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THOR Assessment Study Mission Summary

Key scientific
objectives

THOR will investigate h e f unda me nt tibulestenergyissgpation areln
particleenergkationd  w haddeesses the ES2osmic VisionguestionfiHow does the
Solar System work én particular, THOR willanswetthe following specific science
guestions:

Q1:How are plasmas heated and particles accelerated?
Q2: How is the dissipated energy partitioned?
Q3: How does dissipation operate in different regimes of turbulence

Spacecraft

Sunpointing,to allow high quality electricield and particle measurements.
Slow spinnel2 rpm), to achievenigh angular resolution particle data.
Payload mass Ukg, total dry massZ50 kg, total wet mass 2400 kg.
Bipropellant propulsion system.

Payload

MAG fluxgate magnetometer....... B field, DCi 64 Hz

SCM  search coil magnetometer....B field, 1Hzi 100kHz

EFI electric field instrument....... E field, 2D DQ 100kHz, 3D 0.1 100kHz
FWP fields and waves processor...E, B time series and spectral products

TEA  electron spectrometetr......... 3D distr. function of electron$ins)

CSW cold solar wind analyser...... 3D distr. function of H(50ms), HE"(300ms)
IMS ion mass spectrumnalyser....3D distr. function of Fi(150ms),H&"(300ms),0
PPU  particle processing unit....... TEA, CSW, IMS, EPE data products

FAR  Faraday CUp.........oevvuvvnnens cold solar wind ion moments, 32

EPE  energetic particle analyser....3D distr. function energeti¢ and ions {5s)

Active spacecraft potential control to improve plasma and field measurements.

In comparison to earlier/lupcoming missiorexjuiredkey major improvements include:
A accuracy/sensitivity of electric
A t empor a lf masseesavedidns (idHe™),0
A temporal/angular resolution of opr
A tempor al resolution of el ectrons,
Awave and electron correlation up to electron plasma frequency

Mission

3 year nominal mission, extended mission possible
1styear, 6x15 R(geocentric), focus on bow shock and magnetosheath.
2nd year, 6x26 R(geocentric), focus opristinesolar wind and foreshock.
3rd year, 6x45 R(geocentric), focus opristinesolar wind and interplanetary shock

Survey data downloadedrfthe whole period while burst data downloaded for shigit
science valuantervds through selective downlink.

Open data policy from 6 months into the nominal operations.




THORAssessment Study Report page2

Foreword

During the past century of exploration of the Universe, we haveddathatthe vast majority of ordinary
matterthat it contaings in the plasma state. It fkis hot dilute plasma (ionized gas) between galaxies and
galaxy clusters that dominates baryonic matter. Hot dilute plasma can also be found within dalaxies,
example in thanterstellar medium, outer atmospheres and stellar winds of atadsoronas ofaccretion
disks. Astrophysical plasmas agenerally turbulent, and dissipation of turbulent fluctuations leads to
continuous plasma heating and acceleratiocharged particles. Understanditige basic plasma processes
of heating aneénergeationin turbulent magnetized plasmas is of fundamental importance if we &ty
understand the evolution of the Univer3dis is one of the main motivationsf the Turbulence Heating
ObserveR (THOR) mission.

Choosing the mission name was not a difficult task. In Norse mytholdgy is a hammewielding god
associated with thunder and lightning, storms and strength, as well as the protection of nMakind.
importanly, Thor brings order out of chaos.

The THOR mission has grown from a seed which was thef@ddeas foran 'Innovative lowcost research
satellite missiohby the Swedish National Space Board in January 2012. At that timaamission was called
Tor and it was intendedto be a small national satelljtalthough italready involveda fully international

payload.The evaluatiorshowed clearly thawhile the sciencecase was compellinghe mission did not fit
t he -did otwd concept.

In June 2012Tor was submitted ascandidategfor the ESA S1mission.The outcome was very similahe
mission wagankedhighly scientifically, but despite different advanced esmiing suggestionthe mission
cost was still nowithin the Sclass envelope.

At that time, the team decided to extend the scientific topics address&driand submit a proposédr the
upgradedTHOR missionto the ESAM4 call. The payload capabilities were increasiedtead of focusing
the observations on electromagnetic fieltiswas expandedio include kinetic scale observations dtlie
plasmaparticles which are required to study heating and acceleration procd$ggsnajor upgradallowed
an importannhewsetof science questions to be addressasdescribed in this report.

THOR is a fundamental plasma physiogssion, which usesearEarth space aiss laboratory. This focus
hasnot only attractedarge supportfor the mission from the laboratory, solar and astrophysical plasma
communities, butit has also already initiatethany synergetic studiesetween themThe answers to
important unsolvedjuestions such as those that THOR will addressquire strong collaboration among
scientists from very different fields anghe goal of the THOR projectis to continue bringing these
communitiexloser together

The work on the THOR mission has been a miaj@rnationalteameffort. On the payload sig6d HOR has

ten instrumentseach of which are designed and built by a consortium of sdabmbktoriesOn the mission

side THOR ha involved tens of ESA scientists and engineers from different offices. On the industry side
industries from almost all ESA countries have contributed to the mission design. Last but nobdeast
thanonehundred scientists have actively contributetheamission. Therbavebeen two THOR workshops,

many sessions and presentations at international conferences, national worksldopsyeral studies
leading to refereed papers addressing different aspects of the THOR mission. The excellent team spirit
provides a strong foundatidor thefuture of the THOR mission

TheTHOR Science Study Team
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1 Executive summary

Science objectives of THOR

Turbulence Heating ObserveR (THOR) will be the first mission ever flown in Jpatevestigatethe
ubiquitousand fundamental process misma turbulencd?lasma igshe dominant statef (baryonig matter

in the Universeand is mostly in a turbulemstate. We canseethe plasma Universe because plasma is heated

to extremely high temperatures and emits electromagnetic radiation, but we still do not fully understand why
and how this happens. THOR will take a major $teward insolvingthis fundamentaproblem.

The prime science questions of the THOR mission are:

Q1: How are plasmas heated and particles accelerated?
Q2: How is the dissipated energy partitioned?

Q3: How does dissipation operate in different regimes of turbulence?

THOR science directly addresses the Cosmic Vigieme"How does the Solar System work?" by studying

the basic processes occurring "From the Sun to the edge of the Solar System". By quantifying the
fundamental processes involved, the advances made BYHB®& mission will extend beyond the Solar
System to plasmas elsewhere in the Universe.

THOR will lead to an understanding of the basic plasma heating and particlezati@ngbrocesses, of their
efficiency for different plasma species and of their reéatiaportance in different turbulent regimes. THOR
will provide closureon these fundamental questions by making detailesitu measurements of the closest
available collisionless and turbulent magnetized plasmas at unprecedented temporal, spatiatggnd ene
resolution.

THOR will exploreboth the ion and, for the first time, electikinetic range of turbulence where most of the
energeation occurs and reveal the dominaenergkation mechanismsThis will allow the key questionf
whether energation ocurs mainly atspecificlocalized structures, ois distributed more uniformly over
large volumes in spac& be solvedFurthermore, THOR will perform accurate measurements of different
particle species in bottihe thermal and notthermalranges, allowig the partition ofthe energy dissipated
by turbulent fluctuations betwedhe heating and acceleration of electrons, protons and heavigrto be
quantified. This is a fundamental problem for plasma physics and a major gnzagtrophysical plasmas
when resolvinghe physical conditions lying behind the emission from distant astrophysical objects.

Studying how energy dissipation and partieleergeation depend on different regimes of turbulence is
required to assess whiemergeation mechanismslominateunder specific plasma conditions. By providing
measurements in several n&arth turbulent regions, THOR wilevealhow plasmaenergration works in
differentSolar System plasmas and wélsohelp understandow energeation operates in manyaboratory
and astrophysical plasmas, whiaften haveconditions similar to those in nekarthspace.

Mission design

While expanding supernova shocks and other spectacular manifestations of plasma heating will forever
remain beyond our capability fan situ measurements, the Earth's plasma environment serves as the
laboratorythatis needed to further our understandiMglOR, thereforefocuses on several specific regions

of nearEarth space: the pristine solar wind, Earth's bow shock and interplarsdtacks, and the
compressed solar wind regions downstream of shocks (e.g., the magnetosheath). Theskarsgioasn
selected because of their differing plasma regimes and turbulent fluctuation characteristics, which also
reflectthe relevanwariety of dher astrophysical environments. In addition, characteristic plasma scales in
the key science regions are sufficiently lafge the particle instruments to resolve the kinetic scale
turbulence.

The mission baseline is planned to start in June 2026 wahreeh on an Ariane 62 rocket from Kourou,
placing the spacecraft in a transfer orbit of 250 km x 15 Earth ragii TRen, using the onboard propulsion
system, the spacecraft will raise its perigee to reach the orbit of 6 x 26t& a commissioningeriod of 3

months, the first phase of the mission will start and focus on the bow shock and magnetosheath regions.
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After approximately 1.5 years, the apogee will be increased to= 26dRa new turbulence regime will be
observed in the foreshock duringgsle 2. Finally, one year later, the apogee will be raised again te 45 R
and long intervals of time will be dedicated to understanding the turbulence in the pristine solar wind during
phase 3.The nominal mission duration is 3.5 years, including 0.5 yéarscommissioning and de
commissioning of the spacecraft. A mission extension of two years after phase 3 is possible, which would
lead to a total mission duration of 5.5 yeatrs.

Scientific payload

To answer the science questions, TRHOR spacecraft will carry, for the first time, a comprehensive payload
tailored to explore plasmanergrationin turbulence, with both fields and particle instrumentation that will
allow simultaneous resolution of both turbulent fluctuations aimghatwes of the resultant plasma
energeation. The payload consists of statéthe art experiments with the highasimporaland spatial
resolutions ever flown in spac€he instruments on THOR all have relevant heritage from recent missions
and most of the fisystems of the instruments have the required maturity for this phiaseen Pl-led
hardware investigations are:

The Fluxgate Magnetometer (MA@&xperimentproviding measurmentsof the DC and low frequency
magnetic field with high accuracy.

The SearclCoil Magnetometer (SCMdxperimenproviding sensitive measuremerdasthe magnetic field in
the frequency range OHz to 100kHz.

The Electric Fieldinstrument(EFI) providing measurments ofthe electric field and waves in the range 0
100 kHz and the siwecraft potentialith high accuracy and sensitivity

The Field and Wave Processor (FWPexperimentproviding measurements of electromagnetic waves,
including snapshots up to 584s the plasma sounder and triggers for electron superburstFi&E.
will control theother field instruments.

The Faraday Cupnstrument(FAR) providing solar wind parameters (density, three velocity components,
and thermal speed) at 3ps

The Cold Solar Winthstrument(CSW)providing 3D velocity distribution functns of the cold solar wind
ions with high energy (7%) and angular (1.5°) resolution at a resolution up to 50 ms.

The Turbulent Electron Analyser (TEgdoviding 3D velocity distribution functions of electrons between 10
eV and 30 keV with a time resolutiarp to 5 ms and pitehngle distributions up to 1.25 ms. It also
providestimed electron detection events for wapagticle interaction studies.

The lon Mass Spectrometer (IM&)perimentproviding 3D velocity distribution functions of ions between
10 and 30 keV with mass distinction between 1 and 32 amu at time resolution rof 1&0H" and
300msfor He*™.

The Energetic Particle Experiment (EP&pvidingthe energy spectra and angular distribigiohenergetic
electrons (26700 keV) and ions (28000 keV/n) at 15 resolution and pitclanglesnapshotst 7.5 s.

The Particle Processing Unit (PPerforming moment calculations 08D particle velocity distribution
functions, provithg magnetic field for pitckangle distribution measurements and solar wind direction
for ion beam tracking mode, and compiessof 3D distribution functions.PPU contrad the other
particle instruments (except FAR).

Spacecraft

THOR is a low risk mission whit a spacecraft design relying on mature, high TRL technologies for all
subsystems. The preliminary design solutions studied in phase A demonstrated two feasible solutions,
technically and programmaticallfylfilling the mission and science requirementse Two solutions studied
present good margins with respect to the launch performance requirements.

THOR is a spin stabited spacecraft spinning at 2 rpm, with a ®uented spin axis. The shape of the
spacecraft structure is octagonal, with a total dtamaround 4 m and a total height of 2 m. Spacecraft wet
mass is 2400 kg, leavirg14% launch margin on Ariane 62. A-piopellant propulsion subsystem will be
used fororbital and attitude maneuver§he mechanisms are limited to the two {segment rigi booms,
which have a total length of at least 6.5 m each. The solar array isimdyted and represents a total area
of at least 5 ) the size of which igriven by thepower requirement ofiominal science mode when
communicating with the ground. Theasgcraft external surfaces are conductive, including the solar array
coated with mdium tin oxide,to comply with spacecraft charging requirements. A large capacity Flash
Memory of 12 Thits End Of Life is used for data storage and high time resolutiosed@ttion. Xband is

used for communication.
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Operations

The THOR ground segment consists thie Mission Operations Centre (MOC), the Science Operations
Centre (SOC) andthe ground station network with 3 ESTRACK deep space stations in New Norcia,
Cebreros, and Malargii@he THOR payload is operated as a single virtual instruriieall instruments
operate at the same timedaiargetcomman payloadwide sciencebjectives The SOC and MOC payload
operation is simplified by the fact that all instrurteeaxcept FARnterface withthe spacecraft via FWP and
PPU.The payload generates two parallel science data streams transferred to the spacecraft mass memory:

Burst data covering almostthe full time at high bitrate. Only a small fraction of therst daa is
downlinkedusing a selective downlink approach, data downlink is at perigee.
Survey datacovering the full time at low bitrate. All of the survey data is downlinked to the ground.

An archive for the THOR data will be built at ESAC based on experieogeexistingarchives such as the
Cluster Science ArchivelHOR will employ theopen datgpolicy starting from @nonthsinto the nominal
mission. Refinement of the calibrations, using inflight experience and -@@lfsration activities, is the
responsibility of the Pl teams.

THOR data will be analysed using a variefymethods available for studying wawasd coherent structures
in turbulence Numerical modelling support is crucial, both from the science and mission dusigs of
view. The support is provided by the synergistic activities of the Numeioaulation Support Teanmvhich
includes scientists developing, running and supplying tefwam different plasma simulation codes, amal t
Virtual Instrument Teamwhich aids the definition of the THOBayload

THOR in the wider context

Plasma in the Universe is often so hot and dilute that collisions between charged particles are very rare,
making most of the baryonic matter in the Universe detectable only througleregly radiation, e.gX-

rays, generated by heated particlHss is the case for a variety of environments, suajmexy clustersthe
interstellar medium, outer atmospblsrand stellar winds of stars, and coronas of accretions diskse
plasmas aré&equently highlyturbulent due to large scale shear motions, shock waves, jets, and other large
scale processeand they may well be energized by the dissipation of tunceleUnderstanding the basic
processes of plasma energization in turbulence is of fundamental importance for understanding the evolution
of the Universe. THOR will provide an understanding of fundamental plasma processes faitm
measurements in nekarth space. This will helus to understandmany aspects ofaboratory and
astrophysical plasmas and will driveew synergiesthe between space, astrophysical and laboratory
communitiesto advance thesindamental science topics.

A numberof space missions, including Cluster, THEMIS and MMS (&rtdre missions such as Solar
Orbiter and Solar Probe Plusjovide data omany aspects of plasma turbulence, such as its 3D properties
from multi-spacecraft observations. However, how the twheg dissipates and heats the surrounding
medium ancenergeesparticles is not at all well understoddone ofthese missiong/ere designed tceach

the resolution required to understatiee dominatingwaveparticle interactions that heat and accelerate
plasma. The goal of THOR is to employ innovative instruments that significantly increase the time
resolution of particle measurements (5 ms for electrons, 50 ms for solapseiotisand 300 ms for alpha
particleg, and increase the spatial resolution aflar wind ions (1.%). The sensitivity and accuracy of
electromagnetic field measuremeate also significantly enhancedth long magnetometer boon(s6.5 m)
andwith the spacecraft spin axis pointing towards the. Funthermorethe high timeresolutian of electron
counts and wave measuremewill allow, for the first timg advancedvavepatrticle correlation studies up

to the electron plasma frequen@HOR will providemeasurements that go beyond our current expectations,
thus allowing the exploratioof new physics and challenging our current theories.

Conclusion

THOR is an innovative mission that will revolutiaaispace plasma physics. Its powerful instrumentation, in
terms of resolution and sensitivity, will address the science objectives dinaetignt to the Cosmic Vision
science programme. THOR represents a crucial step foafi@dhe Cluster THEMIS and MMS missions.

It will capitalize on the strong European expertise in the field of plasma turbulence and padigization
THOR will therefore achieve major breakthroughs in our understanding of turbuberteparticle
energizationin the Solar §stem andwill be a major step forward in understandihgse fundamental
processem other astrophysical systems.
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2 Scientific objectives

2.1 Introd uction

The turbulent plasmauniverse

Plasma processes are at work everywhere, from radio gald
jets and supernova explosio(iSigure 1) to the solar corona
and interplanetary spack.is for this reason that HAlfvén
coined the term "Plasma Universgl]. The information we
have on distant astrophysical plasmas is obtained from
radiation they emit and that we remotely observe. Therefore
is of crucial importance to understand plasma epratigh
medanisms that ardehind such emission#strophysical
plasmas are generally in a tutént statg2] and significant
plasma energation is thought to be related to the dissipatio
of the turbulent fluctuations.

