of CMEs varies with the solar cycle, from 1 per day at solar minimum to 5 per day on average 61 
during solar maximum (e.g., Webb and Howard, 2012; and references therein). CMEs are 62 
recognized as the main drivers of detrimental space weather effects at Earth and in the heliosphere. 63 
They are the main cause of major geomagnetic storms resulting in large ionospheric and ground-64 
induced currents which can disrupt satellite operations, navigation systems, radio communications 65 
and ground power grids (e.g., Schrijver et al., 2015). Moreover, together with large flares, they are 66 
responsible for the most intense solar energetic particle events, which can endanger life and disrupt 67 
technology on the Earth and in space (e.g., Reid, 1986). The motivation of the INSTANT mission 68 
concept arises from a basic fact: our current inability to understand how and when a CME will 69 
erupt, whether or not a CME has any chance of impacting the Earth, and to what degree it can 70 
disturb the near-Earth space environment. The INSTANT design is based on the realization that 71 
some of these open questions can be resolved within a small mission programmatic constraint, with 72 
innovative observations from a vantage point that provides a comprehensive view of (1) the 73 
processes at the Sun known to drive severe space weather at Earth and (2) the region of space 74 
between the Sun and the Earth (cf. Figure 1). 75 
Interest in observing solar-terrestrial phenomena from the Lagrangian L4 and L5 points comes 76 
from the suitability of these locations for tracking disturbances that propagate towards the Earth. 77 
The only mission that has actually performed measurements from these locations was NASA’s 78 
STEREO mission (Kaiser et al., 2008), comprising two identical spacecraft drifting ahead of and 79 
behind the Earth on similar orbits around the Sun. These spacecraft only drifted through the L4 and 80 
L5 points, and did not station-keep there for continuous observations of Earth-impacting transients. 81 
Despite this, the STEREO mission paved the way for future L5/L4 dedicated missions. It 82 
demonstrated the capability of wide-angle, white-light imaging (Heliospheric Imagers; HI; Eyles et 83 
al., 2009) to track density disturbances from Thomson scattering off heliospheric electrons all the 84 
way from the Sun to the Earth, as well as other space weather capabilities (e.g., Simunac et al., 85 
2009; Webb et al., 2010). Both L4 and L5 are good locations for tracking Earth-bound CMEs. 86 
However, as further detailed throughout the paper, for a single spacecraft mission the L5 location is 87 
more appropriate as it provides early observation of active regions, coronal holes and corotating 88 
interaction regions owing to solar rotation. 89 
Other L5 mission concepts have been suggested and proposed in the recent past, but with different 90 
focus owing to different instrumentation and programmatic constraints. We note in particular the 91 
early concept summarized in Schmidt and Bothmer (1996), and which was submitted to the ESA 92 
medium class mission call in 1993. The concept resembled INSTANT in that it had a limited 93 
payload budget, albeit with different instrumentation, science goals and mission profile. A small 94 
mission concept was also presented in Akioka et al. (2005), focusing primarily on ways to achieve 95 
wide-angle interplanetary imaging and efficient on-board data processing (given the limited 96 
telemetry available from L5).  97 
Larger L5 mission concepts have been proposed more recently, with in particular the Earth-98 
Affecting Solar Causes Observatory (EASCO; Gopalswamy et al., 2011a; 2011b). This mission 99 
concept proposes to fill the gaps in observational capabilities of past missions (e.g., SOHO and 100 
STEREO), with key additional measurements such as radio, magnetograph and X-ray imaging. 101 
EASCO was studied in detail by NASA, including the full mission profile that differs greatly from 102 
that of INSTANT owing to EASCO’s much broader payload. Strugarek et al. (2015) also recently 103 
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proposed a large mission concept for both space weather science and operational purposes, with 104 
two spacecraft separated by 34° east and west from the Earth on its orbit for stereoscopic imaging 105 
of Earth-bound disturbances. The importance of an L5 mission for space weather purposes was 106 
recently presented by Vourlidas (2015), as well as in the COSPAR and ILWS roadmap (Schrijver 107 
et al., 2015).  108 
With INSTANT, we propose a specific L5 mission concept focused primarily on science, with 109 
innovative instrumentation on board a small platform, and with an efficient mission profile to 110 
comply with a small mission opportunity. The baseline payload consists of 5 complementary 111 
instruments. The MAGIC (MAGnetic Imager of the Corona) coronagraph would for the first time 112 
provide measurements from space of the coronal magnetic field from 1.15 to 3 solar radii (RS), 113 
using polarization measurements in the Lyman-α line (through the Hanle effect). It also would 114 
obtain white-light imaging. The Polarizing HELiospheric Imager eXplorer (PHELIX) performs 115 
wide-angle (out to 70° elongation from Sun center) imaging in the white-light domain with 116 
unprecedented polarization capabilities. The baseline payload also comprises a set of three 117 
complementary in-situ instruments, with an associated In-situ Data Processing Unit (IDPU): MAG 118 
(MAGnetometer), PAS (Proton and Alpha Sensor) and HEPS (High Energy Particle Sensor). 119 
 120 

 121 
Figure 1. Artistic view of the INSTANT mission concept. 122 

2.  Science objectives 123 

The science objectives of the INSTANT mission concept are summarized in Table 1, and detailed 124 
science argumentation for such a design is provided in the following sections.  125 
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Table 1. Summary of the INSTANT science questions, their subtopics and related sections.  126 
Science question Subtopics  Section 

1. What is the coronal magnetic field 
configuration before and during 
CME eruptions? 

Determining the magnetic field 
configuration of the corona 2.1.1 

Characterizing the coronal structure 
associated with CME initiation processes 2.1.2 

2. What controls CME acceleration 
and subsequent propagation in 
the inner heliosphere? 

Connecting coronal magnetic field 
restructuring with early CME dynamics 2.2.1 

Disentangling CME Sun-to-Earth 
kinematics from projection and geometric 
effects 

2.2.2 

Comparing CME remote-sensing 
characteristics with in-situ measurements 2.2.3 

3. Where do CME-driven shocks 
form and how do their properties 
affect particle acceleration? 

Determining shock formation and 
properties 2.3.1 

Measuring energetic particle spectra in 
relation to shock properties 2.3.2 

4. How do observations at L5 
increase our space weather 
prediction capabilities? 

Advance determination of CME arrival, 
geo-effective Bz, co-rotating interaction 
regions (CIRs) and solar energetic 
particles (SEPs)  

2.4 

These science questions follow from the overall mission objective of improving our understanding 127 
of the processes at the Sun pertinent to space weather at Earth, and are themselves topical scientific 128 
questions. It can be noted that the proposed concept and instrumentation directly satisfy the need 129 
for “3D mapping of solar field involved in eruptions”, “Mapping the global solar field”, 130 
“Determination of the foundation of the heliospheric field”, and “Solar energetic particles in the 131 
inner heliosphere” expressed by the COSPAR/ILWS Roadmap (cf. Appendix F.2, F.5, F.6 and F.9 132 
of Schrijver et al. (2015)). 133 

2.1 What is the coronal magnetic field configuration before and during CME eruptions? 134 
Because coronal dynamics is dominated by its magnetic field, knowledge of its structure is critical 135 
to better constrain solar and heliospheric physics (e.g., Gary, 2001; Aschwanden, 2004; Mackay 136 
and Yeates, 2012). However, until now there have been no direct measurements of coronal 137 
magnetic fields, apart from a few ground-based efforts with significant limitations. Ground-based 138 
measurements of low-lying active regions have used the Hanle effect in infrared lines with a coarse 139 
resolution and over a limited field-of-view (FOV), typically only up to 1.5 Rs at most (Tomczyk et 140 
al., 2008). Some isolated attempts to use the Zeeman effect have also been made (Lin et al., 2004). 141 
Another method based on shock standoff-distance has shown promise (Gopalswamy & Yashiro, 142 
2011), but can be used only in the vicinity of CME-driven shocks and is strongly affected by 143 
projection effects. INSTANT provides a means by which to obtain coronal magnetic fields out to 144 
large distances, with capabilities well beyond current ground-based observations. 145 
CME studies have led to more than a dozen theoretical models, which provide specific scenarios of 146 
the situation before, during and after the eruption of the CME (see reviews by Fan (2015) and 147 
Gibson (2015)). The ongoing debate stems from the lack of observational constraints of the 148 
dominant coronal magnetic fields before and during the CME eruptions that control CME 149 
formation and early dynamics. Most coronal and CME magnetic field models rely upon the 150 
extrapolation of photospheric magnetic measurements to infer the coronal magnetic field. 151 
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However, the photosphere only constitutes the solar surface where coronal field lines are rooted (cf. 152 
Figure 2; e.g., Amari et al., 2014). Moreover, the plasma regime is different in these two regions: 153 
the photosphere is plasma dominated (plasma β >> 1), whereas the corona is magnetically 154 
dominated (β << 1; β is the ratio of the plasma to magnetic pressures). The situation is further 155 
complicated by the presence of the chromosphere and transition region between the photosphere 156 
and corona. Extrapolations based solely on photospheric observations thus result in large 157 
uncertainties in the modeled coronal magnetic field. A key structure involved in all CME models, 158 
and confirmed by in-situ observations, is a flux rope with possible current sheets and magnetic null 159 
points (see Figure 2). It is still under debate whether this flux rope exists before the eruption or is 160 
formed during the eruption (Forbes et al., 2006). 161 
 162 

163 
Figure 2. (a) A model of an expanding flux rope leading to a CME, based on photospheric 164 
measurements (Amari et al., 2014). The Earth is illustrated at its true scale. (b) 3D MHD modeling 165 
of a CME eruption in the corona (credit: joint project for space weather modeling). Such modeling 166 
efforts are not constrained by current coronal magnetic field measurements.  167 

2.1.1 Determining the magnetic field configuration of the corona 168 
Light resulting from photons scattering off coronal ions is polarized because of the anisotropic 169 
incident radiation. The magnetic field has a depolarizing effect on the scattered light and this 170 
depolarization is measureable. It has been shown in particular that the polarization/depolarization 171 
of ultraviolet (UV) radiation by the magnetic field through the Hanle effect (Trujillo Bueno et al., 172 
2005; Lopez Ariste, 2015) provides an efficient tool for measuring the magnitude and orientation 173 
of the horizontal component of the coronal magnetic field. This technique appears to be applied 174 
best to measurements of the Lyman-α line, the brightest in the (far) UV domain, as shown by 175 
Bommier and Sahal (1982) and more recently by Trujillo Bueno et al. (2005). According to these 176 
studies, the polarization factor may be up to 25% at about one solar radius above the limb where 177 
the depolarization due to the magnetic field is easily detectable. The technique relies upon 178 
measurements of the linear polarization of the (line-of-sight-integrated) Lyman-α line, which is 179 
described by Derouich et al. (2010). The derivation of the coronal magnetic field requires a non-180 
trivial procedure (forward modeling), although Derouich et al. (2010) have shown that the 181 
polarization signal is not lost through integration along the line of sight.  182 
A major strength of such remote-sensing measurements is that they are performed over an extended 183 
field-of-view (FOV). This permits the building of maps of the coronal horizontal magnetic field 184 
properties to constrain the magnetic structure in the corona itself (i.e., in addition to photospheric 185 
magnetic field maps). Another strength is that relatively small magnetic fields (between 10 G and a 186 
few 100 G) are measureable; such values are typical of active regions extending to high altitudes 187 
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(Dere, 1996; Mandrini et al., 2000). However, such solar observations may only be performed from 188 
space since the Lyman-α line is absorbed in the Earth’s atmosphere. Observations from space can 189 
also be coupled with other polarization and coronal magnetic field measurements from the ground, 190 
e.g., Coronal Multi-channel Polarimeter (CoMP; Tomczyk et al., 2008) and Pic-du-Midi 191 
observations (e.g., Arnaud et al., 2006), with cross-calibration and benchmarking advantages. 192 
Knowledge of the coronal magnetic field is most critical within the corona up to distances where it 193 
becomes essentially radial. Measurements of the magnetic field up to 2-3 solar radii combined with 194 
photospheric magnetic field maps as inputs to modeling and extrapolations would lead to a giant 195 
leap forward in our understanding of the coronal magnetic structure. A first measurement 196 
requirement (MR) (cf. summary in Tables 2 and 3) is thus to measure the coronal magnetic field, at 197 
least its horizontal component in the plane of the sky, with a sufficient spatial resolution and FOV 198 
(MR1) for such modeling purposes. Reconstructions from magnetograms made from Earth cannot 199 
be validated by coronagraphs located in the vicinity of the Earth, which best observe structures 200 
propagating at 60° to 90° off the Sun-spacecraft line. Coronal magnetic field measurements are 201 
thus required at significant distances off the Sun-Earth line, with the additional advantage to permit 202 
the reconstruction of the coronal properties facing the Earth. 203 

2.1.2 Measuring the coronal structure associated with CME initiation processes 204 
The Sun-Earth system gravitational L5 Lagrange point, as a stable vantage point, constitutes an 205 
optimum location from which to observe Earth-directed CMEs, in particular to determine the 206 
coronal magnetic field configuration associated with these eruptions (e.g., Cremades and Bothmer, 207 
2004; Vourlidas et al., 2012).  208 
In erupting structures and above active regions, emission in the Lyman-α line is much higher than 209 
the ambient coronal value, allowing for magnetic field measurements based on the Hanle effect 210 
with high spatial resolution (MR1). The twist signature of a flux rope within the CME may be 211 
detectable through the alignment of opposite polarities within the flux rope, i.e., the maps of the 212 
magnetic field direction would show alternating fields consistent with a flux rope structure (e.g., 213 
North-South or South-North polarities). An illustration of a possible magnetic topology during 214 
CME lift-off is given in Figure 2b; discerning such a magnetic structure from actual observations 215 
would represent a significant advancement in the field. Confirmation of the CME flux rope 216 
existence further requires white-light measurements (for electron density estimates) in the same 217 
FOV, with similarly high spatial resolution. Such observations would constrain the overall 218 
morphology and possible presence of a compressed region or shock. This constitutes a second key 219 
measurement requirement (MR2; cf. summary in Tables 2 and 3). Both the magnetic field (Lyman-220 
α) and density (white-light) estimates need to be obtained at a sufficient temporal resolution, 221 
typically at least 5 min (based on a fast CME passage in the field-of-view), to capture the 222 
underlying dynamics such as the evolution of the flux rope structure during the eruption (MR3). 223 
Combined with modeling and reconstruction techniques, such as what is being undertaken with 224 
CoMP currently (K. Dalmasse, private communication), such measurements will enable the 225 
prediction of the magnetic structure of the flux rope upon eruption, and thus its southward magnetic 226 
field component (Bz), the key parameter for generating geomagnetic storms. Making such 227 
estimates for Earth-directed CMEs requires that these coronagraph observations be made from a 228 
vantage point away from the Sun-Earth line (MR4). This constitutes a prime novelty of INSTANT.  229 
The ability to distinguish between different CME initiation models would uniquely benefit from 230 
such combined Lyman-α and white-light observations (MR1, MR2, MR5) as they provide crucial 231 
information on a number of other CME model features: e.g., the presence of cavities, the extent of 232 
the compression region, and the location of current sheets and likely null points (e.g., reviews of 233 
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CME properties by Chen (2011) and Webb and Howard (2012)). By providing coronal magnetic 234 
field and density measurements, the INSTANT concept provides a direct assessment of current 235 
CME initiation models. The cruise period towards L5, with higher telemetry, is well suited to 236 
accomplish this task, and the experience in calibration and data processing enables optimization 237 
studies for observations farther at L5. When at L5, INSTANT will provide the opportunity to 238 
compare Earth-bound CME initiation and magnetic structure observations with associated in-situ 239 
measurements near Earth and elsewhere in the heliosphere. 240 

2.2 What controls CME acceleration and subsequent propagation in the inner heliosphere? 241 
In the low β corona, the restructuring of the magnetic field dictates the dynamics of a CME by (1) 242 
setting the properties of the internal magnetic field of the CME, which generates the outward 243 
Lorentz force, and (2) altering the confining properties of the ambient coronal field through which 244 
the CME propagates. Studying CME kinematics in the low corona thus gives unique information 245 
on the net force acting on the CME during its formation and, therefore, the magnetic energy 246 
injected into the CME.  247 
Tracking CMEs farther through the inner heliosphere is crucial for understanding CME interaction 248 
with the ambient solar wind, co-rotating interaction regions (CIRs) and even other CMEs. These 249 
interactions can change CME kinematics and trajectories, and alter their shape and overall 250 
orientation (e.g., Zuccarello et al., 2012; Lugaz, Manchester & Gombosi, 2005; Ruffenach et al., 251 
2012, 2015; Liu et al., 2014). A pivotal question in studying the Sun-to-Earth propagation of CMEs 252 
is how to disentangle CME kinematics from projection and geometric effects. Accurate CME 253 
kinematics derivations need novel measurements, and the benchmarking of the inferred dynamics 254 
requires concurrent in-situ measurements in the inner heliosphere (e.g., Earth and L5). 255 

2.2.1 Connecting coronal magnetic field restructuring with early CME dynamics  256 
Current research typically acts on the assumption that CMEs originate from the destabilization of 257 
the coronal magnetic field that might have involved the formation of a flux rope, and that the 258 
subsequent acceleration is driven by strong magnetic forces and pressure gradients (e.g., Chen, 259 
1989; Kliem and Török, 2006). However, the restructuring of the coronal magnetic fields that make 260 
up the CME and alter its surrounding environment is poorly understood. Measuring coronal 261 
magnetic fields in the vicinity of CME eruptions (with a temporal resolution of a few min) is key to 262 
providing groundbreaking results in this regard (MR3). A special focus on both magnetic and 263 
plasma pressure gradients in the corona, out to at least 3 RS (MR1), is vital owing to the presence of 264 
strong neighboring magnetic fields. High spatial resolution magnetic field measurements (to derive 265 
gradients) (MR1), together with similar white-light imaging capabilities (MR2) are needed to 266 
derive the underlying processes of the CME impulsive acceleration phase and to provide the crucial 267 
context information on how the ambient magnetic field configuration controls and reacts to this 268 
early-evolution phase. 269 

INSTANT allows us to directly connect CME kinematics (white light) with observed coronal 270 
magnetic field configurations (Lyman-α). The cruise is best geared to fully constrain early CME 271 
dynamics, as well as to optimize measurements at L5. At L5, early CME dynamics is determined 272 
and combined with wide-angle imagery for the tracking of Earth-bound CMEs (next sections). 273 

2.2.2. Disentangling CME Sun-to-Earth kinematics from projection and geometric 274 
effects 275 
White-light data yield the total intensity of CME structures, i.e., their intensity integrated along the 276 
line of sight. To derive CME kinematics from wide-angle imagery, methods have been developed 277 
to convert the measured elongation angle (cf. STEREO Heliospheric Imagers in Figure 3) to radial 278 
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distance (e.g., Lugaz, Vourlidas & Roussev, 2009; Liu et al. 2010a; 2010b; Davies et al., 2012). 279 
These methods rely on ad-hoc assumptions of an ideal CME geometry. Wide-angle observations 280 
are needed to determine the propagation characteristics of CMEs from as close to the Sun as 281 
possible, all the way to the Earth (MR6) where their properties and impact effects can be studied 282 
using in-situ measurements (cf. Section 2.2.3). As shown by STEREO (e.g., Savani et al., 2009, 283 
2010), such observations should have a sufficient spatial and temporal resolution for appropriate 284 
study of CME dynamics, with the highest resolutions close to the Sun (MR7).  285 
Fully disentangling projection effects to study the 3D properties of CMEs from a single viewpoint 286 
requires measurements beyond total brightness, namely polarization information. This capability 287 
was demonstrated with SOHO/LASCO C2 and STEREO/COR2 polarization data covering 288 
distances up to 15 RS (Moran & Davila, 2004; de Koning & Pizzo, 2011). INSTANT will pursue 289 
this path to the next step by expanding the distances at which polarization measurements are made, 290 
up to 200 RS and beyond, thus being the first mission to make polarization measurements in wide-291 
angle FOV heliospheric imaging (MR8). This approach has been investigated theoretically by 292 
Howard et al. (2013, and references therein).  293 
While this polarization information may be of use for all elongation angles within the wide angle 294 
FOV, the need for polarization measurements is most critical in the outer portion of the FOV where 295 
the viewing angle geometry varies the most (MR9). Indeed, the main reason for adding polarization 296 
to heliospheric imagers is that the use of pB/B (ratio of polarization brightness to total brightness) 297 
measurements permits locating features along the line of sight (Howard et al., 2013). Unlike the 298 
case of a coronagraph, if the feature can be tracked far enough, it is possible to resolve the 299 
front/behind ambiguity that otherwise exists owing to line-of-sight integration (MR7). Without 300 
relying on assumptions, such polarization information offers new clues to determine at what 301 
distance CME processes such as deflection occur and stop, how far from self-similar the CME 302 
expansion is, and how CMEs interact with solar wind structures and other CMEs. In addition, CME 303 
detection is easier with polarization brightness images as the behavior of the background (F-304 
corona/Zodiacal light) is both predictable and sufficiently different from the features we want to 305 
measure (K-corona/solar wind) to warrant its easy subtraction (Calbert and Beard, 1972; Hayes et 306 
al., 2001). 307 
 308 