Examples of turbulent dissipation can be found in galaxi
[3,4], stellar interiord5], interstellar[6,7] and interplanetary
[81 10] mediaand planetary magnetosphef&di 13]. Indeed, Figure 1: A classic example of turbulenc
turbulence is a fundamental plasma processes occurring in thean astrophysical object: the high
vast majority of natural and laboratory plasmas. Shocks at@bulent supernova remnant Crab nebu
some of the most spectacular, visuesliyiking phenomena in By using thenearEarth environment as i
the Plasma Universe and are m@sgible for the acceleration |aboratory to study turbulent heating ar
of copious amounts of elnged particles up to energi@6'®  acceleration, THOR makes the connectic
eV and maybe even as high B¥° eV. Turbulenceplaysa to this astrophysical object. Credit:

major role in particle acceleran at shockq14]. Turbulent NASA, ESA, J. Hester, A. Loll (ASU),

energy dissipation is alsanportant in laboratory plasmas, De Martin (Skyfactory).

e.g., in fusion devices, where turbulence has detrimental

effects orthe confinement of the plasma

Despite their importance, remote observations of turbulen
and plasma enermition in astrophysical plasmas lack spati
resolution and can only provide integrated, often mode
dependent results. Solar observations have considers
increagd in resolution in the last decade owing to data fro
Soho, Hinode and SDO missions. However, they are still
adequate for the detailed study of energy dissipatic
mechanisms. Measurements in laboratory plasmas have &
improved recently in terms ofabnostics, see for example the _
LAPD [16] or TORPEX[17] experiments, but the boundary
conditions imposed by a laboratory setup and the difficulty
resolving multiple scales simultaneously are often seve
limiting factors. Due to the inherent complexity of the
underlying physics, understanding such mechanisms in depil
from an experimental point of view requires direc
measurements of plasma and electromagnetic fields. THO
will make such measuremerits situ in the neafEarth space _ R
environment(see Figure 2) at higher resolutiorthan ever Key turbu_lent regions are shown: pristi
before, with a payload tailored to study the turbulerﬁOlar wind, ~shock, foreshock ar
energeation processes. The synergy between suditu and magnet_osheath._The TH_Oiargets these
remote observations Wil significanty advance our K€Y Scienceregions during the three
understanding of the Plasma Universe. mission phases

igure 2: IIIustratlon of nearEarth space
sed on Vlasiator numerical simulatiol
]. The colouring shows plasma densi
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Turbulent dissipation at kinetic scales

In space plasma turbulence, energy is injettemthe
system at large scales, and then transferred tdesmal .
and smaller scales by ndinear interactions which /(efew'c??yk'ﬂ)eCt'on
generate a variety of different turbulent fluctuations

This process is known dlse turbulent energy cascade
(seeFigure3). Energy dissipation is negligible at fluid
scalesbut becomes importanin the kinetic range "9 Casay \ (~ 1 km)
where the scales of turbulent fluctuations becom=®

comparableto those of the particles, e.g their
gyroradii. Kinetic scales are very small compared t

ion scale THOR

/ (~ 100 km)

electron scale

g (Energy)

the typical size of many astrophysical systeris; | kinetic range
example, ionand electron gyroradii in nedgarth -
space are about a few hundred kilometres or fe.. log (wavenumber, k)

kilometres, respectively. In thé&inetic range, the Figure 3: Schematic of turbulence enerc
energy ofthe turbulent fluctuations ighought to be spectrumEnergy injected alkarge (fluid) scales
transferred to heating and acceleration of chargedhscades tesmall kinetic) scales where it is
particles, which modifies the shape of the particlelissipated. THOR will explorekinetic plasma
distribution functions. At lowerparticle energies, processe that determine how the tureat
dissipation corresponds to heating, namely thelectromagnetic fluctuations dissipate

increase in the temperature of the thermal (core)

population. At higher energies (up to several times the thermal energy), a suprathermal tail is typically
formed, while at even higher energies (up to many tens of thermal energies), an energetic pdpulation
found. These populations are shownkigure4. THOR is designed to investigate the turbulence at kinetic
scales and how this leads to eneagon of the differenparticle populations.

The near-Earth space

Most astrophysical plasmas are collisionless at kinetic scales, so that in many ways the plasma processes are
comparable to Solar System plasmas. Yet rerabgervations of kinetic scales, even for the case of high
resolution imaging of the Sun, are not accessible. In laboratory plasmas, kinetic scales are typically of the
order of a fewcentimetresr less. Manufacturing advanced plasma sensors capablgobfing such small

scales is technically very challenging. The Agarth space (seEigure 2) is a privileged laboratory for

studying turbulent energy dissipationkitietic scales because high resolutinrsitu measurements can be
performed there and transmitted to ground with high |

cadence. Furthermore, neaarth turbulent regions
offer the possibility of studying many different types =
of turbulent fluctuations undedifferent conditions
over an extremely broad range of scales. Due -
similarities with other solar, astrophysical anc
laboratory plasma regimes, sEigure5, many @ the
results obtained in ne&arth space are helpful for
understanding other plasma environments. Or
important example of a turbulent environment in neau
Earth space is the solar wind, where the comple
dynamics of the Sun's atmosphere provides thalinit
energy at large scales that drives the turbulence frigure 4: Turbulent dissipation leads to plasir
interplanetary space, followed by dissipation at kineti6eating and/or acceleration of particles to hic
scales. Another important example are turbulent shogkiergies, forming suprathermal and energe
regions, e.g., the terrestrial bow shock, where localli@ils in their distribution function. THOR will
generated turbulent fluctuatiopday a major role for measure these particle populations to underst:
particle acceleration. the heating and acceleration processes.

thermal population

Maxwellian

og(distribution function

log(Energy)
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Previous and current space missions in 4i&ath ' icok ) e

: . . THOR solar wind expected medium
space provide a large numberiofsitu measurements,  10° THOR magne xpectec
. . . [ OR magnetosphere expected
that have allowed impressive advances il . e
characterizing turbulence at large scales. It was four I Outer co

Supernova
remnants

for the pristine solar wind that a fluid description 5:
captures most aspects of the large scale (lo g
frequency) turbulent cascad®,18] On the other = | om0
hand, most of energy dissipation and particle ;| Conil
energeation is expeted to occur at kinetic scalfoi E RFX(lab)
22]. Yet the dissipation mechanisms at such scales ¢
stil  poorly understood. Understanding suck | TORPEX

. .. . . . . 10" | Lower corona
mechanisms requires situ high-resolution and high ’
sensitivity measurements at kinetiakss in different
nearEarth turbulent region§.HOR would be the first
spacecraft tailored to perform such measurements.

MRX(lab)
laser plasma

102 107" 10° 10’
3

_ T Figure 5: Typical parameters ofifferent plasma
Comparison to other missions environmentsbased on real observations t
Many past and current spacecraft missions haveluster, ACE and MMS spacecraiany of the
studied neaEarth space plasmas. None of theseastrophysical and laboratory environments a
missions,however, have been, or will be capable ofsimilar to the nearEarth spacethat THOR will
reaching the sensitivity and accuracy of electric angieasure when compared in nedimensional
magnetic field measurements and the high temporalarameter spacératio of plasma and cyclotror
angular and energy resolutions of particle distributiofrequencies, and/ = ratio of thermal and
functions that THOR will provide. Such magnetic pressurgs
measurementsare required to study and fully
understand turbulent energy dissipation and plasma eatogi at kinetic scales. A ane detailed
comparison with current and upcoming missions, in terms of fulfillingftH®R sciencerequirements, is
discussed in Sectidh Forexample, the NASA MagnetospheNtltiscale (MMS)missionwas designed to
study the magnetic reconnection process at large scale boundaries, such as the terrestrial magnetopause an
magnetotailHowever, its instrumentation and orbit is not tailored to study turbulent heating and acceleration
processes, meaning it cannot fullgdress the THOR science questiofise future missions ESA Solar
Orbiter (SO) and NASA Solar Probe Plus (SPP) will make measurements in the pristine solar wind and
address turbulence as one of their many goals. Yeéh thituinstrumentation oboard sub spacecraft is not
tailored for studying kinetic scales, and their orbits do not cover the range eEamarenvironments
needed to address the THOR science questions. Furthermore, due to their large distance from Earth, the
volume of high resolution da that both SO and SPP can transmit is limited compar@tH@R. Sucha
large data volume isequired to provide a complete statistical description of turbulent energy dissipation
processes. On the other hand, due to the different orbif&HGR and bothSO and SPP, the synergy
between these missions will allow other questions, such as turbulence evolution with distance from the Sun,
to be studied.

Finally, Table1 gives the main science questions and summarizes the basic approach by which they will be
addressed. The following subsections explain each of taecgguestions in more detail.

Tablel: Summary of THOR science questions and howlilébe addressed.

Science question Closure
Ql: How are plasmas heated a Identify wave modesand coherent structures. Characterihe
particles accelerated? effects of thedifferent heating/acceleratiomechanismson the
plasma.

Q2: How is the dissipated energ Quantify the energy partition among electrons, protons and he
partitioned? ions. Quantify the energy partition between heating and pal
acceleration.

Q3: How does dissipation operate Explore te different parameteangesof turbulence by measurin
different regimes of turbulence? in pristine solar windflow interaction regions, shocks and sheg
behind shocks.
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2.2 Science questiorQl: how are plasmas heated and particles
accelerated?

Most of the plasma enemgition plasma heatingnd Suptatheuallsleckion donsity
particle acceleration) occurring in turbulent
collisionless plasmas, such as those permeating the
Solar §stem and mangstrophysical environments,

is expected to occur at kinetic scales, that is, at scales ~s
comparable to particle gyroradii and beldvigure 6 § 25
shows a simulation of turkence driven by velocity

shear, with a cascade of turbulent fluctuations down

to kinetic scales, where electrons are erzed)i 15
Different kinds of turbulent fluctuations, of which

Figure 6 shows one example, do exist in plasmas; yet

the exact mechanismsrttugh which they dissipate 020
their energy and particles are eneegi are basically

. oo . 0.15
unknown. The identification of the dominant
dissipation and particle energtion mechanisms is 0.10
the first main question that THOR will address: 0.05
QL How are plasmas heateahd particles 20 40 y/d; 60

accelerated?

Figure 6. Top: Electron energgation within kinetie

The key issueis whether turbulent enemgition s_cale _fluctuations as seen irparticle-in-cell
occurs only at located structures, or whether it is Simulationsof turbulencedriven by flow shearThe
distributed more uniformly throughout the volume€nsity of suprathermal electrons is colour cod
by other processes. Both of these possibilities afePttom: cut at X=24 showing the density of
associated with a numberf dlifferent proposed SuPrathermal electrons as would be seen b
physical mechanisms through which the ergatipn spacecraft [23]. _THOR high time resolutiol
may occur, which may be linear or nonlingar _measurements wﬂl_allovy to reso_lvacim structl_Jres
nature (see Figure 7). Different numerical " SPace and identify particle energtion
simulations showthata variety of these possibilities Mechanisms.

can be in operation in a turbulent plag2ai 28].

Due to the lack of dedicated measurements so far, * \
is not known which of these mechanisms are i

operation in space and astrophysical environment§ | Waves in coherent waves: .

. . e structures: - cyclotron damping
and how the plasma energiion vares under = | _wave generation - Landau damping
different conditions. THOR will explore these & damping - stochastic heating

mechanisms, and with its advanced instrumentatio - secondary instabilities

will be able to distinguish between them.

2.2.1 Uniform diSSipation coherent structures: non-linear waves:

- reconnection - steepened waves
. - . . . o . .
The first class of dissipation mechanisms that mg§ | - scattering & acceleration - phase space holes
b ti th that if RS - trapping & betatron - nonlinear Landau
e operating are those that are more uniform iz | _\otex dynamics damping
nature, i.e., they operate throughout the volume (2
the plasma. Several such collisionless mechanisr localized o

have been proposed, e.g., linear Landau ang _ . _
cyclotron damping [21,29 31], stochastic heating F'9uré 7:  Possible  dissipation  mechanisr
[25], trapping and heating in large amplitude wave8rganised accor.dlng.to their spatla_l unn_‘or_mlty. al
[32i 34] and nonlinear Landau damping resulting iff€9rée of noiinearity. THOR will - distinguish
the generation of phaspace hole$35,36] These Which mechanisms are taking place.

are associated with different types of waves and turbulence, so to investeyatesquires first determining
the type of fluctuations present, then looking for their effects on the plasma particles.
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Turbulent fluctuations and wavemode identification

The different dissipation mechanisms are associateq ,. .. . o, B . B HEB
with different types of turbulence, which can be T ———— _— |
present at different times, or locations in the near 500
Earth space environment. Many different types ol
turbulent fluctuations can exist at kinetic scales,
e.g., whstler turbulencg29,38 41], kinetic Alfvén ~ “*°
turbulence[31,37,42,43] mirror mode wave$44i &
46], and cyclotron wavepl7i 49]. Figure 8 shows
the magnetic field in a kinetic Alfvén turbulence
simulation. It is important to distinguish under what
conditions these different types of waves andzo \\'}
turbulenceoccur.

One way to distinguish the different types of -
turbulence and waves is by comparing the
fluctuations of different measured fields. For
example, kinetic Alfvén turbulence has been oFf "
identified by the ratio of electric to magnetic ° s 200 2 e =4
fluctuations 1 '@ 6 [21,50,51] and density to Figure 8 Strength of magnetic field fluctuatior
magnetidluctuation§ & 06[52,53] The magnetic (colour) in a simulation of kinetic Alfvén turbulenc
compressibility] @ff 0 has also been usd@4i showing elongated structures that will be measu
56], and is good for identifying mirror modesWith THOR[37].

[44,45,57] Other measures, such as magnetic helicity and polarisation are p{a3jb&}, and have been
used to identify parallgbropagating cyclotron or whistler wav§s9i 61], seeFigure 9. However, these

300

measurements are limited by instrument noise and resolution, meaning that we currently do not know the
nature of turbulence at electron scales, or how the type of turbulence in general varies under different plasma

conditions.

Another important diagnostic is the power spectrum; its properties and shape reveal a lot about the cascade

and dissipation processdsgure 10 shows example spectfeom the solar wind. The magnetic spectrum

steepens at the ion scale (~ 0.5 Hz) and again at the electron scale (~ 50 Hz), showing changes in the
turbulence, associated with dispersive and dissipative effects. The electric spectrum flattens at thee ion sca
although this is due to instrumental noise. The density spectrum steepens at the ion scale, but due to the
limited resolution, we do not know its behaviour at the electron scale. The precise shape of the magnetic

spectrum at electron scales, and thplications for dissipation, however, are debd&2J63] and we do not
have good quality electric, density, or particle

spectra here. Knowing the anisotropy of the
spectrum, i.e., whether kinetic turbulence is mad
up of pependicular(Q 1 Q), parallel [Q L
Q). isotropic {Qx Q) fluctuations, or some
combination, is also important, since these ca
heat the plasma and accelerate particles
different ways. While such measurements hav
been possible to some extent with magneti 0 50 100 150
fluctuations in the solar wind[64i66] and
magnetosheath [67,68], they are close to
instrumentalnoise levels, and not possible with
current electric field or particle instruments.
Measurements of spectra and anisotropy down
electron scales and below are needed
understand turbulent heatirigong periods of high
resolution data are needed for atstical
techniquesfe.g. ,69]to be used to measutbe
anisotropy.

== & o 1 L 0.4
ion cyclotron / whistler waves | / '{?‘1

/ | kinetic Alfvén / whistler turbulencel !
i’ J -
[

d (s)

perio

-0.4

angle between v and B [deg]

Figure 9: Magnetic helicity (colour) at ion kineti
scales. The red area at large angles to the magr
{' Id suggests kinetic Alfvén or whistler turbuler
nd the blue area at small angles suggests
cyclotron or whistler wavefb9]. THOR will allow to
distinguish these different kinds of fluctuations.
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Figure 10: Energy spectra of electromagnetic fields and plasma density in pristine solarlwiiidenergy
spectra of electric (black) and magnefgreen)fields measured by Cluster spacecrgfi] . The noise leve
of magnetic field is reached at electron scalesile the electric field below proton scales is unresolved
to noise flat part of thecurve. Right energy spectrum of density measured by SgeKitO] almost
reaching the electron scale. THOR will measure electromagnetic fields and density with sufficient se
to resolve turbulence fluctuations down to-sléctron scals.

The high accuracy and resolution measurements of THOR will allow the nature of the fluctuations at kinetic
scales to be fully identified. Magnetic fluctuations will be measured with high sensitivity and with a time
resolution to allow the typical turkence spectrum and anisotropy to be measured down to electron scales
(Science Requiremenil, R2 in Table3). The electric field measurements will also have a high sensitivity,
and due to the Sypointing spacecraft spin axis, there will be two good components, with minimalsigin
interference, allowing accurate spectrum / polarisatitisotropyand phase velocitsneasurements down to
electron scalesR1, R2, R3, R4). The time resolution of the particle moments willHigher, with increased
sensitivity, to probe kinetic scaleR€). These will allow the nature of therbulence and waves to be
comprehensively diagnosed in the range of 4isath environmentsR10) at kinetic scalesR11).

Signatures ofheating mechanisms

To determine which of the possible uniform dissipation mechanisms may be &igage{) also requires
searching for their effects on the plasma particles. The uniform dissipation mechanisms can be broadly
classed into two categories: resonant waadicle interactions, and ngesonant wawarticle interactions.
Resonant mechanisms include cyclotron, Landau and ttamsitdamping. Cyclotron damping has been
invoked to explain the high temperaturesthie solar corondi71] and solar wind at 1 AU72,73], and is
expected to lead mainly to perpendicular temperature increase. Landau damping has also been invoked
[28,30,31,42ince it can act on loMrequency perpendicular turbulence, and is expected to lead tceparall
temperature increase. How such mechanisms operate in a nonlinear setting is a topic of current investigation
[74,75] It has been suggest§@ll] that Landatdamped energy will nonlinearly cascade in velocity space to
reach srall enough scales for weak collisions to enable irreversible heating. One of the main types of non
resonant heating mechanism proposed is stochastic
heating[25,76,77] This is thought to occur when
turbulent amplitudes are sufficiently large to cause
particle orbits to become chaotic, leading to a
spread in velocity spacesee Figure 11), and can
lead to perpendicular heating in ldvequency
turbulence.