 309 
Figure 3. Remote-sensing measurements in white light all the way from the corona (right-hand half 310 
of image) to the Earth (left blue body), as made by STEREO-A. Such wide-angle imaging has 311 
demonstrated the ability to track CMEs all the way to Earth and beyond (courtesy C. DeForest). 312 
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2.2.3. Comparing CME remote-sensing characteristics with in-situ measurements  313 
The previous science objectives were primarily arguing for innovative observations of the corona 314 
and heliosphere, in order to identify so far unknown properties of the corona, CMEs and their 315 
propagation in the inner heliosphere. However, a critical aspect remains the ability to compare the 316 
inferred CME magnetic and plasma structure (from MR 6-9) with actual in-situ measurements in 317 
the heliosphere thanks to the wide-angle heliospheric imaging. Doing so requires systematic in-situ 318 
measurements in the heliosphere at a location that is consistent with the direction of the CME 319 
leaving the Sun in the FOVs of a coronagraph and wide-angle imagers. For that purpose, only a 320 
location near L5 (MR4), with a side-on view of Earth-directed CMEs, makes it possible to 321 
systematically compare predicted CME properties with in-situ magnetic field and plasma 322 
observations at L1 (MR10) (e.g., Möstl et al., 2009; Liu et al., 2010b; 2011; 2013; Rouillard et al., 323 
2011; Webb et al., 2012). The study of CMEs directed in between Earth and L5 would strongly 324 
benefit from in-situ ion and magnetic field data at the observing spacecraft (MR11). 325 
INSTANT offers the possibility of confirming the presence of CME substructures (shock, sheath, 326 
flux rope) by connecting coronal and heliospheric imaging with in-situ observations at 1 AU. 327 
Comparison of CME properties with in-situ data at both L1 and INSTANT is possible at all times 328 
in the proposed scenario. 329 

2.3 Where do CME-driven shocks form and how do their properties affect particle 330 
acceleration? 331 
When CMEs expand rapidly in 3D, they can generate pressure waves that may steepen into shocks. 332 
Shock formation depends on the Alfvén speed and the CME bulk acceleration profiles; while the 333 
Alfvén speed is believed to peak around 3 RS (Gopalswamy et al., 2001), CME bulk acceleration 334 
typically occurs below 3 RS (Temmer et al., 2008; Bein et al., 2011). Previous studies have also 335 
shown that shocks can form low in the corona, down to 1.2 RS (Liu et al., 2009; Gopalswamy et al., 336 
2013). However, no accurate observations of the shock-related magnetic field exist there. New 337 
ways for simultaneously determining the magnetic field and density in this region (and, hence, the 338 
Alfvén speed), as well as the CME acceleration profile, are needed to determine the shock 339 
formation height and properties. Depending on the acceleration profile of CMEs, shocks can also 340 
form at heights beyond 3 RS where the Alfvén speed starts declining. Our goal, however, is to focus 341 
on early shock formation since no observational methods are known to measure coronal magnetic 342 
fields above 3 RS. 343 
The properties and formation height of CME-driven shocks are critical to understanding solar 344 
energetic particle acceleration and their impact on the heliosphere (e.g., Reames, 2013). The 345 
current thinking is that one of the sources of high-energy particles is acceleration at these shock 346 
waves or in the highly compressed regions between the shock and the driver gas (the CME sheath). 347 
The particles are then subsequently channeled along the interplanetary magnetic field to 1 AU. 348 
Enhancing our understanding of the production of energetic particles during early CME-driven 349 
shock formation requires new capabilities: namely simultaneous measurements of the coronal 350 
magnetic field, coronal density distribution, early CME speed profile, as well as energetic particles 351 
in situ at a location in the heliosphere that is magnetically connected to the particle source region. 352 

2.3.1 Determining shock formation and properties 353 
Although shocks have been inferred in the corona through type II radio bursts, there are currently 354 
only few direct observational means to study shocks in the low corona. We observe density jumps 355 
on the outer edges of expanding CMEs in extreme ultraviolet and white-light images (see Figure 356 
4a) and use indirect methods (tracking/modeling) to determine if a shock has occurred at the 357 
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inferred location (e.g., Liu et al., 2009; Rouillard et al., 2012). A pressure wave steepens into a 358 
shock if its speed exceeds the characteristic speed of the medium where it propagates, here the 359 
Alfvén speed. Therefore, to ascertain whether a pressure wave is a shock or not, the background 360 
magnetic field (from Lyman-α) and density (white light) which control the characteristic speed of 361 
the ambient medium need to be measured (MR1, MR2). Owing to the dynamic nature of shocks, a 362 
temporal resolution of typically at least 5 min is required (MR3). The reconstruction of shock 363 
height (Figure 4b) could then be compared with estimates based on routine radio type II burst 364 
measurements made from the ground (Sheeley, Hakala & Wang, 2000; Liu et al., 2009).  365 

 366 
Figure 4. (a) Composite image from STEREO during the launch of a CME. INSTANT will provide 367 
much richer white-light and Lyman-α images of the low corona where CME-driven shocks form, as 368 
well as coronal magnetic field measurements. (b) Illustration of the reconstruction of the shock 369 
structure which is made possible based on coronagraph observations up to 3 RS (the dashed box) 370 
on INSTANT (Figures courtesy of A. Rouillard). 371 
The ambient magnetic field upstream of the shock is also important to understanding shock 372 
properties. Magnetic field reconstructions based on actual magnetic field measurements (MR1) 373 
would enable the determination of the geometry of the shock, as well as providing insights into the 374 
properties of both the upstream and downstream regions of the shock in the low corona. These 375 
properties determine in particular the obliqueness of the shock formed as a function of location; 376 
whether a shock is quasi-perpendicular or quasi-parallel is critical to particle acceleration, as 377 
discussed next in Section 2.3.2.  378 
A more global understanding of shock formation and propagation requires tracking the shock 379 
structure as it evolves further out in the heliosphere. For that purpose, wide-angle imaging further 380 
away from the Sun (MR6) with sufficient spatial and temporal resolutions (MR7) is needed. Also, 381 
for proper tracking of the shock, polarization information in white light (MR8, MR9) brings the 382 
required enhanced accuracy for detailed reconstruction of their evolving properties. 383 
With the MAGIC instrument (cf. section 3), INSTANT provides the first combined measurements 384 
of coronal magnetic field, density and CME speed to determine CME-driven shock formation 385 
height and key properties (e.g., Alfvén Mach number, shock angles). Moreover, with polarized 386 
heliospheric imagery from PHELIX (cf. section 3), INSTANT will better constrain the shock 387 
geometry and expansion throughout the inner heliosphere.  388 
 389 
 390 
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2.3.2 Measuring energetic particle spectra in relation to shock height and properties 391 
The factors controlling the acceleration by shocks and subsequent transport of energetic particles 392 
are still a matter of active research. The maximum particle energy attainable during diffusive shock 393 
acceleration depends not only on the shock speed but also on the angle between the upstream 394 
magnetic field and the shock normal. Indeed, quasi-perpendicular shocks are thought to accelerate 395 
particles faster than quasi-parallel shocks and are strong candidates for the acceleration of the 396 
highest energy particles (e.g., Pesses, Decker & Armstrong, 1982; Reames, 1999; Lee, Mewaldt, & 397 
Giacalone, 2012). 398 

 399 
Figure 5. Illustration of the longitudinal distribution of Solar Energetic Particles (SEPs), as a 400 
function of the connectivity to the CME-driven shock surface, for the case of an Earthbound CME. 401 
The four SEP charts correspond to the approximate position of the observer relative to the CME 402 
displayed. Note that the W/E letters in the flux panels correspond to the longitudes of the parent 403 
flares, not the position of the observer. This Figure was adapted, in the context of the present 404 
mission concept, from a Figure courtesy of D. Lario (Lario & Simnett (2004); cf. also Cane, 405 
Reames & von Rosenvinge (1988) and Reames (1999)). 406 
For CMEs propagating towards the Earth, an observer at L5 is magnetically connected to the nose 407 
of the shock when the CME and shock are close to the Sun, owing to the Parker spiral geometry of 408 
the interplanetary magnetic field (MR4). Energetic particle measurements near L5 are thus crucial 409 
to provide the release times, fluxes and spectra of the earliest high-energy particles propagating 410 
along the magnetic field lines connected to the nose of the Earth-bound CME-driven shocks where 411 
they are produced (e.g., Reames, 1999). Measurements of electrons, protons, and heavier ions in 412 
the keV to MeV range with good time resolutions (of the order of a minute) are needed to study 413 
particles produced there (MR12). Comparing particle release times with the timing and height of 414 
shock formation from coronagraph and heliospheric imaging is crucial to constrain the coronal 415 
conditions that have produced the energetic particles measured in situ (at L1, L5 and elsewhere; 416 
Figure 5). This includes the determination of the regions of the greatest compressions close to the 417 
rapidly expanding CME, which have recently been suggested as major contributors to particle 418 
acceleration (e.g., Kozarev et al., 2013). At present this crucial information is available only 419 
through modeling of the coronal magnetic field (e.g., Kozarev et al. 2015). Comparisons of the 420 
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time variation of particle fluxes and spectra with actual observations of the shock height and 421 
geometry (MR1, MR2, MR3) are needed to determine the importance of these parameters on high-422 
energy particle production. 423 
As a CME propagates, the geometry of the shock connected to the observer changes (e.g., Reames 424 
1999; cf. Figure 5). A combination of the novel remote-sensing and in-situ observations, enhanced 425 
by numerical modeling of particle transport, can provide new clues on how the energetic particle 426 
fluxes and spectra change for evolving shock geometry. To compare the global structure of the 427 
shock with its local structure in a systematic way, one needs to contrast the in-situ energetic 428 
particle measurements with accurate observations of the shock at larger heliocentric distances 429 
(wide-angle polarizing heliospheric imagers: MR6, MR7, MR8, MR9). Finally, synergy between 430 
particle measurements at L5 (MR11) and other locations (e.g., L1, MR10) leads to crucial 431 
information on the longitudinal variability of solar energetic particle events (Figure 5). 432 

2.4 How do observations at L5 increase our space weather prediction capabilities? 433 
L5 is a gravitationally stable point in the Sun-Earth system and trails the Earth in its orbit by 60°. A 434 
vantage point from L5 enables the continuous monitoring of the Sun and the whole space along the 435 
Sun-Earth line, offering exceptional potential for both basic solar and heliospheric physics and 436 
space weather forecasting purposes. Below we identify critical space weather capabilities enabled 437 
by all the identified measurements requirements (MR1 to MR12), and making INSTANT an 438 
optimal sit-and-stare platform. The INSTANT concept thus can serve as a pathfinder for future 439 
space weather missions at L5.  440 