One of the most effective ways to distinguish
between these mechanisms is through examining
the velocityspace structure of the particle
distributions, and how this correlates thet
turbulent fluctuations. For example, cyclotron
resonances lead to diffusion platea{2,78] Figure 11. The mechanism of stochastic heatir
Landau damping leads to parallel structure at thearticles gain energy as the electric potential (me
thermal Speed [79,80]’ an entropy cascade grld) varies in time during the partiCIe motion (blar
generates smaticale velocityspace structure line) [25].

charged particle

potential

t+At
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[31,81] and stochastic heating creates-ftqi
distributions [82].  Particle  acceleration
mechanisms lead to high energy tails on th
distributions[83].

Recent Hybrid VlasoWaxwell numerical
simulations [24,27,84,85] have shown the
behaviour of ion distribution functions around
the ion scales. When the turbulent activity
reaches its maximum, the shape of tBD -
velocity distribution shows noeMaxwellian
features, such as temperature anisotropy along = *
across the local magnetic field and particle 0.50
beams mainly aligned to the local magnetic fielc 0.48 : : : :
(Figure 12). Such features are the smoking gui 34 38 40 42 44

of waveparticle interactions and dissipation < [e/@4l]

processes. Particla-cell simulations have also Figure 12 Iso-surface plots (upper) of the protc

shown the development of large electron parallefelocity distribution at three locations in a turbulen
temperature anisotropy, and, possiblhe simulation, correspading to different temperature
formation of electron beanj24,86] Such large (lower). The distributions are strongly nol
anisotropy is locaied within regions that extend Maxwellian,  displaying characteristic ~ dissipatic

less tharDO0.1 ion gyroradii, and is smoothed outsignatures (anisotropies, resonances, beams, etc.)

when averages of particle measurements aféiOR will be able to resolve.

done over larger regions. Thes@mulations

indicate that measuring both ion and electron distributions with high temporal, angular and energy resolution
is crucial to understand particle heating and acceleration. Moreover, resolving the sharp velocity gradients of
both ion and electrodistribution functions is essential for establishing whether or not plasma collisionality
can be locally enhanced in presence of fine velocity structures, to enable true irreversible heakeg to
place[31,82,87]

While some aspects of these features have been identified in obseryafi@®, current measurements

lack the velocityspace resolution to definitively distinguish between the different mechanisms. To address
this, THOR will have an advanced suite of particle instrumentation, with high time resolution, and in
particular high velocity space resolutidRg, R7). Both ion and electron instruments will sample at-igub

and sukelectron scales respectively and both will sample velocity space at a fraction of the thermal speed to
enable the different mechanisms to be R = S a4
distinguished. Together with the synchtzmj lon Landau Damping Electron Landau Damping
high time resolution electromagnetic field [ T i
measurements(R1), this will enable field
particle correlation techniques to be applied t
identify the signatures of each mechanism
Figure 13 shows a field-particle correlation
techniqud88,89] applied to three different types
of heating mechanism in turbulence simulations
the different correlation signatures allow these t
be distinguished, and the resolution of the
THOR instrumentation will allow this to be used

- N W
v, v

v, v

lon Cyclotron Damping @
4-32-101234-3-2-101234

to determine the turbulent heay mechanisms 7 7
in the neaiEarth space environments. The TEA _ _ _ _ _
electroni nstrument wil | alFgeelgfiglepargcle gosrejayan fephpigue applie

—
o = N W b

mode, in which individual electron counts arg© Simulations to obtain energy transfer in veloc
telemetered, allowing direct wayearticle Space (colour) for different hea mechanism:
correlation measures to be app“ed (mtion [88,89] Different stru¢ures can be seen for tr

6.5 for more information on the correlation datadifferent mechanisms, which can be resolved \
analysis techniques). sufficient velocity space resolution.
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Astrophysical example: kinetic instabilities in accretion disks

Accretion disks play a key role immany astrophysicg
environments, ranging from forming planets to supermag
black holes in the centre of galaxies and gamma ray bums
accretion disks, plasma is continuously moving inward
thereforeangular momentum must be transported outward
the disk. The magnetorotational instability (MRI) is a fl
instability that is widely accepted to account for such trang
and it has been studied through many MHD simulati®tk In
ne P o m—— some cases, plasma in accretion disks can be conside
Newtoos Soax collisionless, e.g., near the black hole at galactic egrand
therefore similar to solar wind plasma. In such conditions, the plasma within the disk cannot be rep
anymore as a fluid and kinetic physics, e.g., kinetic instabilities and turbulence, become crucial. In
to their effect on largecde plasma transport, kinetic instabilities and turbulence can also play an imyg
role for plasma heating and particle acceleration within the disk (e.g., disk heating,efianesince it is &
kinetic scales that particle enezgfiion is thestrongest.

An important example of a kinetic instability in accretion disks, receiving grow
attention, is the kinetic magnetorotational instability (KMF2i 96]. An example
in the figure shows the formation of kineicale structures in a portion of th#
collisionless disk. The KMRI generatemhanced outward angulanomentum
transport with respect to the fluid caf@6]. It also generateturbulence whose mr
energy spectrum shows an Alfvérave cascade at large scales and a kinetic Affvs 153
wave cascade at small scales similarly to the solar wind. Particle distrib?\" ’,‘,
functions become neklaxwellian and show anisotropy with respect to the magng S
field direction. This anisotropy drives kinetic instabilities such as firehose

Magnetic Tower Jet

1o the topology of the magnetic fielqy
o+ producing smalbkcale reconnection e
o7 regions. Eventually, mnethermal S
o9 particle acceleration is observed in the dithrough
04 dissipation of turbulent fluctuations and/or reconnectid
93 This particle acceleration may explain the origin of hi

01 energy particles observed around massive black holes.

Conditions observedn simulation of KMRI can bevery
similar to those found in the solar wirj@7]. The figure
10.0 e o'mm. SNOWS thed i st ri buti on of temperatur
t from the Wind spacecraft in the pristine solar wind, compared with
mirror and firehose instability thresholds in a similar fashion to
simulation. Instability thresholds are computed with the assumption -0
Maxwellian proton distributios Yet actual dstribution functions in sola
wind turbulence are often far from-blaxwellian, as also observed
recent simulation$98]. This could lead to incorrect thresholds anfctf
2f | the identification of the instabilities at workkHOR high-resolution
measurements of both electron and mas®solved ion distribution

=9

mirror

¥ 'oblique

y fire hose functions at kinetic scales will help to identify realistic conditions for]
o 3 o1 | simulations of both KMRI of other kinetic instabilities that are
001 010 100 1000 important for the dynamics of large-scale astrophysical objectsAs an

example, the KMRI simulations assumed an electron/proton plasmg
equal initial temperatures. Yet electrons and different ion species are expected to thaliffeapmtly, ag
often observed in the solar wind and in planetary magnetospheres. The vallle mihys an important rol
in several theories of bladiole accretiorf99]. The use of accurate distribution functions and anisotropi|
simulations of KMRI can also be important to interpret the radiation emitted by accretion disks, suc
one around th supermassive black hole Sgr A, from the radio to the garayneanges. Ovesimplified
assumptions in the simulations, e.g., assuming Maxwellian and isothermal elecairomske compariso
with observations difficult since electrons dominate the eomssi
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2.2.2 Localized dissipation

It is also possible that the plasma enmatibn occurs within highly localed structures generated by the
turbulence, rather than occurring throughout the whole volume. These are small kinetic scale structures, at
scalescomparable to the particle gyroradii, and include current sheets, magnetic islands, isolated flux tubes
and smaklscale vortices[100i 102]. Different types of particle enemgition are associated with these
structures. Turbulent structure generation and Ipedldissipation are closely related to the phenomenon of
intermitteny, the noruniform distribution of energy within a turbulent mediufigure 6 shows the
intermittent acceleration of energetic electrons in a stiéaen turbulenceismulation

Intermittency

The focussing of turbulent fluctuation energy and dissipation into particular regions is known as
intermittency, and ismportant for determimg how turbulent heating operateldowever, it is not well
understood, especially atridgtic scales. Previous studiggmsed on field fluctuations, have foudiffering
degrees of intermittencyin the solar wind kinetic ranggr0,103,104] and significant intermittency was
found in magnetopause KelwviHelmholtz kinetic turbulencgl05]. Numerical simulations (e.gEigure 8)
generally show kinetic scale turbulence to be quite intermifg3)87,106]and scaling modelhave been
developed to incorporate thigd7]. The high resolution field and particleR1, R2, R6, R7, R8)
instrumentation on HOR will allow the intermittency of thdissipation itself to be probed at kinetic scales
to reveal how it is distributechow this corresponds tihe intermittent turbulent structures, anghich
models provide the best descriptidPreviais work, based owlissipation proxiese.g.,localized field-
particleenergy transfer:j) [22,107] temperature enhancemefit87,108]andfield fluctuatiors [109,110]
hasshownhigh degree of intermittencyrhese measurements, howeweere not adequate to quantitatively
probe the dissipation, which requires more comprehensive -t@ghlution instruments and diagnostic
techniques. THOR will provide longeriods of high resolution data in different plasma conditi®i9) to
resolve the nature of intermittent turbulemeeldissipation at kinetic scales

Current sheets

It is thought that plasma turbulence can generate current sheets at smal[ZtalHsand it has been
proposed that many of these englb magnetic reconnection (déigure 14) [26,86,101,112,1134s part of

the dissipation procedd14,115] Plasma heating and particle acceleration at scales comparable to the
kinetic scales of reconniieg current sheets have been suggested f{@116 118]. Turbulent
reconnection events have been reported in the magneto§h24ib7] in the pristinesolar wind[119i 121]

and atcoronal mass ejectiori$22]. Despite some observations of these structures, howeveip wet have
aclearunderstanding of the role they play in turbulent heating and acceleration.

70"
B\ X
50— \ O N
40 ‘ /
30 ......
7
4050 60,70

Figure 14: Generation of smaidcale reconnection current sheets in turbuler(@@.Shaded contours ¢
current density and magnetic potential (isolines) in a turbulence simulation; possible reconnection s
indicated by crosses. (b) Shaded contour of the ion temperature anisotropy together with magnetic fi
(black). Deformations of the particle velocity distributions are concentrated around coherent structur
are located near the peaks of cuntadensity THOR measurements will allow resolving thin current sh
and smaliscale reconnection down to electron scales.
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These current sheets can energithe plasma

particles in different ways. For example, at sites of
magneticreconnection, parallel electric fields can
lead to electron heatingl23] and ions can be ¢
heated by pickup processes as they enter thewx"-sob .

exhaust regiosm [124]. It has also been proposed 0000 WGT"W‘“

GSE) [nT]

[125] that intense cuent structures can lead to ¢ *°f7 ‘ il i i i
double layers, which can accelerate particles orgm | .
generate electrostatic wavesatling to eventual € |

o -50 b

dissipation.Figure 15 shows recent measments R i
of an ionscale current sheet in the magnetosheath 2016-01-11 UTC
observed by MMS, which has the highest temporal T T T T T T
resolution currently available. The electron
measurements have sufficient cadence to resolvexn -4
heating in the parallel direction at current sheet s
edges. The ion measurements show a drop in o  fecesseess
parallel temperature in the centre of the current . ggg:‘ ‘ )
sheet, suggesting ion parallel cooling, but ion = so0f o—8—
composition is not resolved at ion scales. The **
cadence of the electron measurements onboalgd
MMS is not sufficient to redee electronscale ' '9Y'¢
current sheets in the fast streaming magnetoshe
and the pristine solar wind:he same fielgparticle
correlation techniques described3ection6.5 can

[nT]

GSE

5 00:59:03.0 5 00:59:04.0 5

15 MMS spacecraft measurements
éﬂqgnetic field, electron and ion temperatures in
ion-scale current sheet within  magnétesth
turbulence.The bn data suggestparallel cooling in

also be applied to current sheets to determine tﬂée currgzntt _sheet ?Ut _?arggosn_llcljn Carl)nq[:]
energiation processes occurring within them. Thigcasured at ior scaies. will-measoo

will allow the role of current sheet structures i 0°NS and alphas within such current sheets,

turbulent heating and acceleration to be determine&‘{e” as resolve electrqsc_ale current sheets in tr
magnetosheath and pristine solar wind.

THOR will allow the role of current sheets to be

determined in several ways. Due to the spacecraft-asfign orientation, a high quality electric field
measuremenfR2) will be obtained; this, together with high resolution measurements of particle moments
(R6) will enable energy transfer measures suckq<o be calculated at the site of plasma structures. The
higher time resolution of the particromentgR6) will also allow quantitative measures of lo¢edating at
subion and sukelectron scale structures. The high velocity space resolU®3nR8) will also allow the

nature and amount of heating to be determined within these structures for the first time, by resolving non
Maxwellian features of particle distribution functions associated with ezagia.

Shocklets andvortices

Important intermittent dissipation and acceleration at
kinetic scales can also occur in other structures, such &
as shocHike structures (often referred to as
shocklets) and vortebke structures via nofinear
processesOne examplewhere shocklet formation at
kinetic scales is of key importance for plasma heating
and particle acceleratipiis the quasparallel shock
[32,127,128] see Figure 16. Understanding the
intricate feedback of ion dynamics within shocklets * d;)wnstream
on the resulting variability in the shock structure is s
required to find a definitive solution to the injection
problem, the formation of a seed population of _ _ o
suprathermal ions on which Fermi acceleration candure 16 Threedimensional particlén-cell
act to accelerate particles to very high enerffigg]. Simulation showing the complex behaviour
Another example, vortex formation, is Veryquasrparallel shock turbule_nce_ showing ti
pronounced in plasma environments exhibiting Aresence of shocklets at kinetic scald26].
velocity shear. Numerical simulations show that, a§HOR will resolve such structures and t
sheasflow instabilities set in, turbulent vortex Particle energiation within them.

-1.0
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formation awl secondary instabilities develop down to the smallest kinetic §@8gsseeFigure 6. Such
simulations show that plasma heating and particle acceleration occur at thosg28chB&§ A few in-situ
observations of vortex structures eXi$81i 133], however, plasian measurement resolution has not been
sufficient to study plasma heating and particle acceleration within those vortices at kinetic THdaIBs.
high resolution measurements of both fields and particles will allow the role of shocklets and vortices to be
understood for dissipation at kinetic scales. Accurate determination of the phase speed of stRjtuiés (
allow proper identification of shocklets (fasdtlow) and vortices. High accuracy THOR electric field
measurements will enable the shock electric fields which emepgirticles to be determineR?) together
with high resolution measurements of particle distribution functions and moniRBit&RY{, R8) both in
thermal and suprathermal rangessddimination of ion species at high resolutid®5( R7) will allow to
understand differential energition between protons and heavier ions.

2.3 Science questiorQ2: how is the dissipated energy partitioned?

A key issue for collisionless plasma turbulence is energy partition among particle spe@emagdnergy

ranges. Despite its importance, experimental measurements of how turbulent energy is partitioned in space
plasmas is very scarc@ particular at kinetic scales. The partitiontloé energy dissipated by turbulence at
kinetic scales is the send question that THOR will answer

Assessing energy partition is of pivotal importance for understanding the behaviour of many astrophysical
plasmas. As an example, equipartition between-biggrgy cosmic rays and thermal gas in clustdrs
galaxies is invoked to explain observations of-tlegrmal radiation in a wide range of wavelendtt35).

Remote observations in the solar corona suggesttibanagnetic energy dissipated during flares into the
acceleration of higlenergy particles is higher than that going into plasma heHtB®&137] On the other
hand, an important fraction of magnetic energy dissipated in the corona is expected to go into thermal
plasma and account for coronal heating. Remote observations also indicate that the energy spectrum
cosmic rays is dominated by ions, 99% of which are protons and alpha particles. Assessing energy partition
between energy ranges and species fionsitu
measurements is crucial to understand (&wlar ]
System plasma enemgition works and can hetp
undestand the energiation mechanisms lying
behind the electromagnetic radiation measure *
from distant astrophysical objects during key
phenomena.