2.4.1 Advance determination of geo-effective Bz component within CMEs 441 
Although many processes are involved in the determination of CME geo-effectiveness (e.g., 442 
Lavraud & Rouillard, 2014; and references therein), the southward component of the interplanetary 443 
magnetic field (negative Bz) is key to the triggering of geomagnetic storms. The L5 location is 444 
ideal for early determination of the magnetic field structure of Earth-directed CMEs. With 445 
INSTANT, the radial and latitudinal profiles of the horizontal coronal magnetic fields can be 446 
estimated to reconstruct a plane-of-sky cross section of coronal magnetic field structures. Thus the 447 
orientation and helicity of a flux rope CME directed towards the Earth may be predicted. Further, 448 
methodologies will be developed to first predict the magnetic field arriving at the Earth through 449 
simple ballistic solutions. More advanced techniques that can integrate the PHELIX data to adjust 450 
the predictions according to evolutionary effects can be developed through the life cycle of the 451 
INSTANT mission. These techniques and forecasted data can be used to help develop an early 452 
warning of large geomagnetic storms. Even a very crude magnetic vector forecast at this stage is a 453 
very significant space weather forecasting improvement. 454 

2.4.2 Advance warning of the arrival of Earth-directed CMEs 455 
The successful performance of the heliospheric imagers on STEREO demonstrated that a CME can 456 
be imaged in white light from the Sun all the way to the Earth and beyond (see Figure 3). Using 457 
various techniques (e.g., Liu et al. 2010a; 2010b; Davies et al., 2012; Möstl et al., 2014) the arrival 458 
time and speed of Earth-directed CMEs can be predicted days before they reach the Earth. 459 
Additional polarization measurements first enabled by PHELIX permit a more accurate tracking of 460 
CMEs and their shocks, and thus will significantly improve predictions. 461 

2.4.3 Advance in-situ measurements of CIRs before they pass the Earth  462 
Corotating Interaction Regions (CIRs) are periodic spiral-like structures formed in the inner 463 
heliosphere as a result of interaction between fast and slow solar winds. CIRs are frequent drivers 464 
of shocks and recurrent geomagnetic storms. Because CIRs rotate in the direction of planetary 465 
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motion, they sweep past L5 about 4.5 days before their arrival at Earth. CIRs are typically followed 466 
by high speed streams (HSS) intervals which drive prolonged geomagnetic activity and cause 467 
strong high-energy particle enhancements in the Earth’s radiation belts (e.g. Reeves et al., 2003; 468 
Miyoshi et al., 2013; Kilpua et al., 2015). The efficiency of CIRs and HSS to accelerate radiation 469 
belt electrons depends for instance on the peak speed and density. Advance L5 measurements of 470 
CIR and HSS properties would be most critical for predicting radiation belt enhancements (Turner 471 
and Li, 2011). The in-situ measurements made by the MAG, PAS and HEPS instruments on 472 
INSTANT at L5 can be used to evaluate the magnetic field, plasma and energetic particle 473 
properties of these structures. 474 

2.4.4 Advance warning of solar energetic particle events 475 
Solar Energetic Particles (SEPs) can be produced by flares and/or CME-driven shocks and tend to 476 
propagate along magnetic field lines from their source regions. The Parker spiral magnetic field 477 
connects the L5 point to the central meridian from the Earth’s view. From L5 one can measure the 478 
energetic particles from the nose of shocks driven by Earth-directed CMEs very close to the Sun, 479 
and thus in advance compared to observations made at Earth. Therefore, an L5 spacecraft provides 480 
advance warning of shock-related SEPs (electrons and ions), in addition to the driving CME 481 
properties obtained from the MAGIC and PHELIX imagers (Figure 5). 482 

2.5 Summary of scientific requirements 483 

The science traceability matrix in Table 2 provides a mapping of the measurement requirements 484 
onto the science objectives and subtopics, as identified previously. Table 3 then summarizes how 485 
these measurement requirements (MR) translate into instrument performance requirements (IR). 486 
These IRs should be taken as suggestive performance requirements, given the MR. They are not 487 
further motivated here as they come from instrumental expertise within the INSTANT team. 488 
 489 
Table 2. INSTANT science traceability matrix. 490 

Science question       Subtopic                                           Measurement Requirements 
  MR

1 
MR

2 
MR 

3 
MR

4 
MR

5 
MR

6 
MR

7 
MR

8 
MR

9 
MR 
10 

MR 
11 

MR 
12 

1. What is the coronal 
magnetic field 
configuration before 
and during CME 
eruptions? 

1.1 Coronal 
magnetic 
structure 

 
           

1.2 CME  
initiation      

       

2. What controls CME 
acceleration and 
subsequent 
propagation in the 
inner heliosphere? 

2.1 Early CME 
dynamics    

         

2.2 
Heliospheric 
CME 
kinematics  

     
    

   

2.3 
Comparison 
with in-situ 
data 

   
 

 
      

 

3. Where do CME-
driven shocks form 
and how do their 

3.1 Shock 
formation and 
properties 
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properties affect 
particle acceleration? 

3.2 Particle 
acceleration 
at shocks 

    
 

       

4. INSTANT space 
weather capability 

4.1 – 4.4 
            

 491 
Table 3. INSTANT traceability matrix showing how the science measurement requirements 492 
translate into the instrument performance requirements. 493 

Science Measurement Requirement Instrument Performance Requirement 
MR1. High spatial resolution measurement of 
the coronal magnetic field up to at least 3 RS 

IR1. Spatial resolution of a few arcsec; FOV from 
1.15 to at least 3 RS 

MR2. High spatial resolution of electron density 
with FOV up to at least 3 RS 

IR2. Spatial resolution of a few arcsec; FOV from 
1.15 to at least 3 RS 

MR3. Coronagraph data should have a temporal 
resolution of a few min to study dynamics 

IR3. Up to 5 min resolution for CMEs in both 
phase 1 and 2, with proper trade-offs 
(pixels/compression) 

MR4. Appropriate vantage point to measure all 
relevant physical quantities for Earth-directed 
CMEs 

IR4. Part of science should be performed off 
Sun-Earth line, cf. mission requirements & 
profile 

MR5. Coronagraph observations should provide 
measures at several temperatures 

IR5. Measurements in both white light and UV 
(e.g., Lyman-α line) at least are needed  

MR6. Wide-angle heliospheric imaging in white 
light for Sun-to-Earth tracking 

IR6. FOV from close to the Sun and all the way 
to Earth at L5: from a few ° to ~70° 

MR7. Sufficient spatial and temporal resolution 
for dynamics, a function of distance from Sun 

IR7. FOV of at least 512x512 pixels. Cadence 
from 15 to 60 min depending on distance from 
Sun 

MR8. Polarization measurements in wide-angle 
heliospheric imagery for accurate trajectory  

IR8. Polarization shall be performed at least for 
three well-separated angles: e.g., -60°, 0°, +60° 

MR9. Heliospheric polarization measurements 
only needed in outer FOV for tracking 

IR9. Polarization measurement in heliospheric 
imagers only required beyond 20° from Sun 

MR10. Need ion and magnetic field data at L1 
for in-situ comparison 

IR10. Magnetic field and plasma data are 
available from DSCOVR, ACE, Wind, etc. 

MR11. Need ion and magnetic field data at 
INSTANT for in-situ comparison 

IR11. Magnetic field and proton density, speed 
and temperature, with at least 1 minute 
cadence 

MR12. High-energy particles, in the keV to MeV 
range, with a sufficient time resolution to study 
SEPs from flares and CME-driven shocks 

IR12. Electrons (20 keV – 15 MeV), protons (20 
keV – 105 MeV), heavy ions (19 – 210 
MeV/nuc), all with at least 1 min cadence 

3.  INSTANT payload 494 

3.1 Payload summary 495 
The baseline INSTANT payload is listed in Table 4. The table includes basic measurement and 496 
telemetry needs for the instruments, and how these provide compliance with the science 497 
measurement requirements. To satisfy science measurement requirements MR1 & MR3, the 498 
INSTANT payload includes the MAGIC coronagraph, which for the first time provides 499 
measurements from space of the coronal magnetic field from 1.15 RS to 3 RS, using polarization 500 
measurements in the Lyman-α line (through the Hanle effect). In compliance with science 501 
requirements MR2, MR3 & MR5, MAGIC also measures in the white-light domain, with 502 
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polarization capability, to obtain electron density and mass distribution in the corona. The 503 
Polarizing HELiospheric Imager eXplorer on board INSTANT addresses the science measurement 504 
requirements MR6 to MR9. It does so thanks to a wide-angle FOV (out to 70° elongation from Sun 505 
center in the ecliptic plane) imaging in the white-light domain with polarization capabilities for 506 
unprecedented accuracy in CME trajectory, speed and mass distribution determination. The 507 
INSTANT baseline payload also comprises a set of three in-situ instruments, with an associated 508 
IDPU for calculating ion moments, data formatting and communication with the spacecraft. HEPS 509 
measures the energy spectra of energetic electrons, protons and heavy ions in energy ranges that 510 
correspond to those of particles accelerated at CME-driven shocks and flares, complying with 511 
science requirements MR12. PAS measures the 3D distribution function of solar wind ions with the 512 
required resolution. MAG measures the in-situ magnetic field at a cadence of 1 Hz at minimum. In 513 
compliance with the science requirements MR11, PAS and MAG measure the in-situ properties of 514 
CMEs, CIRs and other solar wind features propagating over INSTANT. 515 
Table 4. Instrument measurement type, range, cadence, and associated requirements.  516 

Instrument Measurement Range Cadence Requirements 
MAGIC Lyman-α & 

white-light 
coronagraph 

121,6 nm 
560,0 nm 
FOV: 1.15 – 3 RS 

Phase 1: 5/30 min 
Phase 2: 5/30 min 
 

MR1, MR2, 
MR3 & MR5 

PHELIX PHELIX-1 & PHELIX-2 
white-light wide-
angle imaging  

PHELIX-1: 630-730 nm 
PHELIX-2: 400-1000 nm 
FOV: 3.75° - 70° 

Phase 1: 15/20 min 
Phase 2: 30/60 min 

MR6, MR7, 
MR8 & MR9 

PAS Ion distributions  50eV – 40keV 1 min (up to 36 s) MR11 
MAG Magnetic field -128 – +128 nT  1 s (up to 20 Hz) MR11 
HEPS Energetic particles: 

electrons 
protons 
heavy ions 

 
20 keV –  15 MeV  
20 keV –  105 MeV  
19 – 210 MeV/nuc 

1 min (up to 6s) MR12 
 

IDPU Data processing N/A N/A N/A 

 517 
3.2 Payload accommodation 518 
Figure 6 shows the possible accommodation of all the INSTANT instruments on a small platform, 519 
which results from a feasibility study undertaken with industrial partners (cf. Section 4). 520 
 521 
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Figure 6. Accommodation of the INSTANT payload, with FOVs marked with light blue cones for 522 
MAGIC, PHELIX, HEPS (left), and PAS (right). MAG is placed at two locations on the boom 523 
extending in the anti-Sunward direction from the spacecraft. 524 
As shown in Figure 6, the MAGIC instrument is located inside the payload-dedicated mechanical 525 
structure on the side of the spacecraft opposite to the main spacecraft engine. The payload structure 526 
is positioned such that it reduces mechanical constraints during launch. The FOV of MAGIC faces 527 
the Sun without obstruction. The PHELIX instrument is located on top of the structure containing 528 
MAGIC, and has the required FOV all the way from a few degrees to 70° without obstruction. The 529 
solar arrays extend in the north-south direction, relative to the ecliptic, so they don’t interfere with 530 
the FOVs of PHELIX. 531 
PAS protrudes through the top structure on the Sun-facing side to satisfy the need for its FOV to be 532 
sunward facing. HEPS is placed on the northward-facing side (relative to the ecliptic) of the top 533 
structure, close to the solar arrays. These arrays do not interfere with HEPS FOVs. The center of 534 
each of the FOVs of HEPS is directed 45° from the Sun in the ecliptic plane to align with the 535 
nominal Parker spiral orientation for a proper connectivity to the sources of energetic particles. 536 
MAG consists of two fluxgate units placed at two different locations along the boom which deploys 537 
on the shadow-side of the spacecraft. The two locations permit better calibration of spacecraft-538 
induced magnetic fields. Finally, the IDPU is placed on a side of the top mechanical structure. 539 
3.3 MAGIC: MAGnetic Imaging of the Corona  540 