-~ Helios 1+2
S5 1974 - 1981
S L fit to ,

 Atemperature
data

[y adiabatic plus
% added defcsay
a . . e Ll energy of 5%
Q2: How is the dissipated energy partitioned S alpha beam at v,
between heating and eceleration of 20} e
electrons, protons and heavier ions? ltemperature”” - _ excess
for adiabatic - - temperature

9.7eV

. . . . | expansion
Many signatures exist in the turbulent solar winc |

and shock regions indicating that plasma i
continuously bing energred. For examplesolar |/ A ]
wind observations of ion temperature over man 02 04 06 08 1
astronomical units are not consistent with ai, Qistance from'the.Sun. [A.LL]
adiabatic behaviaor [134,138]indicating that solar Figure 17. Evidence of local heating in fast sol;
wind plasma is dag continuously locally heated wind. The proton temperature profile over distar
see Figure 17. Yet, solar wind electrons andfrom the Sun (black: measurements; blue cul
protons show different temperatuyesg, electrons power law fit) is not consistent with the temperat
are cooler than protons in the fast wind while hotte¢xpected from adiabatic expansion (dashed |
in the slow wind[139] suggesting that different line). The proon temperature (red line) afte
heating mebanisms are at work for electrons andncluding the decay of the alpfproton relative drift
ions respectively. Furthermore, heavier ions (alph@reen line) indicates the importance of instabilit
particles in particular) seem to be preferentiallypetween protons and alphas. THOR will prov
heated with respect to protons, the temperaturgeasurements of ion composition that are neces
ratio being more than mass proportiorjak0]. to study such presses at kinetic scalgis34].

energy released’
from 5% beam at vA
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Non-Maxwellian features of distribution functions such as beams and energstiaréaalso found both in

the solar wind and in planetary, interplanetary and termination shocks¢t89,141 144], indicating that

both heating and acceleration are at work. Most of these signatures have been provided-dmalarge
observatbns of turbulent fluctuations and particle distribution functions, while major turbulent dissipation is
expected at kinetic scale3his is due to the fact thatigh-resolution coordinated field and particle
measurements in solar wind and shock regior@vieg kinetic scales arat present vergcarce THOR will
provide such measurements and alltw energy patrtitiorproblemin turbulent plasma dissipatiaio be
solved

2.3.1 Partition among species

There are very fewin situ measurements at 1.0f
kinetic scales in the solar wind and shock regions
providing information on how energy is
distributed among plasma species for different
turbulent dissipation mechanisms. Available
observations are becally based on magnetic and
electric field measurements in combination with
expectations from theory and simulations
[21,25,120] while observations of particle
distributions are scarcg107]. Most of the 0.0 .
information comes from numerical simulations 0 2
e.g, gyrokinetic [42], hybrid [145], particlein-
cell [24,146,147]and Vlasov codeg148,149]
Yet such simuhtions are only able to reproduce
specific scales and particle species at a tim
while understanding islsipation at kinetic scales
requires resolving simultaneously electrons,

06

02|

Relative frequency of occurrence

4 6
T[,/Tp
Figure 18 Observation of theelative occurrence o
TyTp, in the solar wind by the Wind spacecre
showing peaks near equal temperature/TF1)
&nd equal thermal speed (Tp=4). 23% of the
observations (highlighted in grey), have/Tp>5
iindicating anomalous heating. The obsergaf
fere made by the Faraday Cup instrument with
temporal  resolution. THOR  higlesolution
measurements will allow exploration of the i
kinetic scales that are required to understa
preferential ion heating.

scales. At present, simulations are not capable
reproduding such physics in detaiHowever, itis
expected thathe developmenin the next decade
will allow simulations to opemew pathways to
investigate turbulence and dissipatipnthus
providing invaluable toolsfor studying the Ot = 1625.6
observations provided BYHOR. i i AR A

Important electron and ion heating anc '°f
acceleration at kinetic scalesan occur through .}
damping of a number of wave modes such &_- -
kinetic Alfvén, fast and slow magnetosonic,> °°f 3§
whistler and electrostatic wavef81,139] as

discussed in Sectich How the dissipated energy

-0.5F

is distributed between electrons amntifferent  -'of S o
species ofons depends on the specific dissipatior _,of ... .. ... . . T RO e S e
mechanisms as well as on plasma conditions su  -'° -%® ©00 05 10 15 =10 05 00 05 10 13

VIV VIV
A A

asthe amplitude of turbulent fluctuations, pIasm""Figure 19 Snapshots of the ion velocity distributio

b, plasma,ecdifigransmedhansms of HeE™ ions and protons when the system v

also produce different features in the d'St.”bUt'ori]nitialized with a broadband spectrum of Alfvé
functions e.g, parallel or perpendicular

anisotropies with respect to the magnetic fiel yclotron waved{151]. He™ ions are preferentially

that can be used as evidenter a specific eated with respect to protons, which in turn develc
mechanism P stronger suprathermal beam. THOR higdsolution

measurements of masssolved distribution function

As an important example, kinetilfvén waves il allow the preferential ion heating mechanisms
(KAWS) can be dissipated at proton scales eitheje studied andnderstood.

into proton heating (via Landau damping or
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stochastic heating) or into electron heating 0.2 2) SE(P)
[25,150] Proton Landau damping and stochastic e
heating would result in heating the paralleland
perpendicular directions respectively. On the other o 0.0
hand, solar wind observations seem to suggest that N
KAW turbulence is only slightly damped at proton ,%

scales and &t most of energy is dissipated below i E“_‘?:ff;mml OE( U].)
proton scales[21]. Numerical simulations of U — ion flow

dissipation of turbulent fluctuations at electron [ P, = elecoon thermal
scales suggest that heating is directed mainly to -().4] P mesnetc nplane
electrons and that electrons are heategbarallel Qt
direction via electron Landau damping. Heated Cl

electrons are 20% hotter than the prot{®4. In  Figure 20: Turbulence simulation showing the tin
order to study and understand thermal energyolution of ‘Gor the electron thermal energy, ic
partition between protons arglectrons resulting thermal energy, kplane magnetic field energy, ar
from dissipation of KAWS, high resolution particleion flow energy. ‘Gs defined to be the change in t
measurements in typical thermednges of solar energy for each component from its initial val
wind and magnetosheath are required. THOR wi[R3]. THOR measurements of electromagnetic fie
allow such studies by resolving moments (densityind particle moments will allow determination of t
velocity, temperature and temperaturg@satropy) energy partition during coherent structure formati
and by measuring fuBD distribution functions in and interaction.

the thermal range of electrons at electron scales and

of protons at suproton scales in the pristine solar wind, foreshock, shock and magnetos&aR7,(R10
andR11in Table3). In particular, the high energy and angular resolution measurements of TH@jR part
distribution functions will be crucial to verify conditions for Landau damping and to identify particle
anisotropies and narrow beams.

As another example, solar wind observations indicate that heavier ions (alpha particles in particular) are
preferantially heated with respect farotons, the temperature ratio between the two species being more than
mass proportiondlL40], as shown ifFigure18. Dissipation of KAWSs via stochastic heating seems to have a
greater efficiency for heavier ions, pointing out the privileghdnnel foralpha particle heating and energy
dissipation in the solar wind 52].

Preferential turbulent heating and acceleration of alpha particles can also be produced by dissipation of
cyclotron waveg151], seeFigure19. Such waves are also efficient to eneegheavier ions such as oxygen

ions and to produce highly complex velocity distribution functions and temperature anisotégid$4]

Wave damping also plays an important role for méegsendent heating and acceleration of heaviey iion

shock regions. An example is the observation of oxygen ions aroundpguabél shocks. Such ions can be

in many cases explained as escaping from the magnetosphereisymititunderstood if they can also be
related to local acceleration by quasirallel shock fluctuationgL55]. Understanding the energy partition
between different ion species due to dissipation of fluctuations such as IKAWS$vén-cyclotron waves

requires high resolution measurements cf ,,, 120 B ——

massresolved ions. THOR will allow such Vs -~ [
studies by providing measurements of ior 10 e ;’ 7=
composition R5) that will be able to _ & ~ KN F AN 'S 2-"I
resolve temperature anisotropiRg) and S eo S 0 /?./ \ 15
nonMaxwellian features of idtribution = T o) : -
functions R7) at kinetic scales inthe

pristine solar wind and magnetosheatt 2R Po e .,
(R10, R11). % 20 40 (90 100 120 % 20 40 B0 100 120

Important heating and acceleration ofF
electrons and ions is also expected withi
coherent structures such as reconnectiq
current sheets, magnetic islandsrtexlike

igure 21: Contour plot of proton (left) and alpha partic!
right) temperature normalized to the initial value in Vlas

rbulence [98,156]. Particle heating occurs in thil
filaments with a typical width of a few ion inertial lengtt

structures etc. 'A.‘S for other kmds__of preferential heating of alphasvith respect to protons i
turbulent fluctuations, thenergy partition observed

between electrons and ions in such
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localized dissipation is not fully understodéigure 20 showsthe time history of the changes in the energy
budget for a kinetic simulation of sheffow turbulence where a large number of dissipating sstlle
coherentstructures is formedAbout 30% of the initial energy in the flow has been converted wther
forms, with about 2% of such enenggoing into ion heating and %®into electron heating. The simulation
also shows that electrons are mainly heated in the direction parallel toghetrodield, consistent witthe
expected heating due to parallel electric fields generated in the reconnection [28fcess

Pioneeringin situ observations of such dissipatiavas provided bythe Cluster spacecraft in iescale
reconnecting current shedt7]. Cluster observations could show evidence of electron hefdtirg but

the ime resolution was not sufficient to resolve temperature anisotrepie®ll asto resolveions. More
recent MMS spacecraft measurementsimilar ion-scale current sheets have allowed electron anisotropies
to be resolvedndhave showrthat electrons are mainly heated in parallel direction withirsale current
sheetg[158]. MMS observations can also reseliors, seeFigure 15, but are not able to distinguish ion
species at kinetic scales. On the other hand, kinetic simulations strongly suggest that heatisgde ion
coherent structures is more efficient for alphas than for prosmestigure 21 [98,156] At present, no
measurements of both promand heavy ions are available with a cadence sufficient to resolve heating in
ion-scale current sheets. Furthermore, no electron measurements are available t@lextobvdneating in
electronscale coherent structuresthre solar wind and magnetoshealthese measurements are required to
assess energy partition between electrons, protons and heavier ions durizgdatiskipation at kinetic
scales. THOR will abbw such studies by providing highsolution measurements of elecsoprotors and
alpha particles at their respective kinetic scales in the magnetosheath and pristine soRAWiRA.D), in
particular hightime resolution measurements of temperataisadropies R6).

2.3.2 Partition between heating and acceleration

Understanding energy dissipation at kinetic scales requires also assessing how energy is distributed between
thermal and nothermal component&igure22 shows typical components of particle distribution functions

for collisionless plasmas. The thermal component is repiedeby aMaxwellian distribution; particle

heating typically corresponds to an increase of the temperature ofadlistribution. The suprathermal
component refers to energies seveéirakslarger than the thermal energy while the energetic component to
energies many times larger. Both suprathermal and energetic congparernypically approximated by
powerlaw distributions.

It is poorly understood fromin situ measurements how the energy dissipated by turbulent fluctuations is
distributed between these different energa) 100 va) Io.g b) 100 SNSRI |o.og
ranges, and most of the knowledge currentl t/7=320 @ e \\ \

comes  from numerical simulations. ~ 06 s NN 1 0.06

Mechanisms of uniform dissipation such asS 50 EFZml Ny
linear Landau and cyclatin damping and \ ./ Rt 0.03
stochastic heating produce heating and |
:  thermal | thermal N

suprathermal acceleration (g.gbeams at 00 a0 0 e N oo
suprathermal energieg)139] but in some X/ d) 10058 i Io.mz
cases they can also lead to the formation € 10°r ‘ e Y
powerlaw tails of highly energetic particles 104; Jf\} . /| | 0008
[159,160] ol | E =

. o i ¥ % 2 0.004
Localized dissipation  within  coherent = 10%} £ % ;3-;
structures at kinetic scales, such as thi 100! 2|38 energetic N | | o
reconnecting current sheets and sraallle 100 10' 102 108 0 5 100
magnetic islands, seem on the other hand to t % x/A

efficient to both heat plasma and creatgigyre 22 Particlesin-cell simulations of thermal
energetic  particke [116,117,162164]  syprathermal and energetic particle acceleration
Thermal, suprathermal and energetic particlegrhulent plasma[117]. Plasma heating and particl
can be found at different spatial locations;cceleration occurs at kinetic scales but at differ
within the turbulence, suggesting differentocations. THOR highesolution measurements @fns,
heating and acceleration mechanisms at wokkermal and nosthermal electrons will allovthe partition
[117], as shown inFigure 22. Energetic of dissipated energypetween thecomponerg and its
particles typically constitute a small fractiongpatial distributionto be assessed
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of the energy partition (a few %) during dissipation within coherent strud2@gsalthough in some cases

the total energy density of the energetic particles can be comparable with the remaining magnetic energy
suggesting that, at least in some cases, equipartiddween energetic particles and magnetic field is
energetically accessibl§l63]. In order to study and understand enenggrtition between thermal,
suprathermal and energetic components in kinetic turbulence, simultaneous high resolution particle
measurements in different energy ranges are required. THOR will allow such studies by measw8ing full
distribution functions oklectrons, protons and heavy ions lie thermal R5, R7), suprathermalR8) and
energetic R9) energy ranges at their corresponding kinetic scales both in the pristine solar wind and in the
magnetosheatiR10, R11).

Partition betweenhe hermal and nothermal ranges is also very important at shocks, where kinetic
turbulence plays a key role. An important example is diffusivelslagceleration (DSA) at quasarallel
shock[165,166]s uc h as t he Ear tamechanibno iw respdnsibtekfar theSfarmation of
powerlaw spectra of energetic particles; however thermal particles must faeqakerated to suprathermal
energies first for the DSA acceleration to take place. How thisagreleration, theso-called injection,

occurs is far from being understood. Numerical simulations strongly suggest that dissipation of
electromagnetic fluctuations at kinetic scales is responsible fi68], although how much turbulent
fluctuations dissipate into heating or suprathermal acceleration is not clear. Another important example is the
acceleration of energetic particles at strong interplanetary shbikse 23 shows STEREO spacecraft
measurements of pressure from different components (magnetic, thermal and energetic) around an
interplanetary shock161]. The region just upstream of the shock is dominated by energetic particle
pressure, indicating the importance of resolving kinetic scales for both thermal and energetic components in
order toassess their relative role. In order to understand energy partition between thermal, suprathermal and
energetic components at turbulent shocks, high resolution particle observations are needed in shock regions.
THOR will allow such studies by measuringlf@D distribution functions of electrons, protons and heavy

ions in different energy rangeR%, R7, R8 and R9) both at interplanetary shocks and at the bow shock
(R10). In particular,the high energy and angular resolution will alldle suprathermal proton and alpha
beams R8) and energetic taild9) to be resolved

~ 00 [T e T ammsazoss AR RaAREaEES: T
% 500 interplanetary shock—— .
2 400} : ,...J'M
g upstream :

= 300k P ‘.J downstream -
L 200 Larars o Evacpnoyians Lryn:saiaera:y " TP Leveiinnes 1

1O+0
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Figure 23: Solar wind speed and different pressure components (due to the magnetic field in red, the
blue and energetic particles in black) during the passage of a strong interplanetary shock obse
STEREOJ[161]. Different pressures dominate in different regions with energetic particles domir

upstream of the shock. THOR higdsolution measurements of particles at kinetic scales correspotali
their energy will allow the partition of energy at turbulent shocks to be assessed.
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Laboratory plasmas

Understanding basic plasma processes requires *~
combination of theory and experiments in bo
laboratory and natural plasmas. Synergy betwrer
situ  spacecraft observations and laboratc
measurements is of utmost importance since, wi
laboratory setps provide full control over the
experimental conditions allowing for highl
repeatable plasma scenarios, plasma diagnostics
still limited, especially for accessing plasma kinel
scales. As an example, fBD patrticle distribution
functions cannot auently be measured in laborator
experiments. Therefore, kinetsrale measurements, such as those that will be performed by THOR
strongly benefit the plasma laboratory science commufte example is the TORPEX basic plag
physics device in Eur@p shown irthe figure to the righthttp://spc.epfl.ch/research_basic_plasmas_tjry
which is devoted to the investigation of turbulence and its interaction with different plasma
[167,168]

A key question foplasmas is how ion transport is affected by sipedlle turbulence, in particular f
suprathermal ions with energies significantlv i i i ,
exceeding the temperature of the background plas (@) E=30eV  Superdiffusive
[169i 171]. Such ions are ubiquitous in fusion devic o suprathermal ions
and astrophysical environments and their dynamicg 1.5}
largely unexploredThe figure shows thetemporal = 4|
evolution of the supthermal ion current in the
TORPEX plasma as the suprathermal ion source®
turned on (red) and off (blue) periodicallli72]. The 0
interaction ofplasma turbulencevith ions is energy 5 ; A . . .
dependent. Lower energy suprathermal ions sh 0.73  0.735 °-7“Time‘g“5 0.75  0.755
superdiffusive transporacross the field lines, while

higher energy ions show sdiffusive transport. In the superdiffusive case, the suprathermal ion s
exhibit a high level of intermittencguggesting thathis is due to their higher sensitivity to intermitte
turbulentstructures. A deeper understanding would require measurements at the kinetic scales, whig
of easy access in laboratory plasm@a&OR high resolution measurements of massesolved ion
distribution functions and electromagnetic fields will help tounderstand the interaction between
intermittent structures, also observed in space, and ion transport

Another example that provides a platform for studying processes re
- to THOR, such as waves, turbulence, dissipation, and pa3
energration, is the Basic Plasma Science Facility in the U
(http://plasma.physics.ucla.edluln particular, recent experiments usi
the LArge Plasma Device (LAPD)
shown in the figure are being devoted® .o
to investigate prolems such as  esf
excitation of whistler waves by 7 _ [{{&
. . < -20

energetic electron§l73], laserdriven ~
magnetized collisionless shock$74] R
s and  Alfvén  wave  parametric oo
\Fecey  instabilities [175]. The fgure shows .

W/ results of a recent experiment in a lov _ *°
b plasma that i s r.Hereanamnetgetié ionrbea &-20f
excites Alfien waves via the Dopplshifted ioncyclotron resonance ’_.M
[176]. In turn, THOR high resolution measurements of ion anisotropies _ |
for different species will help to understand the generation of Pl
turbulence through ion-driven instabilities in laboratory devices

: Qd'ﬁ'
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2.4 Science questiorQ3: how does disgation operate in different
regimes of turbulence?

The third science question thEBHOR will answer is how dissipation operates at kinetic scales in different
turbulent regimes. This will allonan understandingof which turbulent fluctuations and dissipation
mechanisms are dominant under specific plasma conditions and how plasmaa@nangorks in Solar
System plasmas. The neBarth space provides an
excellent laboratory to test this, thanks to the different

) regions sampled byHOR along its orbit seeFigure?2.
regimes of turbulence? These regions are characterized by different values of
typical plasma parametem.g, amplitude of turbulent
fluctuations, plasmd, plasma composition, homogeneity, collisionality, Mach number, systemesize

Key regions are the pristine fast and slow solar wind, interaction regions between flows, shocks and
associated sheath regions. Such +#&ath regions are representative of a number of astrophysical turbulent
environments, so that the identificatiasf dominant dissipation mechanisms BYHOR would help
understanding dissipation in distant objects wiesstu measurements are not available.

Q3: How does dissipation operate in different

2.4.1 The pristine solar wind

The pristine solar wind is the regi owhicuhasnotryetam o
encountered any effects of the Earthodés magnetosph
journey from the Sun, and contains a widlveloped turbulent cascade. It provides an opportunity to study
turbulent heating ahacceleration in its purest form, without the additional effects generated by the bow
shock, such as reflected particles, unstable distributions, boundaries, wave bursts, etc. The plasma here is
also in a particular parameter regime, which, together thélother regimes nearer the Earth, can be used to
study the variability of turbulent heating and acceleration.

The pristine solar wind is variable in maways, and this can be used to probe the different heating and
acceleration mechanisms. The two main types of solar wind are fast and slow. These have different speeds,
but originate from different regions of the Sun, so vary significantly in their pdymioperties. It is possible

that the turbulence in fast and slow wind may be driven in different ways. This can be seen from the
magnetic spectrum at large scales: the fast wind contaifv$ sgpectrum of Alfvén waves, but the slow wind
contains arf 2 inertial range to very large scaléddqure 24). THOR will be able to determine how heating

and acceleration vary under these differer FAST WIND SLOW WIND
|arge.sca|e plasma Conditions trace of magnetic field spectral matrix trace of magnetic field spectral matrix
107 o] 10°

There is also variability in the relative
turbulent energy fluxes progating in either
direction along the magnetic field, a property £
known as imbalance. At large scales, the solz“’g 10°
wind can have balanced fluxes or can be ver 2 ;=
imbalanced, usually with a higher flux in the g .+
antisunward direction8]. It has been found 5
that the turbulence properties can depend c¢3 " F
the degree of imbalang¢&77i 179]. However, 10°
the imbalance in the kineticange and its  ,{
effect on turbulent heating and acceleratiol 10 o

has not been wetheasured due to the limited 10° 1x10° 1x10° 10° 107 107 10° 1x10° 1x10* 10° 10° 10"
resolution and quality of previous frequency [Hz] frequency [Hz]
measurements. The increased sensitivity zé/

Helios 2

the elect i ¢ THO igure 24: Difference between fast and slow pristine sc
€ eleclromagnetic measurements on ind at large scales at different distances from the
will allow turbulent heating andécceleration

i diff ¢ . f imbal 0 b [8]. The spectrum of magnetic fluctuations in the s
In q ' eirer:j ;(_egl_rlnels ?h im Ia anc_ed E €wind catains a long f5° cascade but the fast wind has
understood. similarly, theé solar wind has g -, injection range at large scales. THOR will determi

V?]r%rr:gaffg;gsrezr.(?fs ]E):;'Crlgs g?lt"r;séonglr'tt%lehow heating and acceleration at kinetic scales depeni
wh variou u Partiti&itterent largescale turbulent conditions.

distributions[140,180,181] THOR will also
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be able to test how turbulent heating depends on the degree of collisionality of the plasma, allowing the
understanding to be applied to a wide range of astrophysical plasmas.

The plasma beta b (ratio of ther mal and magnetic
the plasma behaviour, and is expected to affect the nature of the heatimg.slwiar wind, the beta is on
average around 1, but there is significant variability allowing the dependence to be studied. For example, it
has been proposed that stochastic heating can b
efficiency of theheating is greater for a given turbulent spectf@sj. Landau and transiime damping,

however, are expected to be more efficient at higher beta, since there are then more particles to satisfy the
wavepatrticle resonance condition. The abilitiycurrent sheets to undergo reconnection (and therefore heat

via this mechanism) also depends on the beta in addition to the magnetiarglie[d82]. The pristine solar
windwillallow t ur bul ent heating in different b regi mes

In the last decade, smatale reconnection events have been found to occur in the solafiBidlIt is
debated, however, how common these are, and whether they are able to dissipate a signifizarmf frlaet
turbulent energy121,183] This understanding is limited by the time resolution of solar wind particle
instruments, which limit the ability to detect suetents, and also by the lack of quantitative measures of
dissipation. THOR will address this with its high time resolution particle measurements and the ability to
probe the nature of the turbulent heating within the reconnection events at high resolution

The pristine solar wind is important for understanding energy dissipation in other distanieriturb
environments where situ measurements are not ,

available, e.g.weakly collisional plasmas such as N ' ' ' ' '
galaxy clusters, accretion disks and the interstelli
medium [31,185 187] The interstellar medium N .
has a plasma composition similar to that of sole N Ry o™ R
wind (mainly hydrogen and heliunfl88] and is '
suggested to be turbulent by remote observatiol
[184]. Turbulent dissipation occurs there, with__
intermittent heating in vortelke structuresas '-Z
one key mechanism invoked rfothe star =

DM fluctuations
(solid lines)

50

T
z ISM velocity \'\'\
formation proces$§189]. Turbulent dissipation is fluctuations / N /
s,

df/dt in

/ dynamic spectra

alo important for the amplification of magnetic-*‘%‘
fields and for the recceleration and diffusion of $ | ;50 -ee7 ‘%‘
cosmic rays. Remote observations in thig

-6.67 _-11/3

interstellar medium show a typical Kolmogorov ‘Z& .

like spectrum in the inertial range as in the sole 2 v %8;\

wind, seeFigure 25, yet no remote measurements (stars and boxes) N, weak ISS
can unambiguously resolve the kinetic scales [ S otemh
although somemeasurements seem to suggest \-_.|

12 spectral exponent below the ion gyroscals strong 1SS~ ! "
[190]. The resolution of such remote e S / 3
measurements is expected to improve thanks 4 F decoreiation G ¢
new observatories, e.g., LOFAR and SKAHOR . . . ff °"9U'°fl broad. ) L

in situ measurements in the pristine solar wind & -8 -16  -14  -12  -10 -8 -6
kinetic scales will be verymportant to support log,o(spatial wavenumber, q (m™"))

and complement such new remote measurementsigure 25: Inferred electron density power spectrum

THOR will repeatedlysample the pristine solar the interstellar medium, suggesting that a turbul
wind (R10), performing high sensitity and cascade is operating at fluid scalgsd4]. THOR in
accur@y measurements of  both the Situ measurements in thkinetic range will help
electromagnetic fields and plasma particles Understand how dissipation operates at small scale
(R1...R7). This will allow the connection between the interstellar medium since remote measurem
the turbulent fluctuations and plasma eneation ~ cannot access kinetic scales.

to be understood in this plasma regime.
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2.4.2 Interaction regions between flows

Interaction regions between flows are regions of strong turbulence in astrophysical plasmas and are
associatedvith important plasma transfer, mixing, and eneagon. One examplef such flow interaction
regionsis sheasflow boundarieswherethe KelvinrrHelmholtz (KH) instability developsThis large scale
instability can drive turbulence at small scales and has been obskrveitu within planetary
magnetosphergd 31,192,193Jand at the heliopaug&94]. The KH instability is also expected to occur in

the pristine solar wind due to the interaction of strongly twisted magnetic flux thbésriginate in the

solar corona andet carried away by theolarwind [195,196] Energy dissipation associatedth Kelvin-
Helmholtz turbulence plays an important rodeplasma heating and particle acceleration in the solar wind,

as well asn the interaction between the Sun and the planetsaked space weather. Other examples of
flow interaction regions are the boundaries between fast and slow wind stig@ms) ascorotating
interaction regions (CIRs), where turbulent fluctuations canirbportant for several enemgition
mechanisms, e.gscattering of energetic particl¢87]. Recent results, on the othkand, indicate that
typical signatures of largecale turbulence, such as spectral slopes and entropy changes, are not evident
within CIRs suggesting that driving of turbulence by shear could be less important than ekp@clied

More observations of CIRs, particularly at kinetic ssalare needed to clarify this issue and assess the
importance of turbulence and associaadrgy dissipation within CIRs.

Recent largescale kinetic simulations of sheffmw turbulence[23,130]suggesthat localzed dissipation in
smallscale current sheets and magnetic islamdy bedominant with respect to dissipation by wave
damping. The major electron heating mechanism is parallel heatitng pgirallel electric field produced by
smallscale reconnection evisn Thin current sheets at ion scales have been observed around KH vortices
[198]. Yet, the lack of high temporal and energy resolution particle measuremeatsiims currently not

possible to measure the expected particle anisotropies. It is not yet estdtishadobservational point of

view if localized dissipation within coherent structures is indeed the dominant dissipation mechanisms
within flow interaction regions and more detailed measurements are needed to solve this jR6bRM (

R8). Simulations also indicate that the properties of sfiearturbulence at kinetic scales can be different
between2D and 3D turbulence. Accurate measurements of turbulence anigedgrap kinetic scales for the

case of shedtow turbulence are needed to understand how dissipation depends on the properties of such
turbulence R3, R6). THOR will explore plasma interaction regions both at interplanetary boundaries, such
asCIRs, and at the magnetopause boundary between the solar windlteed Ear t hés (R&GGhgnet o
and will allow the energy dissipation within

such regionso be understood 250

Observationsof interaction regions in near

Earth space can be important to understar a0
energy dissipation mechanisms in distan
environments. One such example is energ
dissipation in the solar corona ihe presence
of shear flows. KH vortices have been
observed through remote maasments in the
solar corona at the surface of a fast coron:
mass ejectio191,199] seeFigure 26, but no 450
assessmenof energy dissipation is possible
from such measurement8D simulations of
the incompressible MHD equationsveal that 1200 1150  -1100  -1050  -1000 950  -900 -850
the growth rate of the KH instability on the X (arcsecs)

boundary of erupting CMEs should beosgly Figure 26: Evidence of KelvisiHelmholtz turbulence
attenuated by turbulen¢200]. Suchanenergy close to the Sur{191]. The image fromthe AIA
dissipation scenario is also importdar other instrument onboard SDO spacecraghows a fas!
astrophysical environments where shear flowsoronal mass ejein erupting from the Sun and tF
are expected, such as astrophysical jets amormation of KelviRHelmholtz waves. THOR  wil
accretion disks. In accretion disks, the largeobserve in situ the microphysics of Kehdelmholtz
scale magnetorotational instability91] is turbulence in interplanetary space at high resolut
thought to generate MHD turbulence that isand help understandhe dissipation and energation
evertually dissipated at kinetic scales,processes at small scales close to the Sun.

SDO AIA_1 131 3-Nov-2010 12:15:21.620 UT

-350
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Figure 27: Turbulence spectra for two consecutive interplanetary shocks shown as a function of time (let
and frequency (right panel). The spectrum just upstream of the second shock (red curve in theneijyhs
modified by instabilities driven by suprathermal id282]. THOR accurate measurements of magnetic 1
fluctuations and massesolved ion distribution functions at interplanetary shocks will allow an understandi
how turbulences modified by instabilities

producing plasma heating and particle acceleration in the disk. Remote measurements of the radiation
coming from such distant objects are even less detailed than in the solar corona, and the exaattoenergi
mechanisma are unknown.

2.4.3 Shocks and associated sheath regions

Shocks are very important regions of particle heating and acceleration in many astrophysical plasmas and are
sources of strong turbulen¢201]. The interplay between shocks and turbulence is very complex and it is
crucial to study and understand it since turbulent shocks are sites of major energy dissipation. Also, heated
and accelerated particles produced at shocks generate waves that can thmdifpperties of the
background turbulence, as shownFigure 27 where the spectrum of magnetic fluctuations upstream of an
interplanetary shock is strongly modiliein the inertial range by waveegerated by resonance of
suprahermal iong§202].

Three major regions are associated to shocks and are important for energy dissipation: the upstream region
(foreshock), the shock itself and the
downstream region of shocked plasma (shea ¢’
region). Turbulence in all theseegions
stronglydepends on the larggeale properties

of the shock, such as the angle between tt EB(k) ]
upstream magnetic field and the normal to th
shock surfacegen, the system size and the
Mach numberFigure 28 showsa largescale
kinetic simulation of the terrestrial bow
shock. This shock is the most studied due t
the availability of manyin situ observations,
such as those by Clustand more recently by
MMS, which provide importah information
on kinetic physics Yet a deeper
understanding of energy dissipation anc
plasma energation mechanisms related to Y()
shock turbulence is currently not possible du
to the lack of higkresolution measurements
of electron and mas®solved ions Hat are
able to resolve at the same time kinetic scale
in the incoming pristine solar wind and in the

foreshock, shock anmiagnetosheatfegions. . o _
Figure 28 Largescale particlein-cell numerical

Quastparallel shocks . simulation of the terrestrial bow sho¢R03]. Top, left:
The quasparalel shock,g T Uhds the gpectra of magnetic fluctuations. Top, right: prot
shock region where the strongest turbulencgistribution functions. Bottom, left: map of plasma dens
is observed, as indicated Wygure 28, top-  Bottom), left: map of magnetiefl.
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left panel where amplitude of magnetic fluctuations is shown. Stroeggy dissipation and particle
energeation due to turbulence is expected there.

In the foreshock of quagiarallel shocks, an important sourceurbulence is represented by Krequency

waves generated by reflected iofi26,142,203] Earlier observations indicated th#te basic wave
generation mechanism is related to the cyclotron resonance of such ions with the waves themselves, yet
many important details of the wave and ion beam generation processes remain uneXikmaas]
Observations in the quagarallel foreshock show high amplitude fluctuations ha\&nﬂgs]’(j p, often

referred to as SLAM$L27,205] and other kinds of cohererstructures such as shelike kinetic structures
(shocklets), vortices and magnetic islands and-gyntropic particle distributions, most likely involving
specular reflection of ions at the shock and/or nonlinear trapping of ions in the wave fieldstahdieg

the generation mechanisms tbksewaves and coherent structurasd their interaction with different ion
species requires accurate high resolution measurements electromagnetic fields and of ion distribution
functions at kinetic scaleg.ccurateTHOR measurements of electric and magnetic fields at high cadence
(R1, R3), as well as phase velocities of structures/watg), (will be combined with high temporal and
angular resolution measurements of ma&s®hed ion distributions inhte hermal R7) and suprathermal

(R8) ranges at t hR10EThis wilhabow a fhllcharactekatian kfiortscale turbulence in
guasiparallel foreshocks.

Largeamplitude foreshock disturbances affewit only ions but can also accelerate atiens to near
relativistic energiesas recently observed tlge THEMI S spacecr aft a[206]tFiguwe Ear t
29 shows the evolution of the electron distribution functions as electrons interact witfahapgjeude ion

scale magnetic structures in the foreshock. The formation of an energetic taibiftthrition function up

to relativistic energies is observed togetith foreshock fluctuations suggesting that electron eratighn

is produced by kinetiscale turbulence in the foreshock. Yet understanding the eagogi mechanism of
energetic adctrons requires also measuring the thermal source electrons at their kinetic scales, as well as
massresolved ions to understand the generation mechanism of turbulent fluctuations in the folésheck.

of these measurements are currently available irfdteshock region. THOR high temporal resolution
measurements of masssolved ion and electron distribution functiansthe thermal R7), suprathermal

(R8) and energetic rangelp to relativistic energiedRQ) in foreshocks R10) will allow us wnderstand in

detail the generation of relativistic electrons around gpasillel shocks.

In the downstream sheatiegions,the compression ofhe flow affects the spectrum of the turbulent
fluctuations transmitted through the shpck
e.g, SLAMS, by increasing the amplitude of

21:57:51 - 21:57:54 UTC

21:58:09 - 21:58:12 UTC
21:58:12 - 21:58:16 UTC

from the inertial range is abruptly amplified
and transported to the dissipation range G TR SR
leading to additional heating of the log,, Energy [6V]
downstream  plasma. Other coherent |
structures like current sheets, magnetic
islands, voiites etc., can beon the other
hand generated locallyas found in kinetic Mo
simulations[126,203] seeFigure 28, bottom ‘ , XYZ

right panel. Turbulent fluctuations at kinetic WHEETD ot R, 21358:20 Btaon
scales in quagparallel shock regions lead to Figure 29: Acceleration of relativistic electronsy
strong plasma heating and particlef or eshock fluctuations o
acceleration to high energies. Omeportant bow shock. The distribution function of electrons ug
example is smalcale reconnection occurring relativistic - energies is  shown at different tim
in thin current shest in the terrestrial corresponding to the spacecraft crossing lasgeplitude
magnetosheatj22,107) The efficiency of foreshock fluctuations. THOR's igh  resolution
such smalscale reconnection seems tomeasurements of thermal, suprathermal and energ
depend on shock boundary conditions anélectrons at their kinetic scales will allow us to underst:
parametes such asgs, and system size. in detail the electron energization mechanisms

Current sheets and magnetic islands are muéreshock turbulence.

rORY

-12 7% i
. . T 14 - ng.ﬁﬁ'. (6)-~E | S
the fluctuations perpendicular to the shock g2 L -

. . a9 _17! 55.:! 1 21:57:57 - 21:58:00 UTC
normal and compressing the wavenumber ir ¢ E %! e | TR
the direction parallel to {207,208] This will $ v 31 | e
lead to enhanced dissipation as wave energ §§é iyt | 21186:0621:68:08 UTC

®, 53] et |
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more frequent in the quaparallel magnetosheath
than in the quagberpendicular [107,203]
However, the exaaependencef this dissipation
mechanism o, is not known. Furthermore, the 5
number of current sheets and islands and the3
interactions is expected to increase with the siz
of the magnetosheatlj203], suggesting that
dissipation due to turbulent reconnection could b -sze00
stronger in the larger sheath regions associat
with interplanetary shocks. THOShigh temporal A
resolution measements of moments and
anisotropies of electrons at electron scales ar
massresolved ions at ion scalg®6), together

~41°40'

—41°50'

on (J2

1

DEGREES

—42°10'

) . 15"04™ 03™ 02™
with accurate and fast measurementslectric Right Ascension (J2000)

and magnetic field§R1, R3), will allow us to
establish the importance of smatlale
reconnection for dispation and heating in the
magnetosheath depending on shock boundar

Figure 30: Evidence of strong turbulence and partic
acceleration at quagparallel supernova remnar
shock SN 1006. The magnetic field is radial in yel
conditions both at the bow shock and atég.gior.]S (quakjparallell) and perpendicgl_arlto radri]a
interplanetary shock&R10) irection in blue regions (quasp_]erpen icular). The

most efficient particle acceleration and generation
Another important example where shock magnetic turbulence is attained at the quparallel
turbulence plays a key roles diffusive shock portion of the shock14]. THOR measurements
acceleration (DSA) which is one of the most hoth interplanetary shoskand bow shock will allow
important mechanisms invoked for particleys to understand turbulence generation and parti
acceleration in astrophysical plaasn and is acceleration undedifferent Mach numbers and sho
efficient at quasparallel shocks[166]. This inclinations.
mechanism is the prime candidate to explain the
acceleration of galactic cosmiays in supernova remnantseénergies of ~#0eV and beyond. Ithe DSA
mechanism, particles are scattered in pitch angle by turbulent fluctuations so that they cross back and forth
the shock and gain energy at each shock croqdi®g]. As this process takes time, shocks driven by
interplanetary coronal mass ejectipwith propagation times of days from the Sun to the obsgoffer the
best possibility to study DS situ [e.g. 202]. However, thermal particles must attain a threshold energy
through an'injection’ mechanism in order to get efficiently accelerated by DSA. Despite this importance,
the mechanism of particle injection @t fully understood. Kinetic scale turbulent fluctuations in shock
regions, e.g.SLAMS or foreshock cavities, are important candidates for particle injection by reflecting and
scattering ions. Whatever the mechanism, injection is likely to occur muehquukly than the DSA itself,
and thus it can be studied well even in the Earth's bow shock, whietitmted size to accelerate particles
via DSA to the highest energieBHOR's high energy and angular resolution measurements of both electron
and massesolved ion distribution functions at kinetic scales in both therRa &and suprathermaR@)
rangestogether with accurate measurements of electric and magnetic fR3gsnll allow usto study and
understand the role of kinetcc al e t ur bul ent fluctuations for part
interplanetary shockd$R(0).