3.3.1 Instrument description 541 
The proposed MAGIC (Figure 7) coronagraph images the solar corona in Lyman-α (UV) and white-542 
light (WL) bandwidths from 1.15 to 3 RS from Sun center with a resolution of 1.87 arcsec per pixel. 543 
MAGIC has a polarimetric capability in both channels to measure the magnetic field (UV) and 544 
isolate the Thomson-scattered corona (WL). The optical design is similar to that of LYOT (Vial et 545 
al., 2008), and of LASCO C1 on board SOHO, and a prototype already exists. The image of the Sun 546 
formed at the focal plane of the primary mirror runs through the annular secondary (M2) into a light 547 
trap (Figure 7). The primary mirror mount includes three piezo-electric actuators allowing for the 548 
compensation of possible misalignments of the solar disk on the internal occulter. The image of the 549 
corona formed on the annulus is re-imaged by mirror M3 on the detectors via two folding flats (M4 550 
& M5). The 8 cm aperture ensures short enough exposure times to correctly sample the dynamics of 551 
the corona. 552 
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 553 
Figure 7. Schematic of the MAGIC design with the various subsystems noted. 554 
In the UV channel, the polarization measurements are performed by combining a rotating 121,6 nm 555 
1/2 wave plate and a high reflectivity Brewster’s angle linear polarizer. This latter uses an Al/MgF2 556 
multilayer coating with 55% reflectivity and a polarizing power > 96%. It is mounted on a 557 
translation stage to switch to a non-polarizing second track to record total brightness. The back 558 
reflection from the front side of the wave plate is used to image the WL corona through a rotating 559 
dichroic linear polarizer. An orange filter located in front of the detector defines the WL passband. 560 
The two channels have the same 3072×3072 pixel, 10 µm pitch back-thinned Active Pixel Sensors 561 
(APS) passively cooled below –50°C. The UV detector is coupled to a micro-channel plate (MCP) 562 
intensifier in order to maximize the SNR in Lyman-α. 563 

3.3.2 Performance and telemetry resources 564 
The expected count rates and efficiencies of MAGIC were studied using measurements of 565 
components similar to those that will be used on MAGIC. The intensities were computed using a 566 
semi-empirical model of the corona. They are consistent with Lyman-α UVCS (UltraViolet 567 
Coronagraphic Spectrometer) observations on board SOHO. The range of exposure times 568 
corresponds to a signal-to-noise ratio SNR=30 at 1.3 RS and SNR=5 at 3 RS for a typical low 569 
coronal magnetic field strength; these are much improved for stronger fields in active regions and 570 
CMEs (Section 4.2). For magnetography, the SNR can be increased 4 times or more by binning the 571 
data (2×2, 3×3, etc.). 572 
MAGIC is by far the most telemetry-demanding instrument of the INSTANT concept. Specific 573 
attention has thus been given to data products and ensuing telemetry requirements as a function of 574 
science phase. This is crucial given the constraints of the spacecraft system and orbit profile (cf. 575 
Section 4), which shows that 24h ground contact with a deep space antenna provides a maximum of 576 
120 kbps at L5 and an average ~450 kbps during phase 1 (cruise). Given the MAGIC performances, 577 
and the measurement and mission profile (Section 4), several MAGIC data products will be devised, 578 
such as for instance a high cadence product for times when CMEs are observed, and a lower 579 
cadence product for other times to study the static corona. Different binning and compressions can 580 
be used to define these products during science phases 1 (cruise) and 2 (L5). Compatible with 581 
telemetry constraints, telemetry downlink rates of (phase 1) 95.4 kbps and (phase 2) 11.4 kbps can 582 
be achieved, satisfying the science objectives and requirements. These operations are performed in a 583 
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separately mounted Data Processing Unit (DPU) connected to the spacecraft through SpaceWire 584 
interfaces. 585 
Since the instrument works in the UV, it can be submitted to serious transmissivity degradation. 586 
Consequently, cleanliness measures (now well documented after more than 50 years of UV 587 
observations from space) must be taken at the different steps of project implementation. They may 588 
have some impact on overall budgets, but in compliance with instrument and spacecraft-level 589 
margins. Finally, as far as pointing requirements are concerned, the assumed small platform 590 
(PROBA-type) probably meets the stability and absolute accuracy requirements. If needed, a 591 
guiding telescope could be added or more simply the rejected image of the solar disk could be used 592 
for guiding. 593 
3.4 PHELIX: Polarizing HELiospheric Imager eXplorer 594 

3.4.1 Instrument description 595 
The PHELIX instrument is based on the successful Heliospheric Imager (HI) instruments presently 596 
operating aboard the twin spacecraft of the NASA STEREO mission (Eyles et al., 2009). 597 
STEREO/HI on each spacecraft comprises two wide-angle white-light cameras mounted within a 598 
baffle system that provides sufficient rejection of solar stray-light background so that the 599 
propagation of CMEs through the heliosphere can be detected by means of Thomson scattering of 600 
photospheric light by free electrons in the K-corona. For the INSTANT mission concept, the 601 
original STEREO/HI capabilities would be enhanced by adding polarimetry and optimizing the 602 
FOV and cadence parameters. 603 
The PHELIX design concept is displayed in Figure 8. The PHELIX-1 and PHELIX-2 cameras have 604 
30° and 50° circular FOVs, respectively, covering altogether a range of elongation angles (the angle 605 
away from Sun center) in the ecliptic plane from 3.75° to 70°, from as close to the solar limb as is 606 
feasible with the stray-light rejection used (given the overall constraints on size and mass of the 607 
instrument). The two cameras have an overlap region from 20° to 33.75°. The PHELIX-1 camera 608 
views over the top of the forward baffle assembly, which consists of a series of 5 linear “knife 609 
edge” baffles configured so that each baffle lies in the Fresnel diffraction rejection pattern of the 610 
preceding one. The PHELIX-2 camera lies within a set of deep conic-shaped baffles and has a 611 
polarizing filter mounted within a hollow-core stepper motor located just in front of its aperture (as 612 
done on previous coronagraphs such as on board SOHO). Well separated polarizer positions (e.g., 613 
here taken as -60°, 0° and +60°) relative to the ecliptic plane will be implemented. Image readout is 614 
by 2k x 2k CCDs that are passively cooled to -60°C or below by radiators facing deep space. A 615 
Camera Electronics Box (CEB) contains clocking and readout electronics for the CCDs and sends 616 
the images to a separately-mounted instrument Data Processing Unit (DPU) via SpaceWire 617 
interfaces.  618 
 619 
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 620 
Figure 8. Schematic view of the design of PHELIX with the various subsystems noted. 621 