Quasti-perpendicular shocks. The quasperpendicular shoglg T uhds typically associateavith a

lower amplitude of turbulent fluctuations, as indicatedriure 28, top left panel. Yet such fluctuations can
play a significant role for particle enezgtion at kinetic scales. Geometry and dispersion relations of
downstream wave modes are important to determine the acceleration characf{éfiicEield-aligned
beamsobserved upstream tfie quasiperpendicular terrestrial bow shock have distributions showing high
energy tails that are produced by intermittent turbulefR@9]. On the downstream side, different
fluctuations(e.g., mirror modes) grow because of free energy in the anisotdpic™Y ion distributions
[210]. THOR'saccurate measurements of anisotropit®) @nd phase vetities (R4) of kinetic fluctuations
both upstream and downstream of the bow shock and interplanetary $Ra€kstogether with particle
anisotropies at kinetic scalef@), will allow us to undestand kinetiescale turbulence and particle
energration around quagierpendicular shocks.
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By making measurements of particd@ergeation

at both interplanetary shocks and at the bow shock
with  different parameters (Mach numbers,
obliquity, size), THOR will identify properties that
could be scaled to understand distant shocks sucl
as coronal shocksthe solarwind termination
shock or astrphysical shocks

One such astrophysical example supernova
remnant shocks that are site of major acceleration
of galactic cosmic rays and are thought to be
efficient for particle acceleration when the shock is
guasiparallel [14], as shown irFigure 30. In situ
observations of strong particle acceleration and
turbulence at quagiarallel shock having relatively R

large Mach number (up to-100) have been Electron energy (keV)

reporte d at S a[ela)r ht_D\_meser lI}iﬁu\‘\é cha 'E%&rgn acceleration to relativistit
particle instrumentation was not sufficient toenergies at a higMach number quasiarallel

resolve the detailed processes responsible for ﬂ%ﬁock wave at Saturf212]. THOR measuremen
particle acceleration, seerigure 31 Higher have much higher rtie resolution than those i

resolutlor}thobsel;vatlons e.gt, dbfy :[[Ee Clﬁg planetary bow shocks, allowing to properly addre
spacecrafthave been reported for the cas electron acceleration when the Mach number

Eart hos [:B:Zi_,\/\NhlcmImrothekotherhandEar thos bow shock is s

hasa much smaller size and lower Mach number

(typically below 10) tharsome other planetaryshocksand the strongesinterplanetary shocksTHOR

observations in different quagarallel shock regions will contribute® advancing our mderstanding of
particle acceleration therein.

keV1

. Shock transition: 1:08-1:10 UT
107 b

106 L

Qutermost magnetosphere: 23:42-23:44 UT

Differential intensity (m=2 s~ sr

]04k
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2.5 Additional science

In addition to the prime mission goals there are quite a few additional important science questions that can
be addressed with THOBuUt which do not drive the mission requirementslere we oncisely review a few

such examples. The topics are split into those that are possible to study in the Key Beigocs (KSR)

but do not fall under the core science goals of the mission, and those that the THOR mission will be able to
address in regianthat are not in the KSR

2.5.1 Additional science in thekey scierce regions

Turbulence at fluid scales in the pristine solar wind The survey data will provide lorduration time

series datavith higher time cadence and accuracy than any other missgstmesolar wind This allows

higher accuracy and higher quality investigations of turbulence at fluid sbafes the pasiThe turbulent

cascade at such scales is observed ubiquitously in the solar wind and is thought to progress primarily through
the nonlinear interaction of courdpropagating Alfénic fluctuatiors. Being Sun-pointing, THOR will

allow the most precise test dis process by performingery accuratePoynting flux measurements of

waves andneasuring the magnetic and velocity fiefds computation of Elsasser variabld§8,213] The

high accuracy with which THOR will measure particle moments will enable the correlations between fields
and particles at fluid scales to be measured with unprecedametedion,allowing a better understanding of

the anisotropic and neimear processes thatide fluid plasma turbulenci9,214 216]. Survey mode data

will provide many days of continuous solar wind measurements, long enough to observe the largest scales of
the turbulent cascade, the ousenle[217].

Reconnection inthe pristine solar wind. The solawind is a unique laboratory for studying plasma heating
and particle acceleration in very largeale reconnecting current she¢2d8] which may reflect the
conditions observed in extended astrophysical systems. Magnetic field measisr&om earlier spacecraft

(e.g, Cluster, Wind, ACE) were able to identify such current sheets and a number of important features
therein, such as rotational discontimst/ slow shock far downstream from the -Kne. However,the time
resolution of article measurements was too coasse example ifrigure 32, to quantitatively studyhe



THORAssessment Study Report page32

heating and acceleration procesges3,218 221]. Higher time resolution is currently available from MMS
spacecraft, buthe MMS plasma instrumentare not designed for measuring solar wind plasma. THOR will
allow usto study with high, accuracy reconnecting current sheets in the solar wind.gyestimating the
exact inflow speeds into current sheets and separatrices through high aEctBamgasurements as well as
particle moments measurementéis will allow anaccurate measurementtbie reconnection rate and the
energy dissipation rate-j, as well as plasma heating. THOR will also allow accurate studies of the breaking
of the condition of frozesin magnetic fields and related Hall physics, due to its-qghity electric field
measurements in solar wind.

Reconnectiongenerated turbulence in the solar wind The identification of smalécale fluctuations in
reconnection regions is very important for understanding energy dissipation during reconnection. Large
gradients andanisotropies are observed around such regions supporting a variety of wave generation
mechanisms. One important example is the reconnection outflow region, where waves and turbulence have
been observed222]. Reconnection outflows can generate local turbulence with different characteristic
wavenumbers implying the occurrence of different dissipation mechanisms neaalies THORSs accurate
measurements of electric and magnetic fielsl well as accurate phase velocity determinations will ahew

study ofsuch turbulence.

Electromagnetic emissbn generation in the solar wind Another important additional science question
which can be studied usifiHOR is how electromagnetic waves are producedyipe Il solar radidurss.

Only a small number ofype Il source regions have been observed directly by past missions, e.g., Wind and
Stereg[223,224] Although these missions have electric field instruments capable of resolving the Langmuir
waves, they lack magnetic field instruments which can resolve waves at the plasma frequency and its
harmonics. As a result, the mechanisms responsible for rad® evaission are still a matter of debate. It is
expected that THOR will encounter a numbefgpe Il source regions in the solar winddOR's improved

wave measurements of both electric and magnetic fields at the plasma frequency and its harmonics will
allow us to understand in detail the generation mechanisms.

Transport of energetic particles in plasmas around shocks'he standard mechanism to explain particle
acceleration at shocks is diffusive shock acceleration (DSA). This mechanism predicts enartjekic p
fluxes that decay exponentially in spacethie presence of apatially constant diffusion coefficieq225].
However, recent analyseof time ,
profiles of energetic particles far AIRRSIRS Tima (1)
upstream of interplanetaryhacks . 01'5__3'40, _edge 01:53:50 '
have revealed power law decays -~ (a)

indicating superdiffusive transport g 20 1
[226,227] implying that DSA < Oﬂw-p:q:: b
should be extended to include non = -20 b———u e — —
diffusive, anomalous transport 5
regimes. In addition,
superdiffusion predicts steeper
thanexponential particle profiles " ST PP
in the close upstreamegionof the 15 10 -5 0 5 10 15 20 25 30 35
shock. This technique has further Distance through exhaust (d )

been applied to relativistic _ ) ,
electrons accelerated at supernovg'9ure 32 A solar wind reconnection exhaust observed by V

remnants, in order to reproduce thdblack) and a compateve PIC simulation (greer{p21]. (a) Exhaust
spatial profile of Xray emission outflow speed (the solar wind background flow is subtracted).
[228]. THOR's high energy and Wind measurement cadence of 3s is sufficient only to captur
angular resolution particle data data points in the exhaust. (b) Current densityngldhe outflow,
will be crucial toobtain accurate derived from magnetic field measurements. The simulation pre
particle energy profileslose to the that the signature on the ldfand side of the exhaust is caused
shock, and therefore to betterkinetic physics and that is important for heating. High resolu
assess particle transport in space 1OR measurements will allow us to qtify heating in such sola
plasmas. wind reconnection exhausts.

01:54:00
edge .
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2.5.2 Additional science outside th&ey science regions

Magnetospheric regionsDuring a substantial part of the
orbit, THOR wi | | be in the Eart
Figure 33, where several important additional science
guestions can be addressed such as the structure of
magnetopaus@and magnetotail current sheet at kinetic
scales, the microphysics othe Kelvin-Helmholtz

instability at the magnetopause and the microphysics
plasma jet fronts in the magnetotail.

Locally generated turbulence in the magnetosphere.
Fluid and kinetic turbulence is found throughout th
magnetosphere, in the polar cusp, magnetotail, ar
current sheet. Much of this turbulence is locally
generated by the high temperature anisotropy of the iol

and electrons in these regioj229]. THOR will provide \\’a '

the detailed and higbadence distribution functions
necessary to investigate these phenomemah provide
a unigue opportunity to study the genevatiof inverse Figure 33. Different regions encountered by
cascade processes thought to be generated by temperafit®R in nearEarth spacéllustrated with the
anisotropy instabilies hdp of a hybrid simulation (Courtesy: D.

Plasma jet fronts in the magnetotail The interaction of KraussVarban). The key scienceegions are
fast jets with ambient plasma results in the formation ¢f€ solar wind, shock and magnetoshea

jet fronts[230i 232] Jet fronts e important for energy |HOR will also make observations at t
dissipation and particle energtion at kinetic scales, the Magnetopause boundary and in the magneic
front itself having a thickness ranging from few ion tdmarked withspacecaft positions).
electronscaleg233,234] One important question is whether such thin jet fronts are di@cktructures, as
expected in solar corona and other astrophysical environments and suggested by Cluster ob§2B24tions
or tangential discontinuities with no plasma flaarosg230,231] It was not possible to solve thisoblem
with the available data, due to the insufficient accuracy of electric field measuremdritee dow time
resolution of particle measurements that are required to quantify plasma inflow across the front and evaluate
erergy dissipation througR-j. THOR will provide such measurements

Geomagnetic storms and current sheet disruptionsDuring geomagnetic storms, reconnection in the
magnetotail current sheet is thought to drive-stasm events, accelerating plasma towdingsEarth at high
energies. THOR will join any spacecraft remaining from the THEMISst€r, MMS and Van Allen Probes
missions enabling extensive investigation of the whole magnetosphere system, or offer an opportunity to
continue the science of these sims after these spacecraft stop operations. THOR will offer higher
resoltion and cadence measurementdich is particularly useful for investigating reconnection and
turbulence in the current sheet, thought to be responsible for the triggering ahghasse of substorms,
producing distinctive patterns and shapes in aurora strughathe geomagnetic response of the Earth to
space weathd235].

Space weatherIn combination withother missions in nedfarth spaceTHOR canaddress science that is
important for space weathérhe recent COSPAR Roadmap on Spatmatherf236] spells out several key
requirements tanake progress in such science. In the nearest term, it will be crucial to improve our
understanding of which solar wind structures, seen at L1 by monitoring missions, can actually reach the
Eat h 6 s tmasgorhee r e  agaveffechvedcTB@Rewill provide such observations by acting as near
Earth monitorThis science is very important for both the space plasma and space weather communities and
can be investigated by THOR already during its nomindiike. THOR observations, together with those
from still existing and/or newly arriving L1 missions, will lay the foundation for the planning of a later
optimized longterm space weather monitoring program. In the longer term, the roadmap spells outithe nee
for a coordinated fleet of solar wind monitoring spacectdime of the instrumentbat will be developed

for THOR areexcellentspace weather monitors, e.g., FAR and CSW, and could beounssatch future
L1/L4/L5 missions In addition, depending onefresults of the initial and extended science phase, it may be
envisaged to move THOR to L1 after its extended phase.
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Astrophysical example: particle injection at collisionless shocks

The mechanism of Galactic Cosmic Ray log[f (p,)]t = 168.5w;!
(GCR) acceleration is a fundamenpaoblem __ 2 pessmmm——"

of plasma astrophysics. Acceleration by |
Diffusive Shock Acceleration (DSAJ165] =
occurring at noselativistic  collisionless 350 880 900 920 940 960
shock waves, e.g., supernova remnant blast log[f(p.)]t = 169!

waves, is a welestablished mechanism to. 2 prpEETETS T

produce GCRs. In order for DSA to proceed |
efficiently, however, a fraction of the SEET |l
population particles needs first to hwe 80 880 900 920 940 960
accelerated to suprathermal energies. This log[f (p:)]t = 169.5; "

process is usually referred to as injection. 2 prmmmemm—"
Determining without free parameters thg o
exact fraction of particles that need to R — Lot ake
injected and their spectra as function of shock: 860 880 900 920 940 960
strength and inclination, as Welas wle/wy)

composition (electrons, protons, alpha particles, heavier nuclei), is a key open question for co
physics. Such an injection model requires a-seifsistent calculation of the shock structure
microphysical scales, which can be achieved @it kinetic plasma simulations. The figure abg
shows an example of kinetic simulations of particle injection at a -gaasilel shock with relatively
high Mach numbe/ =20 [166]. The shock discontinuity evolves on kinetic timescales (a
proton gyrotimes) and becomes more and more turbulent. lon reflection and scattering is du
interaction with fluctuations at kinetic scales and depends on ion mas$emergies. Therefors
accurate measurements of particle distribution functions and electromagnetic fields in shock
are crucial to validate injection models, which, in turn, are very important to understand DSA.

High-resolution in situ spacecraft TR T L o A
measurements that are able to resolve kine ' ; '

=]

: 3
physics are scarce. The top panel of ts mSW ‘ G2
figure to the right shows high time resolutics Ms 8%
measurements of i0r " i 1.
shock from the Fast Plasma Instrume 10'-" s ‘(b)_*:s
onboard the MMS missior211]. These " e '7 3
measurements are currently those w3 0% L= X [ es 3
highest possible cadenaad are sufficient to u 10* . 1 M
resolve ion kinetic scales. Yet, the eneri  10':  pcant s 2
resolution is not adequate to resolve t - ‘ o m
details of the incoming pristine solar win ' — — ';5 3
distribution function since MMS instrument 5 " = aR e 53
were not designed to study the solar wiru 1 4 P
Furthermore, theFast Plasma Instrumen ' ppcane™ s @
does not discriminate ion species. The t T raeso e viaaso
bottom panels show measurements from t _ 2015-10-07 UTC

Hot Plasma Composition Analyzer which can separate protons from heavier ions (e.g.
particles) but whose cadence is not sufficient to resalw®p and alpha particle kinetic scales.

THORin situmeasurements of proton and alpha particle distribution functions at kinetic scaleg
electric and magnetic field fluctuations will allow accurate measurement of both the cold ing
ions and thehot reflected ions in turbulent shock regions and the determination of how sug
interact with kinetiescale turbulent fluctuations. Due to the size of the terrestrial shock and its {
Mach number (normally// <10, but sometimes up toV/ ~20), THOR measurements can orj
partially help in studying DSA such as that operating in supernova remnéetsTHOR
measurements may help obtaining realistic injection models to be used to study Diffuse Shq
Acceleration and cosmic ray acceleration, considarg that most of cosmic rays are composed (
protons and alpha particles which will be very accurately measured by THOR.
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3 Scientific requirements

This section lists the major scientific measurement and mission/spacecraft requiremepitsyaeda short
motivation for each athese

3.1 Instrument requirements

Table 2 gives a summary of théraceability from the science questions (Level 0) to the scientific
measuement requirements (Level ihich was discussed in detail in the previgastion Addressing ach

of the science objectiv@requires severabf the measurement requirements to be fulfilled simultaneously.
The detailed science measuremenrequirements andheir traceability to theinstrument performance
requirements (Level 2) are givenTable3.

Table 2. Traceability matrix from science questions (Level 0) to the scientific measu
requirements (Level 1).

2. How does the Solar Systenmvork?
2.1 From the Sun to the edge of the Solar System

THOR ScienceTheme Turbulent energy dissipation and particle energtation
L1 Requirements

Cosmic Vision

ScienceQuestions Fields Particles
Rl R2 R3 R4 R5 R6 R7 R8 R9
Wave mode identification 0 O 0O 0 0 O
Effects of waves on plasma 6 6 6 0 0
Q1. How are plasmas heaiCoherent structure 6 6 6 o6 o6 o0 0o

and particles acceleratedidentification
Effects of coherent structure
on plasma
Among electrons, protons a 6 0 o6 0O
Q2. How is the dissipatecheavier ions

(@]
O«
O«
(@]
(@]

energy partitioned? Between heating and particl 0 6 0 0O
acceleration
Pristine solar wind 6 6 6 6 6 060 0 06 ©
Q3. How does dissipatiorFlow interaction regions 0 60 6 06 06 O 0 0
operate in different regimeShocks and sheath beh & 6 6 6 6 o6 o0 0o
of turbulence? shocks
(goal) Magnetotail turbulenc 6 60 06 06 06 O 0 O
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Table 3: The scientific measurementrequirements (Level 1) and their traceabilitp the payload
performance requirements (Level 2). Only the main requirements are desgpibeged according to typ
(R1,R2,..) The correspondence of these requirements to tstailed requirements irthe Science

Requirement Documeis givenin Appendix B.

Scientific Measurement Requirement
Level 1

Instrument Performance Requirement
Level 2

R1 EM field cadence

RP1

Measure electri€ and magnetid field vectors
with sufficient temporal resolution to resoh
plasma frequency.

MeasureE and B in frequency range from DC t
100kHz.

R2 EM field sensitivity

RP2

Measure at least two components Bfand full
vectorB down to electron kinetic scales with hig
enough sensitivity to resolve fluctuations wi
power below the typicakolar wind fluctuation
levels.

Measure at least two componentdafith sensitivity
better than [210%2,10%4,10%5,106,10%9 (V/m)%/Hz
@[10,1G,1C¢°,10*,10°] Hz,

full E [101%,10%2,3 10%% (VIm)"2/Hz
@[1C°, 104, 1CP|Hz

B [10, 5103, 310%107, 310%% 510%] nT%/Hz
@[10°%, 0.1, 1,10, 1§ 10°] Hz.

R3 EM field accuracy

RP3

Measure backgrounB with sufficient accuracy tc
construct a reference system for anisotropy in fi
fluctuations, pitchangle and gyrgphase of
particles for typical solar wind and magnetoshe
plasma conditions.

Measure background with accuracy bette than
0.2nT in pristine solar wind and Orol in
magnetosheath.

Measure E with sufficient accuracy to resolv
ExBIi drift velocities down to a fraction of th
Alfvén velocity.

Measure at least two componentsEofvith absolute
accuracy better than OmV/m for |E[<1 mV/m, anc
with relative accuracy better than 10% |1
[E|>1mV/m.

MeasureB and E with amplitudes covering thi
largest DC and fluctuation levels expected ins
key science regions (KSR)

Measure DCE with amplitudes up to 1V/m an8
with amplitudes up to 1000 nT.

Measure satellite potential in the range covel
the expected satellite potential values ind{&R.

Measure satellite potential in the range freldV to
+30V.

R4 Phase velocity

RP4

Measure the phase velocities of structures/we
having electric field, magnetic field and/or plast
density signal moving with speeds up to a f
times electron thermal spd.

Measure phase velocities of at least up to 10,000 k

R5 lon composition

RP5

Distinguish at least & He™ and Giions.

Measqre at leaststHHHe™ wi t h m>&/ald @ with
m/aanCB.

R6 Particle moments

RP6

Resolve moments density, velocity, temperatur
and temperature anisotropy of electrons at
electron scalesiH at subH scales andHe™ at
He™ scales. Characteristic scale values are giver
R1L

Measure moments with temporal resolution foofeat
least 5ms, for Hi down to 50 ms (solar wind) an
150ms (magnetosheath), for Helown to 300 ms.
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R7 Particle distribution functions in thermal rang

RP7

Measure full 3D distribution functions in tr
thermal range with resolved ndhaxwellian
features for electrons at electron scales, fon &t
sub Hiscales, and for Heat He™ scales.

Measure reduced distribution functions ¢
electrons over selected angles and energie:
resolve sukelectron spatial and temporal scales.

Measure the 3D distribution function of ions a
electrons in energy range up teds with maximum
resolutions in: energgE/E, time &, anglead). These
maximum resolutions are not required simultaneou:

Pristine solar wind
H Emax<20keVg=50msaE/E=7%adE1.5°
He"* :Emax<20keV gd=300msaE/E=7%gd E1.5°
e :Emax<100eVad=5msaE/E=17%pd =11.25°

Magnetosheath
H Emax<5keV aa=150mssE/E=15%ad)=11.25°
He™* :Emax<5keV gd=0.3msaE/E=15%pgd =11.25°
e :Emax<500eVad=5msaE/E=17%gd =11.25°

Measure 2D pitclangle distribution functions o©
electrons with maximum time resolutie#=1.25 ms.

Record time tags of individual electron caalim up to
32 directions for correlation with wave measureme
up to 100 kHz.

R8 Particle distribution functions in suprathermr
range

RP8

Measure 3D distribution functions in tt
suprathermal energy range with resolved -n
Maxwellian features for electrons, Kland Hé* at
a few times the characteristic scale of
respective species.

e in pristine solar wind
Emax<500eV,ad=20ms,aE/E=17%,88)=11.25°

e in magnetosheath
Emax<3keV,ad=20ms,aE/E=17%,ad=11.25°

e in solar wind transient events
Emax<10keV,ad=20ms,aE/E=17%,ad=11.25°

lons
Emax<30keV,a8=0.3s,aE/E=15%,ad =12°

R9 Energetic particles

RP9

Measure 3D distribution function ofons and
electrons up tosubrelativistic and relativistic
energiesrespectivelyat about hundred times io
characteristic scale and reduced distribution
about ten times ion characteristic scale

Measurethe 3D distribution function ofions with
energies up to 8MeV/nuc aradectrons with energie
up to 600 keWwith temporal resoltion down to 15 s
and ener gy resolution
Measure reduced distributions with time resolut
higher than .

R10Key Science Regions (KSR

The science measurement requirements shall a
to at least the key science regions (KpRristine
solar  wind, foreshock, boshock and
magnetosheathAn additional goal is to collect
data also from other regions s€ientific interest,
such as plasma sheet and outer radiation belts.

R11 Characteristic scales

For measurement at/BldHe™ scale it is requirec
that the measurement cadence is at least equ
e-/Hs/He™* scales Doppler shifted by typici
plasma speed values in the corresponding KSR
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Characteristic scales(R11). Most of the scientific »
measurement requirements for THORTable 3 are [ | magnetoshegiay
formulated with respect to kinetic scales. We need ! j ,\09.‘,‘.?-"""
know the expected values of kinetic scales to derivs sl T

the instrument performance requirementable3 o '0
from the scientific requirements$igure 34 shows
the expected statistical distribution of plasm:g
temperature and density in pristine solar wind an§
magnetosheath, together with characteristic leng s
scales of proton inertial length ggesponding to £
proton kinetic scales) and Debye length. Electro
kinetic scales are roughly 40 times smaller tha 1%+ ¢~ : R
proton kinetic scales. The properties of shock ar & | Pristine solarwind | o |
foreshocKie between the properties of pristine solal 10° 10 107
wind andthe magnetosheattrigure 35 summarizes QeNisitytes]

all the expected temporal scales in solar winffigure 34  Expected plasma paramete
(coloured blue) and magnetosheath (red). On top eficountered by THORased on real data (OMN
that are marked the required resolusiofrom and  Cluster). Electron temperatures a
payloadperformance requirements. It demonstrategomparable to proton temperatures in solar wi
that THOR requirements are clearly optimized fobut factor 35 smaller than proton temperatures
particle instruments to resolve Doppler shiftednagnetosheath. Proton kinetic scales are define
kinetic scales and for electromagnetic fieldoroton inertial length which is comparkb to
instruments to resolve plasma frequency angroton gyroradius.

Doppler shifted Debye lengttales.

E and Bfields temporal resolution(R1).

To charactede electric and magnetic fields in turbulent plasma down to the smallest in space and shortest in
time dissipation scale& andB fields shall be measured with temporabselution which is sufficient to
resolve the electron plasma frequer(®L), seeFigure 35. All three components ot and B must be
measured for high frequency waves in order to charaetgrdlarisation of waves and structures. The
existing or upcoming missions, such as Cluster MiMS can resolve E but not B with such a high temporal
resolution, while measurements of both E and B are needed to identify important energy dissipation
processes at the smallest scales. Tik allow us to achieve full wave and structure polarization
identification, and therefore to distinguish electrostatic and electromagnetic waves, to resolve parallel and
perpendicular wave components, or to tsemagnetic component of fast moving electric solitary waves to
estimate the speed of the waves.

o
o
v

erature [e
“"4100km

30km

10"}

Rig

.ion inertial length 300k

H £[5 £ls Magnetosheath |6
+ Ele Ele agnetoshea e
0.15 scales Dls e ilo plasma S |
R 7 “I5. scales fr[35 frequency |5
= ’ g g g
@ 0.1 .
8 e- cyclotron
o 0.05 frequency |
0 . |
nZfE ] —_— r—
hE & Pristine solar wind
©la
> 0.15 W §. .
= ]
) =
© 0.1F 1
o I
2] i
2005+ I %le .
0 1
10* 1

10° 10" 10° 10° o®

(V, /L) orfrequency [Hz]

flow

Figure 35 Typical temporal(grey) and Doppler shifted spatial scalgsed for H+ and blue for e)
characteristic of physical processes in the solar wi@bloured vertical lines show the payloa
requirements for H+(red), -e(blue) and fieldsklack) meaningthe payloadcanresolve the frequencies 1
the left of the corresponding requirement
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Figure 36. (top) Examples of solar wind B fiel
spectra from Cluster datge5], (bottom) statistics
of signal to noise ratio at 38z, roughly electron
kinetic scald62] .
EM field accuracy (R3). The kackgroundB should

be measurewith sufficient accuracy to construct a
field

reference system for anisotropy in
fluctuations, pitchangle and gyrgohase of particles

for typical solar wind and magnetosheath plasm

conditions.This requires thathe backgroundB is
measured with accuracy better than MI2 in

EM field sensitivity (R2). To resolve waves and
coherent structures in turbulent plasma Hdothnd B
measurements must have sufficient sensitivity in
comparison to expecte@vels. The required levels
are given inRP2 So far, the most sensitivB
measurements in the solar wind at kinetic scales have
been carried outyb Cluster, Figure 36(top) shows
several examples of such measuremdniten, as in
these cases, the amplitude of fluctuations is
comparable to the instrument noisxédl (shown by
the dashed line). This is confirmed by a stat#tic
study of signal to noise ratio at electron scater

all Cluster observations o$olar wind shown in
Figure 36(bottom). To satisfyR2, the sensitivity of
the B measurement should be increased in
comparison to ClusterThe requirements on the
sensitivity levels foE measurementarecomparable

to earlier missions RP2) and in particularit is
important that at least two components Bfare
measured with the required sensitivity leveR2).
The sensitivity of electric field is discussed in the
payload section, sdggure65.

Cluster 4

ScPot [-V]
&

B [nT]

pristine solar wind and 0/®T in magnetosheath
(RP3). In addition, E should be measured with
sufficient accuracy a distinguish kinetic/inertial
Alfvén waves, to resolve reconnection inflows intc
reconnecting current sheets, to resotaegential
discontinuities from shocklets moving in the plasmi
frame this requiresccuracyof the ExB/B? velocity
estimate comparable toa fraction of the Alfvén
speed The solawind is the driving region for this
requirement, and E makes the dominant
contribution to the convection velocitgstimate
error. For typical solar wind plasma parameters
(velocity of 350km/s and IMF along the Parker
spiral, ExB/B?~250 km/3, the required 10%
relative accuracy of th&e measurementRP3)

Ey [mV/m  Ex [mV/m]

Ez [mV/m]

20:50:50  20:50:55  20:51:00 20:51:05
18-Feb-2003

translates int®5km/s convection accuracy, which Figure 37: Cluster observations of an Alfvén wave
is below the typical Alfvén speed in the solar windhe solar wind. The last three panelsshow E

of about 5km/s The required E measurement
accuracyis not satisfied by cuent missions, such
as Cluster or MMS, which have spinaxes

measurementsvhich are expectedto matcht vxB
values.
direction) is reliably estimated, th&un-pointing Ex

While Ey (perpendicular to th&un

perpendicular to the sywointing direction The
major limitatiors are inthe accuracy othe DC
measurementof the Sun-pointing component

is not. Thus, also Ez, obtained using assump
E-B=0, is inaccurate. Having two accurate electl
field components on THOR will allow accure
measurements of full vector.
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(measured by long wire booms) and the spin axis
component (measureloy axial boomson MMS). 1000
The most accurate rasurement is done by the wire
booms in the spin plane perpendicular to Sum
line. This is demonstrated ifrigure 37 which
shows observations @i Alfvén wave in he solar

T
H+ CLUSTERH+ 30Kkele [shilted)

——— CLUSTERHe++ 30keVie shilted)
STEREQ 30keVie m

800

600

Counts

He++ (3cm flight path)

400 CLUSTER Heritage
wind by Cluster. Th&un-pointing measurement of \ Hox (& 2om ot pes)
Ex clearly shows low accuracy by differing 200 ——
significantl y \JWxB)oaue.tThie : ‘EM
disagreement in addition depends on the plasn 0 LY 20 10F (ns)° 40 50

environment, being differert the beginning andt Figure 38 A distribution *o

the end of the intervalApart fromthe asymmetric of  Cluster/CODIE  and  STEREO/PLAST

photoelectron cloud, th&x measurement is also . .
- instruments. To resolve He a mass separatiol

strongly affected by the spacecraft wake showin . i
up asa spike in thefield every second. Only the gomparable to STEREO/PLASTIC is required.

component perpendicular to tHaun direction Ey shows aceptable accuracylThe total electric field
constructed from the assumpti&nB=0 is not accurate because of the low accuradyxofdding an axial
probe in this case would not help to improve the accuracy. As discussed later, iH@Rhieve the
accumcy requirement by having the spin plane perpendicular tepteecrafsun line and thus being able to
make high accuraayeasuremestin two directions

Phase velocity(R4). To identify spatial scales of waves and coherent structures, as well agldwtiic
potential (which decides the efficiency of energy transfer in interaction with partigteis),important to
resolve their phase velocity. Direct phase velocity measurement isvoleasuring the signal difference
between probes separated by significant distance, such as Langmuir probes at the end of the wire booms in
the spin plane. In such cas¢he full phase velocity vector can be reconstructed, if the orientation of the
bounday or wave vector is known from other methods, ,ex@nimum variance analysis. The highest phase
velocities thaneedto be resolved are comparablethe electron thermal spedtat normally is higher than
whistler phase velocity or electron Alfvén spe&dr typical solar wind plasmaarametersthis translates

into the requirement to resolve phase velogitip to about 10,00Km/s. Existing and upcoming missions do
not have sufficiently high temporal resolutjas well as sufficient sensitivityf individual probe signals to
achieve thisComplementary indirect methods calsobe used. For example, for planar structihephase
velocity can be e stliamasthetdngentialcanghonennéf skoald lze canstamtsin
the structure reference frame. Some other methagiven inTable27.

lon composition (R5). Most of the physical processes drivimgn heating andion acceleration are
dependent on then mass. Therefore, it is importanti@solve thisnmassdependence. The dominastlar
wind ionspecies are Hand Hé*. Therefore, at leashesetwo species should baeasured separatdby the
particle instruments. In additioft,is important also to resolve also other species, such .asoDexample,
sigrificant O ion fluxes of terrestrial origin may be observédte magnetosheath when spacecratft is close to
the magnetosphere.

C:g 1000
g 0
= -1000
% 22000
O B , _
- | qu[l IJ moms, JE—fieId | | | |
05:15:46.0 .5 05:15:47.0 5

2015-10-30 UTC

Figure 39: MMS observations of drift lowehybrid wave turbulence. MMS single spacecraft curr
measurements based on patrticle instrument data (red line) are significantly better thas/encitilometer
estimates (black line) but even higher cadence is required to resolve the expected cuetentron scales
(blue line)[237].



THORAssessment Study Report page4l

Particle moments(R6). To uncerstand the physics of , o
. . . .- . Time [satellite spin]
plasma heating at kinetic scales it is essential to R et R S
measure particle moments of electrons and mass KB o m e
! i ) = Cluster, boundary in magnetosheath
resolved ions (density, velocjtytemperatureand — THOR expected
temperature anisotropyat their characteristic scales

3.6 -

N
H
o

= )
(R6). Plasma moments caprovide local current B a4l _27_9§
estimates as shown by MMS, sEigure 39. Plasma § 2
density measurements gparticularly critical for the o3z} 317
identification of wave modes, the construction of 3 G
wave dispersion relationand the identification of & % 1/2 spin variation 1%

due to magn. booms

density gradients. Plasma density can be measured b
different methodswith their applicality depending N - S S S—
on the plasma environment and temporal sdales i RN I

important that THOR can use these methods, such as Hima sl

plasma frequency tracking, integration of particlé-igure 40. Boundary observed in satelli
velocity distributions and (as a proxy) the satellit@otential. Cluster shows strong variations due
potential, to cover all requiretemporal scales and spin dependent changes in total illuminated a
expected plasma parameters. Satellite potentigieated by solid magnetometer boomall
measurements have provided the highest tinfPacecraft with a large angle between the s
resolution plasma density information so far, down téxis and the Sun direction (ClusteTHEMIS,
electron scales. A spacecraft oriented with its spiflMS) show such variations. No such variatic
plane close to the ecliptic exhibisrge variations in  Will be seen in THOR data, due to its Sointing
satellite potential during each rotation, $égure40 spacecraft spin axis.