 622 
3.4.2 Performance and telemetry resources 623 

Performance parameters (resolution, cadence, TM) are less constrained than for MAGIC. In Phase 624 
1, 15 and 20 min cadences are used for PHELIX-1 and PHELIX-2, respectively, with 1024x1024 625 
images. Each PHELIX-2 exposure is actually a set of 3 exposures at the different polarizer 626 
positions. Allowing for 20 bits per pixel in the final summed exposure (to accommodate the large 627 
dynamic range of the cameras) together with a Rice compression factor of 2.2, we arrive at a 628 
telemetry downlink requirement of 26 kbps. At L5, in accordance with requirements, we implement 629 
30 min and 1 hr cadences for PHELIX-1 and PHELIX-2, respectively. Binning down to 512 x 512 630 
image bins, i.e., sky bin sizes of 3.5 arcmin and 5.9 arcmin, gives 4 kbps. A burst mode product 631 
may be devised with 1024 x 1024 images, resulting in a 15.5 kbps telemetry requirement. 632 
3.5 PAS: Proton and Alpha Sensor 633 
The Proton and Alpha Sensor (PAS) on INSTANT measures the three-dimensional (3D) ion 634 
velocity distribution functions and its moments (velocity, density and temperature). PAS is 635 
composed of two main subsystems. One is the sensor head and the second is the electronics box. 636 
PAS has direct heritage from Chang’E-1/2 and other solar wind satellites worldwide. 637 
The sensor head part consists of a deflection unit, a top-hat electrostatic analyzer, and micro-638 
channel plates (MCPs) board with anodes. Arriving solar wind ions enter the instrument through an 639 
outer aperture grid. The deflector electrodes use a sweeping high voltage to steer ions from a 640 
desired arrival direction into the top-hat electrostatic analyzer (ESA). The top-hat electrostatic 641 
analyzer is made of two curved plates with a symmetric hemispheric shape. The inner hemisphere is 642 
polarized by a sweeping high voltage supply to select particles with specific energy through the 643 
analyzer. A chevron MCP stack is used for particle detection at the exit of the ESA. 644 
The electronics unit consists of a preamplifiers unit, a high voltage unit, a housekeeping unit, an 645 
FPGA unit, a power supply unit and an interface unit. The latter is in charge of the communication 646 
between the instrument and the peripheral equipment, in particular with the In-situ Data Process 647 
Unit (IDPU) which performs moment calculations and data formatting and packaging. 648 
3.6 MAG: MAGnetometer 649 
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MAG on INSTANT is a dual redundant digital fluxgate magnetometer consisting of two tri-axial 650 
fluxgate sensors connected by harness to a spacecraft-mounted electronics box. MAG has numerous 651 
heritage on past solar wind missions. To accurately measure the magnetic field, it is necessary to 652 
separate the ambient field from magnetic disturbances created by the spacecraft. To do this, the 653 
spacecraft needs to be as magnetically clean as possible and the sensors are mounted on spacecraft-654 
provided rigid boom (nominally on the order of 3 m). Two sensors, mounted at different distances 655 
from the spacecraft on the boom, are combined to operate the sensors as a gradiometer and thus 656 
enable the background spacecraft magnetic field to be accurately subtracted from the measurements. 657 
The electronics unit consists of an FPGA with converter and dedicated front-end electronics for 658 
each of the two magnetometer sensors. 659 
3.7 HEPS: High Energy Particle Sensors 660 
The HEPS instrument combines two sensor heads and one electronics box in a resource-efficient 661 
package. Both sensors have two oppositely-pointing FOVs parallel/antiparallel to the nominal 662 
Parker spiral angle at 1 AU (45°). HEPS is essentially an adaptation of the EPT-HET sensor which 663 
has been developed and is currently being qualified for Solar Orbiter.  664 
The Electron-Proton-Telescope (EPT) sensor head is based on the successful Solar Electron Proton 665 
Telescope (SEPT) on STEREO, but with improved electronics enabling a substantially lower 666 
energy threshold of 20 keV (instead of a de-facto ~80 keV; Mueller-Mellin et al. (2008)). It 667 
combines the magnet-foil technique to separate electrons from protons. Each FOV consists of two 668 
apertures, leading to two pairs of closely-spaced solid-state detectors. Electrons up to 400 keV are 669 
deflected by a carefully balanced magnet system in one opening. In the other opening, protons 670 
below 400 keV are prevented from reaching the front detector by a thin deposition of parylene on 671 
the front of the detector.  672 
The other HEPS sensor, the High-Energy Telescope (HET) is also an adaptation of Solar Orbiter's 673 
HET and is based on the Radiation Assessment Detector (RAD) of NASA's Mars Science 674 
Laboratory (MSL). It uses the multiple differential charge deposition versus total energy 675 
measurement technique to measure electrons, protons, and heavy ions over a large energy range 676 
(Hassler et al., 2012). Two solid-state detectors define the telescope FOV, which again points 677 
parallel/antiparallel to the nominal Parker spiral. Between these two pairs of detectors, a BGO 678 
(Bismuth Germanate) scintillator crystal serves as a calorimeter to measure the energy of the 679 
particles. The BGO crystal is read out by two photodiodes and stops protons up to 105 MeV and 680 
heavy ions up to ~210 MeV/nuc (species dependent). HEPS measures particles up to 210 MeV/nuc, 681 
and higher energies can be resolved up to a few hundred MeV/nuc. The entrance of both telescopes 682 
is covered by a light-tight aluminized kapton foil which reduces low-energy particles fluxes on the 683 
front detectors. 684 
3.8 IDPU: In-situ Data Processing Unit 685 
The IDPU serves as a central computer handling the commanding and telemetry for the three in-situ 686 
instruments: MAG, HEPS and PAS, implementing a single communication interface between the 687 
spacecraft and the three instruments. IDPU receives all relevant data products from HEPS, the raw 688 
counts from PAS and uncalibrated magnetic field vectors from MAG over digital links. It processes, 689 
reduces and compresses the data according to the instrument mode and transmits the final products 690 
to the spacecraft computer via a SpaceWire link. IDPU also manages the science modes of the 691 
instruments, including a burst mode when needed, and ensures synchronization and correct time-692 
tagging of the data. IDPU also implements the on-board calculation of moments (density, velocity 693 
and temperature).      694 
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4.  INSTANT mission profile 695 

4.1 Launch and orbit strategy 696 
In order to fulfil its science objectives (cf. section 2), the INSTANT mission profile is designed to 697 
provide both (1) high-resolution, high-cadence measurements when relatively close to the Earth 698 
during cruise and (2) a full coverage of CMEs all the way from initiation to their impact on Earth, 699 
when the spacecraft reaches the L5 point which offers a stable viewing point off the Sun-Earth line. 700 
A small platform is injected into an escape orbit trailing the Earth and is then stabilized in an orbit 701 
around L5. The orbit design provides two distinct but complementary science phases. This strategy 702 
is based on the specific launcher and platform properties, as detailed next, which were investigated 703 
during a feasibility study with industrial partners. 704 

4.1.1. Launch phase 705 
Several launch vehicles have been envisaged for INSTANT. Most launch scenarios, e.g., Long 706 
March 2C (with its third upper stage) or as a piggy-back passenger on either a Soyuz or Ariane 5, 707 
are achievable. A launch with a smaller Vega or LM-2D launcher appears less realistic owing to 708 
the need to escape Earth gravity. 709 

4.1.2. Science phase #1 (1.5 years) 710 
The launch vehicle will place the spacecraft on a heliocentric trajectory with the ellipticity allowing 711 
for a slow drift towards L5. Following a commissioning period, the first science phase of 1.5 years 712 
is conducted, benefiting from a high telemetry capability because of the relative proximity to Earth 713 
(see Figure 11). In this phase the highest cadence and spatial resolution are achieved by the 714 
instruments, thereby permitting us to address several of the key science objectives before the 715 
telemetry drops significantly (cf. Section 4.3.3 and Figure 11). 716 

4.1.3. Thrusting phase and insertion at L5 717 
The orbit optimization performed by industrial partners (Figure 9) is based on a dual coast-718 
arc/thrust strategy and provides a transfer to L5 on a time-scale of the order of 3 years with the use 719 
of a low thrust Electrical Propulsion (EP) system (as baselined for the platform in the present 720 
study). The ΔV of 0.808 km/s, necessary for stopping at L5, is then acquired after a ~1.3 year 721 
(467.63 days) thrusting period ending with a final insertion into a stabilized halo orbit around L5 722 
with amplitude lower than 0.1 AU. Over this thrusting period, no science operations take place 723 
owing to a necessary rotation manoeuvre of the spacecraft (180°) for thruster alignment with the 724 
required delta-V vector.  725 
 726 
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 727 
Figure 9. INSTANT orbit strategy from Earth to L5 based on 3 years transfer depicted in a synodic 728 
frame. The blue coast arc is 628.12 days long. This multi-phase mission provides ample time for 729 
science operations prior to arrival at L5. The coordinates system is HEE (Heliocentric Earth 730 
Ecliptic), with axis values in km. The orbit is shown in the X-Y ecliptic plane.  731 
 732 

4.1.4 Science phase #2 (1 year) 733 
During this nominal 1-year phase, the payload instruments will operate continuously at their 734 
nominal level, benefiting from an accurate pointing capability (20 arcsec) provided by both the 735 
spacecraft and the orbit stability at L5. No Earth-shadowed (Earth-eclipsed) period will occur, 736 
permitting constant power supply from the Sun, so both science and telemetry operations can occur 737 
simultaneously at all times. Regarding the station keeping, a propellant allocation will be provided 738 
to manage the reaction wheels off-loading and station keeping. The L5 location permits 739 
unprecedented imaging and tracking of Earth-bound CMEs. Combined with in-situ measurements 740 
INSTANT will be able to accomplish a more complete understanding of how the magnetic 741 
structure and evolution of the corona influences Sun-Earth interactions. The stability of the L5 orbit 742 
combined with the propulsion margins on board the studied spacecraft and the constant power 743 
supplied by the Sun allow the possibility of continuing full science operations beyond the mission 744 
lifetime of 4 years (including 2.5 years of science operations) envisaged in the present scenario. 745 

4.2 Micro-satellite platform study 746 
4.2.1. Key drivers 747 

The design studied with industry partners for the INSTANT concept is based on the re-use of the 748 
PROBA-NEXT (Project for On-Board Autonomy) platform, which has an extensive flight heritage 749 
of almost 20 years in orbit without failure on any of the launched satellites (PROBA-1, PROBA-2, 750 
PROBA-V).  751 
The studied platform re-uses subsystems from existing small platforms, together with the 752 
maximum possible use of off-the-shelf equipment. Because PROBA is a microsatellite platform 753 
and, thus, has a limited volume, the propulsion subsystem needed for insertion at L5 must be sized 754 
accordingly. Based on the combined delta-V needs and limited volume available, an electric-based 755 
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ion engine propulsion system was studied and designed based on previous flown systems 756 
(SMART-1). 757 
The INSTANT spacecraft needs to cope with long distance (up to 1 AU) communication and 758 
operations. The telemetry, tracking and command (TT&C) subsystem must ensure a stable link, 759 
both during cruise and at L5, with the ground segment to support the instrument data downlink. To 760 
limit the burden on board the spacecraft (power and antenna diameter), the mission profile requires 761 
a ground station which hosts a large diameter antenna (of order 50 m) for downlink and uplink in 762 
X-band. 763 

4.2.2 Spacecraft overview 764 
Based on a PROBA platform, the proposed design provides a 3-axis stabilized spacecraft with 765 
highly accurate pointing capabilities. The additional EP system needed for the insertion at L5 766 
constitutes a mass-saving design, providing more flexibility for attitude control of the platform 767 
during its cruise phase and for station keeping at L5.  768 
The 6 payload elements (including IDPU) are accommodated within a dedicated structure, together 769 
with a 3 m foldable boom and a 1.1 m high gain antenna (HGA) both of which are deployed during 770 
commissioning. The spacecraft thermal control is mainly based on a passive strategy, using multi-771 
layer insulation (MLI) coverage and radiative surfaces, but also active for the battery and 772 
propulsion subsystems.  773 
Two solar arrays consisting of 3 deployable GaAs panels provide a maximum power supply of 588 774 
W at 1 AU when facing perpendicular to the Sun, allowing for simultaneous science and telemetry 775 
operations. Finally, the dimensions of the stowed spacecraft (Figure 10) can fit in most launcher 776 
fairings. 777 
 778 

 779 
Figure 10. Spacecraft in stowed and deployed configurations. Solar panels, HGA and boom are 780 
deployed during commissioning. 781 
 782 
Although all spacecraft properties are not detailed here, the studied spacecraft dry mass is 277.1 kg, 783 
including a 20% margin at system level. All payload elements include a maturity margin ranging 784 
from 5% to 20% in line with their Technology Readiness Level TRL ≥ 6. The spacecraft wet mass 785 
accounts for a 19.1 kg of propellant mass required for L5 station keeping only. This results in a 786 
296.2 kg spacecraft able to operate at L5 throughout the designed mission lifetime. The separate 787 
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propulsion module required for transfer purposes has a dry mass of 121.9 kg (including a 20% 788 
system margin) and a wet mass of 166.8 kg, including the 44.9 kg of Xenon required to reach L5. 789 
The entire space segment weighs 563 kg. It includes the launch adapter (estimated at 100 kg) 790 
required to interface with the launch vehicle.  791 

4.3 Ground segment operations 792 
4.3.1 Overview of ground segment 793 

As the telecommunication downlink operations at L5 are strongly constrained by significant 794 
attenuation in free space, the baseline downlink operations for INSTANT rely on the use of a large 795 
antenna (~50 m) together with a relevant spacecraft telecommunication subsystem designed to limit 796 
the burden on board the spacecraft. The studied scenario is fully realistic but further assessment 797 
may be performed to trade-off the transmitter power output with the HGA size and alternative 798 
ground station options. 799 
The INSTANT spacecraft operates autonomously as soon as a target reference timeline is uplinked 800 
(using high-level commands), resulting in reduced operation costs for the ground segment 801 
(including Mission Operation Center). The studied INSTANT mission profile thus benefits from 802 
the approved, low-cost approach used several times in the past PROBA missions. This also 803 
significantly reduces efforts for in-orbit commissioning and operations, resulting in a lower cost 804 
“phase E”. 805 

4.3.2 Spacecraft telecommunication subsystem 806 
The telecommunication subsystem on board the spacecraft consists of a 1.1 m dish HGA working 807 
in X-band (supplied with 35 W) dedicated to the Telemetry operations (TM) throughout the 808 
nominal science operations. Two additional X-band LGAs provide a low telemetry communication 809 
mode (2 bps at 1 AU) which is sufficient for tracking and monitoring purposes during the thrusting 810 
phase, when only the ion thruster operates.  811 

4.3.3 Science downlink operation scheme 812 
Since the INSTANT spacecraft is designed to perform continuous measurements during all science 813 
phases, an evaluation of the maximum telemetry downlink capability (24/7 contact) along the entire 814 
orbit trajectory has been performed and is displayed in Figure 11. The calculation in this Figure is 815 
based on the Chinese deep space network (DSN) antenna (66 m) located in Jiamusi. Based on the 816 
characteristics of this antenna and of the spacecraft telecommunication subsystem, the calculated 817 
link budget provides 120 kbps downlink capability (for 24/7 contact with the ground antenna) with 818 
a comfortable link margin (> 3 dB) under the worst case scenario at L5 (1 AU). 819 
 820 
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 821 
Figure 11. Maximum telemetry budget, for 24h/day downlink, along the cruise phase from Earth to 822 
L5, calculated based on the baseline spacecraft telecommunication subsystem and a large DSN 823 
antenna (~50 m). 824 
 825 
A 120 kbps downlink is not required for INSTANT at L5, given the fact that the MAGIC highest 826 
cadence data products (which are the most telemetry demanding) are only required during CME 827 
eruption within the MAGIC FOV. Only an average of one CME per day is expected (at most, for 828 
solar maximum) to occur in the MAGIC FOV. An upper limit for the required duration of the high 829 
cadence data product to be downlinked is obtained by simply assuming a slow CME, at average 830 
400 km/s in the corona passing through the MAGIC FOV. With significant margins, this gives a 831 
conservative requirement of 3 hr-duration high cadence data product per day. For the remaining 21 832 
hr of the day a lower cadence data product is downlinked. Given the telemetry needs for all 833 
instruments (not detailed here), in compliance with science measurements requirements, an average 834 
daily downlink of 18.9 kbps is needed when at L5.  835 
The ground contact needed with the average link budget mentioned above is thus 4 hours per day 836 
for nominal science needs at L5. The same downlink strategy is planned for science phase 1, albeit 837 
with much lower constraints on the possibility to downlink higher cadence and higher spatial 838 
resolution data. Of course, there can be several CMEs during the same day in the MAGIC FOV, 839 
and no CMEs in the following day or several days. This is easily handled in the studied INSTANT 840 
design since all science data are recorded on the spacecraft-integrated mass memory, where up to 841 
88 Gbits are available, corresponding to > 10 days of nominal science operations at L5 at the rate 842 
of ~60 kbps. Selection of the high-resolution data to be downlink, i.e., during CME eruptions, can 843 
be planned from ground using beacon data, and knowledge from other spacecraft and ground 844 
measurements. On-board triggers may also be implemented. Finally, smaller antennas may be used 845 
for downlinking beacon data products in real time if space weather operational activities are 846 
planned. 847 

5.  Conclusions  848 

 We presented a small mission concept to the Sun-Earth Lagrangian L5 point. The proposed 849 
INSTANT mission concept is designed to address innovative solar, heliospheric and space weather 850 



 

 26 

science questions. The INSTANT concept would be the first to (1) obtain measurements of coronal 851 
magnetic fields from space, and (2) determine CME kinematics with unparalleled accuracy. 852 
Observations from the L5 location with the proposed innovative instrumentation would permit to 853 
uniquely track the whole chain of processes in Sun-Earth interaction. The INSTANT mission 854 
design can be considered as a pathfinder for more comprehensive or operational space weather 855 
missions at L5 (cf. Schrijver et al., 2015). The present study demonstrates that a mission addressing 856 
compelling science questions from L5 can be performed with a high TRL platform and payload 857 
within small mission programmatic constraints. 858 

Acknowledgments. The authors acknowledge the inputs and support from more than 180 859 
collaborators to the INSTANT mission proposal submitted to the ESA and CAS call for small 860 
missions in 2015. Although INSTANT was not selected in that call, the concept will be proposed in 861 
future opportunities at ESA or other agencies. Work at IRAP was supported by CNES and CNRS. 862 
BL wishes to thank D. Lario for providing the Figure from which Figure 5 is adapted. 863 

References 864 
Akioka, M., Nagatsuma, T., Miyake, W., Ohtaka, K., Marubashi, K.: 2005, The L5 mission for 865 

space weather forecasting, Adv. Space Res., 35, 65–69. 866 
Amari, T., Aly, J.-J., Chopin, P., Canou, A., Mikic, Z.: 2014, Large scale reconstruction of the solar 867 

coronal magnetic field, J. Phys. Conf. Ser., 544, 012012. 868 
Arnaud, J., Roudier, T., Malherbe, J.-M., Moity, J.: 2006, Solar Spectro-Polarimetry at Pic-du-869 

Midi/LJR, Solar Polarization 4, ASP Conference Series, R. Casini and B. W. Lites, eds., 358. 870 
Aschwanden, M. J.: 2004, Physics of the Solar Corona. An Introduction, Published by Praxis 871 

Publishing Ltd., Chichester, UK, and Springer-Verlag Berlin ISBN..3-540-22321-5. 872 
Bein, B. M., et al.: 2011, Impulsive acceleration of coronal mass ejections. i. statistics and coronal 873 

mass ejection source region characteristics, Astrophys. J., 738, 191. 874 
Bommier, V., Sahal‐Bréchot, S.: 1982, The hanle effect of the coronal Lα line of hydrogen: 875 

theoretical investigation, Sol. Phys., 78, 157. 876 
Calbert, R., Beard, D. B.: 1972, The F and K components of the solar corona, Astrophys. J., 176, 877 

497. 878 
Cane, H. V., Reames, D. V., and von Rosenvinge, T. T.: 1988, The role of interplanetary shocks in 879 

the longitude distribution of solar energetic particles, J. Geophys. Res., 93, 9555. 880 
Chen, J.: 1989, Effects of toroidal forces in current loops embedded in a background plasma, 881 

Astrophys. J., 338, 453. 882 
Chen, P. F.: 2011, Coronal Mass Ejections: Models and Their Observational Basis, Living Rev. 883 

Sol. Phys. 8, 1. 884 
Cremades, H., Bothmer, V.: 2004, On the three-dimensional configuration of coronal mass 885 

ejections, Astron. Astrophys., 422, 307-322.  886 
Davies, J. A., et al.: 2012, A self-similar expansion model for use in solar wind transient 887 

propagation studies, Astrophys. J., 750, 23. 888 
de Koning, C. A., and Pizzo, V. I.: 2011, Polarimetric localization: A new tool for calculating the 889 

CME speed and direction of propagation in near-real time, Space Weather, 9, 03001. 890 
Dere, K. P.:1996, The rate of magnetic reconnection observed in the solar atmosphere, Astrophys. 891 

J., 472, 864. 892 
Derouich, M., Auchere, F., Vial, J. C., Zhang, M.: 2010, Hanle signatures of the coronal magnetic 893 

field in the linear polarization of the hydrogen Lα line, Astron. Astrophys., 511, A7. 894 
Eyles, C. J. et al.: 2009, The Heliospheric Imagers Onboard the STEREO Mission, Sol. Phys., 254, 895 

387.  896 
Fan, Y. H.: 2015, MHD equilibria and triggers for prominence eruption, Solar Prominences, J.-C. 897 

Vial and O. Engvold, eds., 415, 297. 898 
Forbes, T. G., et al.: 2006, CME Theory and Models, Space Sci. Rev., 123, 1-3, 251-302. 899 



 

 27 

Gary, G. A.: 2001, Plasma Beta above a Solar Active Region: Rethinking the Paradigm, Sol. Phys., 900 
203, 1, 71-86. 901 

Gibson, S.: 2015, Coronal cavities: observations and implications for the magnetic environment of 902 
prominences, Solar Prominences, J.-C. Vial and O. Engvold, eds., 415, 323. 903 

Gopalswamy, N., Lara, A., Kaiser, M. L., Bougeret, J. L.: 2001, Near-Sun and near-Earth 904 
manifestations of solar eruptions, J. Geophys. Res., 106, 25261. 905 

Gopalswamy, N., et al.: 2011a, Earth-Affecting Solar Causes Observatory (EASCO): A mission at 906 
the Sun-Earth L5, Solar Physics and Space Weather Instrumentation IV, Proc. of SPIE, S. 907 
Fineschi and J. Fennelly, eds., 8148, 81480Z.  908 

Gopalswamy N., et al.: 2011b, Earth-Affecting Solar Causes Observatory (EASCO): A potential 909 
International Living with a Star Mission from Sun–Earth L5, J. Atmos. Sol.-Terr. Phys., 73, 658-910 
663. 911 

Gopalswamy, N., Yashiro, S.: 2011, The strength and radial profile of the coronal magnetic field 912 
from the standoff distance of a coronal mass ejection-driven shock, Astrophys. J. Lett., 736, L17. 913 

Gopalswamy, N., et al.: 2013, The First Ground Level Enhancement Event of Solar Cycle 24: 914 
Direct Observation of Shock Formation and Particle Release Heights, Astrophys. J. Lett., 765, 915 
L30. 916 

Hassler, D. M., et al.: 2012, The Radiation Assessment Detector (RAD) Investigation, Space Sci. 917 
Rev., 170, 503-558. 918 

Hayes, A. P., Vourlidas, A., Howard, R. A.: 2001, Deriving the Electron Density of the Solar 919 
Corona from the Inversion of Total Brightness Measurements, Astrophys. J., 548, 2, 1081-1086. 920 

Howard, T. A., Tappin, S. J., Odstrcil, D., DeForest, C. E.: 2013, The Thomson surface. III. 921 
Tracking features in 3D, Astrophys. J., 765, 45. 922 

Kaiser, M. L., et al.: 2008, The STEREO mission: An introduction, Space Sci. Rev., 136, 1-4, 5-16. 923 
Kilpua, E. K. J., et al., 2015, Unraveling the drivers of the storm time radiation belt response, 924 

Geophys. Res. Lett., 42, 9, 3076.  925 
Kliem, B., Török, T.: 2006, Torus instability, Phys. Rev. Lett., 96, 255002. 926 
Kozarev, K. A., et al.: 2013, Global Numerical Modeling of Energetic Proton Acceleration in a 927 

Coronal Mass Ejection Traveling through the Solar Corona, Astrophys. J., 778, 43. 928 
Kozarev, K. A., Raymond, J. C., Lobzin, V. V., Hammer, M.: 2015, Properties of a coronal shock 929 

waves as a driver of early SEP acceleration, Astrophys. J., 799, 167. 930 
Lario, D., et al.: 2004, Solar Energetic Particle Variations, in Solar Variability and its Effects on 931 

Climate, J. M. Pap and P. Fox, eds, AGU Geophysical Monograph, 141, 195-216. 932 
Lavraud, B., Rouillard, A. P.: 2014, Properties and processes that influence CME geo-933 

effectiveness, Nature of Prominences and their role in Space Weather, B. Schmieder, J.-M. 934 
Malherbe and S. T. Wu, eds., Proceedings IAU Symposium, 8, S300, 273-284. 935 

Lee, M. A., Mewaldt, R. A., Giacalone, J.: 2012, Shock acceleration of ions in the heliosphere, 936 
Space Sci. Rev., 173, 1-4, 247-281 937 

Lin, H., Kuhn, J. R., Coulter, R.: 2004, Coronal magnetic field measurements, Astrophys. J., 613, 938 
L177. 939 

Liu, Y., Luhmann, J. G., Bale, S. D., Lin, R. P.: 2009, Relationship Between a Coronal Mass 940 
Ejection-Driven Shock and a Coronal Metric Type II Burst, Astrophys. J. Lett., 691, L151. 941 

Liu, Y., Davies, J. A., Luhmann, J. G., Vourlidas, A., Bale, S. D., Lin, R. P.: 2010a, Geometric 942 
Triangulation of Imaging Observations to Track Coronal Mass Ejections Continuously Out to 1 943 
AU, Astrophys. J. Lett., 710, L82. 944 

Liu, Y., et al.: 2010b, Reconstructing Coronal Mass Ejections with Coordinated Imaging and In 945 
Situ Observations: Global Structure, Kinematics, and Implications for Space Weather 946 
Forecasting, Astrophys. J., 722, 1762 947 

Liu, Y., Luhmann, J. G., Bale, S. D., Lin, R. P.: 2011, Solar source and heliospheric consequences 948 
of the 2010 April 3 coronal mass ejection: a comprehensive view, Astrophys. J., 734, 84. 949 

Liu, Y. D., et al.: 2013, On Sun-to-Earth Propagation of Coronal Mass Ejections, Astrophys. J., 950 
769, 45. 951 

Liu, Y., et al.: 2014: Observations of an extreme storm in interplanetary space caused by successive 952 
coronal mass ejections, Nature Comm., 5, 3481. 953 



 

 28 

Lopez-Ariste, A.: 2015, Magnetometry of prominences, Solar Prominences, J.-C. Vial and O. 954 
Engvold, eds., 415, 179. 955 

Lugaz, N., Vourlidas, A., Roussev, I. I.: 2009, Deriving the radial distances of wide coronal mass 956 
ejections from elongation measurements in the heliosphere – application to CME-CME 957 
interaction, Ann. Geophys., 27, 3479. 958 

Lugaz, N., Manchester, W. B., IV, Gombosi, T. I.: 2005, Numerical Simulation of the Interaction 959 
of Two Coronal Mass Ejections from Sun to Earth, Astrophys. J., 634, 1, 651-662. 960 

Mackay, D., Yeates, A.: 2012, The Sun's Global Photospheric and Coronal Magnetic Fields: 961 
Observations and Models, Living Rev. Sol. Phys., 9, 6. 962 

Mandrini, C. H., Demoulin, P., Klimchuk, J. A.: 2000, Magnetic field and plasma scaling laws: 963 
their implications for coronal heating models, Astrophys. J., 530, 999. 964 

Miyoshi, Y., et al.: 2013, High-speed solar wind with southward interplanetary magnetic field 965 
causes relativistic electron flux enhancement of the outer radiation belt via enhanced condition of 966 
whistler waves, Geophys. Res. Lett., 40, 4520–4525.  967 

Moran, T., Davila, T.: 2004, Polarimetric Three-Dimensional Imaging of Coronal Mass Ejections, 968 
Bull. Am. Astron. Soc., 36, 683. 969 

Möstl, C., et al.: 2009, Linking remote imagery of a coronal mass ejection to its in situ signatures at 970 
1 AU, Astrophys. J., 705, L180. 971 

Möstl, C., et al.: 2014, Connecting Speeds, Directions and Arrival Times of 22 Coronal Mass 972 
Ejections from the Sun to 1 AU, Astrophys. J., 787, 119. 973 

Müller-Mellin, R., et al.: 2008, The Solar Electron and Proton Telescope for the STEREO Mission, 974 
Space Sci. Rev., 136, 363-389. 975 

Pesses, M. E., Decker, R. B., Armstrong, T. P.: 1982, The acceleration of charge particles in 976 
interplanetary shock waves, Space Sci. Rev., 32, 1-2, 185-204. 977 

Reames, D. V.: 1999, Particle acceleration at the sun and in the heliosphere, Space Sci. Rev., 90, 978 
413. 979 

Reames D. V.: 2013, The Two Sources of Solar Energetic Particles, Space Sci. Rev., 175, 53. 980 
Reeves, G. D., McAdams, K. L., Friedel, R. H. W., O’Brien, T. P.: 2003,  Acceleration and loss of 981 

relativistic electrons during geomagnetic storms, Geophys. Res. Lett., 30, 1529.  982 
Reid, G. C.: 1986, Solar Energetic Particles and their Effects on the Terrestrial Environment, 983 

Geophys. Astrophys. Monographs, 26, 251-278. 984 
Rouillard, A. P., et al.: 2011, Interpreting the properties of solar energetic particle events by using 985 

combined imaging and modeling of interplanetary shocks, Astrophys. J., 735, 7. 986 
Rouillard, A. P., et al.: 2012, The Longitudinal Properties of a Solar Energetic Particle Event 987 

Investigated Using Modern Solar Imaging, Astrophys. J., 752, 44. 988 
Ruffenach, A., et al.: 2012, Multi-spacecraft observation of magnetic cloud erosion by magnetic 989 

reconnection during propagation, J. Geophys. Res., 117, A09101. 990 
Ruffenach, A., et al.: 2015, Statistical study of magnetic cloud erosion by magnetic reconnection, J. 991 

Geophys. Res., 120, 43-60. 992 
Savani, N. P., et al.: 2009, The radial width of a Coronal Mass Ejection between 0.1 and 0.4 AU 993 

estimated from the Heliospheric Imager on STEREO, Ann. Geophys., 27, 4349-4358. 994 
Savani, N. P., Owens, M. J., Rouillard, A. P., Forsyth, R. J., Davies, J. A. : 2010, Observational 995 

evidence of a coronal mass ejection distortion directly attributable to a structured solar wind, 996 
Astrophys. J. Lett., 714, L128. 997 

Schmidt, W. K. H., Bothmer, V.: 1996, Stereoscopic viewing of solar coronal and interplanetary 998 
activity, Adv. Space Res., 17, 4/5, 369-376. 999 

Schrijver, C., et al.: 2015, Understanding space weather to shield society: A global road map for 1000 
2015–2025 commissioned by COSPAR and ILWS, Adv. Space Res., 55, 12, 2745–2807. 1001 

Sheeley, N. R., Hakala, W. N., Wang, Y. M.: 2000, Detection of coronal mass ejection associated 1002 
shock waves in the outer corona, J. Geophys. Res., 105, 5081. 1003 

Simunac, K. D. C., Kistler, L. M., Galvin, A. B., Popecki, M. A., Farrugia, C. J.: 2009, In situ 1004 
observations from STEREO/PLASTIC: a test for L5 space weather monitors, Ann. Geophys., 27, 1005 
3805–3809. 1006 

Strugarek, A., et al.: 2015, A Space Weather mission concept: Observatories of the Solar Corona 1007 
and Active Regions (OSCAR), J. Space Weather Space Clim., 5, A4. 1008 



 

 29 

Temmer, M., et al.: 2008, Acceleration in Fast Halo CMEs and Synchronized Flare HXR Bursts, 1009 
Astrophys. J., 673, 1, L95-L98. 1010 

Tomczyk, S., et al.: 2008, An Instrument to Measure Coronal Emission Line Polarization, Sol. 1011 
Phys., 247, 411. 1012 

Trujillo Bueno, J., Merenda, L., Centeno, R., Collados, M., Landi Degl’Innocenti, E.: 2005, The 1013 
hanle and zeeman effects in solar spicules: a novel diagnostic window on chromospheric 1014 
magnetism, Astrophys. J. Lett., 619, L191. 1015 

Turner, D. L., Li, X.: 2011, Using spacecraft measurements ahead of Earth in the Parker spiral to 1016 
improve terrestrial space weather forecasts, Space Weath., 9, S01002. 1017 

Vial, J. C., et al.: 2008, SMESE (SMall Explorer for Solar Eruptions): A microsatellite mission 1018 
with combined solar payload, Adv. Space Res., 41, 183. 1019 

Vourlidas, A., Lynch, B. J., Howard, R. A., Li, Y.: 2012, How many CMEs have flux ropes? 1020 
Deciphering the signatures of shocks, flux ropes, and prominences in coronagraph observations 1021 
of CMEs, Sol. Phys., 284, 179.  1022 

Vourlidas, A.: 2015, Mission to the Sun-Earth L5 Lagrangian Point: An Optimal Platform for 1023 
Space Weather Research, Space Weath., 13, 197–201. 1024 

Webb, D. F., et al.: 2010, Using STEREO-B as an L5 Space Weather Pathfinder Mission, Space 1025 
Res. Today, 178, 10–16. 1026 

Webb, D. F., Howard, T. A.: 2012, Coronal Mass Ejections: Observations, Living Rev. Sol. Phys., 1027 
9, 3. 1028 

Webb, D. F., et al.: 2012, Heliospheric Imaging of 3-D Density Structures During the Multiple 1029 
Coronal Mass Ejections of Late July to Early August 2010, Sol. Phys, 285, 317-348. 1030 

Zuccarello, F. P., Bemporad, A., Jacobs, C., Mierla, M., Poedts, S., and Zuccarello, F.: 2012, The 1031 
Role of Streamers in the Deflection of Coronal Mass Ejections: Comparison between STEREO 1032 
Three-dimensional Reconstructions and Numerical Simulations, Astrophys. J., 744, 66. 1033 

 1034 