(Cluster). These prevent the use of satellite potential for accurate estimates of dedsignaity
fluctuations. THOR will use a Sypointing spacecraft spin axis to avoid this problem, and can meet the
science requirement.

The accuracy of plasma moments derived from 3D velocity distributions depends on counting statistics. The
number of couts in a 3D distribution are higher when longer accumulation times are used by the particle
sensors. On the other hand, short accumulation times are necessary to obtain high time resolution and thus to
resolve kinetic scalegzigure 41 shows that, despite the high time resolution of the TEA, CSW and IMS
instruments (dashed horizontal lines), their measurements will usually have sufficient count statistics in the
KSRs trat the moments can be accurately computed. The low peak counts number for TEA is a consequence
of the very high time resolution, but nonetheless corresponds to a sufficiently large total counts value as
electron fluxes are seen from all directions. In wstf the CSW instrument samples a narrow cold solar
wind ion beam with higher peak fluxes concentrated within a smaller solid angle range. Events having
sufficient count statistics correspond to a broad range of density values (sh&igurie41) as well as
temperature and flow speed values (not shown), so that good measurements will be available for a broad
range of turbulence conditions. Measurements from a repagisenset of conditions will be collected as the
mission progresses by using the selective downlink approach described in 6&c8on

Particle distribution functions summary. THOR shall characterize electron and mass resolved ion
populations in order to resolve the thermal and suprathermal parts of the distribution fulRGidR8, R8),

to understand, e.g., what determines the observed ion/electron temperature ratio in a collisionless plasma
turbulence[8] and the role of different wave damping mechanisms for the acceleration of suprathermal
particles[83].

[ 44.2
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Figure 41: Example distributios of solar wind and magnetosheath parameters based tange dataset
from previous missions (Wind, Clustefhe figure shows that the THOR instruments are able to res
electron and proton structures in the solar wind with sufficient count rates taureeasergy spectralhe
X-axis shows thplasmadensity.The ¥axis shows temporal scales corresponding to Doppler shifted ki
scalesof electrons and iong he scales of alpha particles are assumed to be twice the scales of prtie!
cadence ofCSW, IMS and TEA 3D VDF measurements are marked, and also that for an individu:
energy swedpeflection stataused to collect very fast 2D pitch angle distributiobe coloured points
show particle counts per pixel in the peak count rate pixel 8D a/DF. Thefigure identifiesparameter
ranges where particle statistiese goodand demonstrates that the instruments can measure the mee
median of the population&or referencecadences ao$tateof-art-instruments onboard currently operatir
spaecraft areshown The MMS/FRIDIS instrument has the same cadeaseTHOR/IMS (150 ms) bu
cannot distinguish ion species. The MMS/HPCA can distinguish ion species but its cadence (10s)
than Cluster/CODIF (4s) andeither carresolve kinetic scaein pristine solar wind and magnetosheath.

Non-Maxwellianity (R7). The departure of a particle velocity distribution function from a Maxwellian (or
bi-Maxwellian) distributoncab e descri bed by pfdEe s 'Qp a rsxiradapted ,
from [238]), where,f is the measured distribution

-3 +
" . . . . | <n>=8cm H': =—HVM simulation =~ CSW instrument
and "Q is the corresponding #ilaxwellian e I e
distribution. The latter is calculated from the sEmi2ey

moments off (densityn, temperatures parallel and
perpendicular d magnetic field and bulk speed).
The U parameter is an
particle energization. It is expected to be larg
around turbulent structures, such as e.g., curre
sheets; the higher the value@fthe stronger is the
non-Maxwellianity. Figure42 shows an example of
U peaking in a HybrievlasovMaxwell kinetic
simulation of turbulence close to a localizec ©° "',5 11'0 11'5 1;0 1;5
current sheet for protons (red) and alphaiglad x[c/w.i]

(blue). Virtual CSW instrument simulations show _ oo _

that the CSW is abl e figures#ZeVdriga GSyV ingtrungeptdlying fproughy ¢ h
peaks. In order to have meaningful measuremerﬂe‘{bU'ence S|ml_JIat|on _re_presentlng. prlstlne SO

of the U parameter, it is important that thewind. The counting statistics are sufficient to resc

geometric factor of the particle instruments is largéignificant noAMaxwelliarity at kinetic scales.

study
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enough so that the counts statistics are
sufficient.  THOR  virtual  instrument 0.05—=0:09p, 0.05

simulations have been performed with CSW
parameters to reproduce Cluster/CIS actu: f\
measurements in pristine solar wind, Se'Vy/CO a - OVy/C

Section 6.6, and such simulations have
confirmed that the expected count statistic

for CSW are sufficient to resolve the peaks ir  -0.05 -0.05
0. Similar tests wus 005 0/ 0.05 -0.05 0/ 0.05
numerical simulations have been done for th_ Vx/C Vx/C

IMS and TEA instruments both in pristine Figure 43 Electron velocity distribution function i
solar wind and in the magnetosheath, withurbulence when averaged over electron scales (left)
satisfactory outcomes. ion scaleg(right). Physics of electron energization can

Particle distribution functions examples. ©nly resolved at electron scaj24].

We give a few examples motivating the THOR requirements on particle distribution function measurements.
As an examplef temporalresolution,Figure43 showsresultsfrom a numerical simulation of electron scale
turbulence. Thelectron distribution function looks likeheated biMaxwellianwhen measuredt ion scale

while at electron scales beams anwonisotropic coreare revealedindicatingthe importance of @solving
distribution functions at electron scal@¥7). In another example, recent studies comparing simulations with
Helios observations of alpha particle temperature anisotropy in the solar wind revealed how the low time
resolution of velocity distribution measurements can genessteunphysical apparentincrease in
perpendicular temperature, due to procedures of data sampling and avi2agjngoth examples illustrate

the needor the requirements on thegh cadence of particle distribution function measurem@R% R8).

The requirements on energy/angular resolution of measurement afistribution functionsare more

severe in the case of drifting plassnauch as fast drifting pristine solar wifleP7). For drifting plasmas the
energy resolutiorE/E required to resolvehe distribution function scales roughly as the ratio of thermal
velocity versusdrift velocity and therefor@wo different ion energy resolution requirements apply for the
pristine solar wind and the magnetosheath, while the same resolution can be e$ectrfans in those two
regions (RP7). For the case of shock regions, it is required to simultaneaashlve the distribution
function of both the fast dtihg pristine solar winédnd the thermalized sheath ions, including reflected and
accelerated ions in the foreshodkP@). Finally, acceleration ankdeating mechanisms work differently for
different ion mass species, as discussed in Section 2.3, translating into the requirement to resolve ions of
different masgRP5). Figure 38 illustratesthat to resolveHe™ well, THOR has tcachievemass separation
comparable t&TEREQPLASTIC instrumentRP5).

Energetic particles(R9). Particle spectra need to be measured over akeweters of magnitude in energy to

be able to recognize the fingerprints of different acceleration processes occurring in different turbulent
plasmas. In order to be able to characterize the shape of the energy spectra at energies well above the therma
and suprathermal range, the energetic particle spectrum needs to be measured at least three orders of
magnitude above the most probable particle energy, which for ions has its highesbfvahout several
keV/nucleonupstream of the bow shock while foreetrons the highest value is about hundred eV in the
magnetosheath. These requirements translate into resolving scales of the ordehwifdred ion thermal

scales for 3D distribution functions, while smaller scales of the order of ten times ion teeateatan be

resolved by reduced distributiorR9). In the case of THOR this means that 3D VDFs shall be measured at
least once per half spin (15shike it should be possible to measyitch-angle distributions at stdpin time

resolution (cadence higher than R$9).



THORAssessment Study Report page44

Comparison to other missions Table 4: Mission compliance with the THOR scienti

Table4 shows the comparison of THOR measurement r e qui r e memtmp | i 4-gattially
with existing and upcoming missions compliant). Other missions compliant with two or ¢

(which have been designed to addresgquirementsare not shown. These includ&CE, THEMIS,
different science goals and Helios 1,2, Spek-R.

requirements) The table showsvhich

: : Mission Scientific Measurement Requirements
science requirementoof THOR are - -
satisfied by thalifferent missionsOnly Fields Particles
missions that have been or will be able Rl R2Z R3 R4 R5 R6 R7 R8 R9
to cover at least some of the plasn THOR ~ ~ ~ ~ ~ ~ ~ ~ ~
regionstargeted byTHOR are included. Cluster : z 3 3
It can be seen that only a few of the 3 3 3 B 3 B

) . MMS

requirements can be satisfied by othec, _ .
missions In particular, it is clear that no Solar Orbiter - ] ]
other mission hassatisfied all the SPP ’ ~ 3 3

science measurement requirements as \wind : ~
required by the THOR science
guestionsTo be more specificTable5 compares the performance of some current and upcoming missions
relevant to THOR science in terms of their temporal, angular, energy resolution of 3D particle distributio
functions. The performance of current missions Cluster amadWo not satisfy most of the THOR
requirements. Solar Orbiter satisfies most energy/angular resolution requirements for pristine solar wind, but
has inadequate temporal resolution. MMS impsowe temporal resolutiorelative to Cluster and Wind, but

does not meet THOR requirements for electam$He™, while it has insufficient angular/energy resolution

to resolve pristine solar wind ions. Summarizing, the combination of all THOR requiseorenteasuring
particle distribution functions of thermal and suprathermal electrons and ions is not satisfied by any existing
or upcoming mission.

Table5: Resolution of 3D distribution functions in comparison to other spacecrafindicates that the
resolution differs in the two angular coordinates, the given value is the finer resolutionGrase. marks
values that are compliant with the THOR instrument performance requirements.

Electrons lons (solar wind) lons (m/sheath &bow shock)
a(ms) aeE/E dd a(ms) eE/E dd o (ms) aaU aE/E dd
THOR 5 17% 11.25° 50 7% 1.5° 150 300 10% 11.25°

Solar Orbiter 1000 10% *3° 1000 5.7% 5° - - - -
Solar Probe Plu: 437 20% *6° 3500 20% *11.25° - - - -

MMS 30 17% 11.25° 150 120 11.25° 150 10000 10% 11.25°
THEMIS 3000 17/ 225° 3000 18% *5.6° 3000 - 18% 225°
Cluster 4000 13% 15° 4000 18% *5.6° 4000 4000 18% 225°

Wind 3000 20% *5.6° 3000 20% 5.6° 3000 - 20% 11.25




THORAssessment Study Report page45

3.2 Mission requirements

Table 6 summarizes major requirements aé timissionlevel. Appendix B describes in more detail the
relatiorshipbetween these summary requirementstardccomplete lisin the SciRD andhe MRD.

Table6: Mission and spacecraft level requirements.

Mission Requirements

R12 Science data return

The Burst telemetry downlinked shall be at least 100thémagnetosheath, 35h the bow shock, 50hn
theforeshock, 150ln thepristine solar windBased on payload telemetry rates this requires thaktst4n
the magnetosheath, 2Thit in the bow shock, 2.8bit in the foreshock and 3.Zbit in the pristine solar
wind shall be returned.

R13 Orbit requirements

The abit shallbe optimized for the spacecraft to spend long time intervals in the top priority regions |
During the nominal science phase the spacecraft shall spend altogether within TPRs: at least 6(
pristine solar wind, 47 days in foreshock, 21 daysow Bhock and 14 days in magnetosheath.

R14 Spacecraft and payload operation requirements

The science payload shall continuously operate whespacecrafis within the KSRs. The payload shal
operate in a way to maximize the data return from all K3Rshall be possible to save -tward high
resolution data from which scientifically interesting time intervals can be selected and transmittec
ground.

When the science payload is operated during the nominal mission:

The spin axis should always potoward the Sun within the intervab[5°, +1.5°] XY GSE plane (+ define
anticlockwise) and-{L.5°,+1.5°] XZ GSE plane.

The spin rate shall be of two (2) full rotations per minute.

R15 Ground Segment requirements

Calibrated science data shall dilableunder the open data policy starting 6 maritbm thetime of data
acquisition. Science parameters which can be measured by more than one instrument shall |
calibrated between the different instruments prior to public release of theatalilscience data.

Mission success criteria(R12). To achieve the goals of the mission aget closure orthe three main
science questionsufficient high-resolution (burstidataneedsto bereturnedfrom T H O R 6 s scidneey
regions (prstine solar wind, foreshock, shock and magnetosheBt#mh of theseregions needsto be
sampled under a variety of conditions to study the variability of the different forms of plasmaaiwrgi
and understand their physicBhe mission success criterinoth scientific and experimental, are given in
Table7. To study acceleration and heating at qymspendicular shocksljfferent possible combinations of
Machnumbers, shock anglesmd alpha to proton ratichallbe sampledTo cover each combination in this
parameter spacabout 30 min of data are required to make statistically significant analiysisone shock
crossingtypically lasts fewminutes. In toththis requiresat least 1 data atquasiperpendicularshock
crossingsto be returned For the quasi o o

parallel shocka similar number of different _Table7: Mission success criteria.

shock parameter combinations are require THOR mission success criteria

Quasiparallel shock crossings last typically THOR will be scientifically successful when its daf
longer than gquagderpendicular ones and analysis has resulted in significant, qualitative
therefore at least 25 h of data shall b&uantitative progress in understanding plasma heating
returned. For the foreshock there areparticle acceleration mechanisms in different turbu
additional parameters that have to hdlasma environments.

covered such as ion vs electron foreshocklHOR will be experimentally successful Wwen high quality
distance from the shock, differentBurst mode data have been returned from at least:
populations of shockeflected parti@ds. A10 h quasperpendicular shock crossings,

Therefore, 50 h of data shall be returnedd25 h quasparallel shock crossings,

For the magnetosheath, typical parameter50 h foreshock,

to be covered are plasma beta, distancd 20 h magnet o pérperdicutar shoek) i
from the bow shock, level of fluctuations,A 100 h magn et s Efalelstotk, b e h
alpha to proton ratio. For each combinato® 50 h fast solar wind,

in this parameter space abouth1of _A100 h slow solar wind.
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continuous data shall be returnéad properly characterize intermittency. Thus at least 20 h of data from
magnetosheath behind the quperpendicular shock shall be returned. The magnetosheath behind the quasi
parallel shock is much more complex and includeger number of different turbulent structures. Therefore,
at least 100 h of data shall be returnebally, in the pristine fast solar wind, differeplasmaconditions,

such as plasma beta, #melectron temperature ratio, collisionality, etc., néede sampled To cover
several turbulence correlation lengths for each combination in this parameter apfese, hours of
continuous data are requirdd.total this requiresat least 50 lof datato be returned. Thpristineslow solar

wind is much more variable, with compressible structures and interaction regioh8pIsoof dataare
required.

Key Science Regions and Top Priority RegionfR10, R13). Figure 44 showsthe THOR reference orbit
coloured pekey science regiorKSR), andon top are marked numbered top priority regions (TRSR
locatiors arederived fromnominal solar wind conditions assumitige Parker spiral model for the magnetic
field. In practice,day to dayvariations in the solar wingparameters will lead to variation in the KSR
location. Orbital analysis of the KSR crossings has been done both using nominal solar wind conditions and
using real solar wind parameters. THOR has to spend long time periodsth@KiBRs so thata sufficient
amount of high quality data can be return@dnditions withinthe KSR redgons themselves are not uniform.
For examplethe bowshock afts nose has higher Mach numbers thartaflanks. Thus, to observe shocks
with wide range of Mach numbers it important that orbits cross tihelatively smallnose regiorto sample
theshocksthere Therefore, to simplify and optimizbe assessment of KSR coveratbas been decided to
introduce Top Priority Regia(TPRS) which area subset of KSR, and to fornulate the requirements of
orbit dwell timesR13 using theTPRs. The TPRs aradefined asonic volumes where the cone angle i§ 30
for bow shock and 45for other TPRs. In additiorthe TPRs haveuter and inner boundaries in the radial
directionwhich are defined using magnetopause and bow shock models.

Orbit requirements (R13). The large difference between turbulent plasma siatan undisturbed solar
wind in comparison tothose inclose proximity tothe shock and the astrophysical importance of
understanding these differencesquires that THOR spends long time intervalhaundisturbed solar wind
(away from the foreshock), in the foreshock, at the bow shock, as well as in the magnet&l@airhére

are no strictequirements on the orbital plane orientation, inclination or perigee values, exceape tha

shock region at the nose of the magnetosphere shall be covered during some part of theTrhission.
requires the line of apsides to be typically withir? 1®m the ecliptic planeThe perigeeshould be above
2,000 kmaltitude to avoid stability problems of lunar interactions and sensor contamination (observed on
Clusterwhen the perigee felielow about 800 km altitude).

KSR
——Magnetosheath
Bowshock
-Foreschock
——Solar wind
TPR
——1. Magnetosheath
2. Bowshock
——3. Foreschock
——4. Solar wind

Yase (Re)

Figure 44: THOR orbit coloured by the Key Science Regions and Top Priority Regions.
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Science operationgdR14). The sciencepayload can generate much more data than caiowealinked to
ground. ThereforeTHOR has acapability to savethe high-resolution data orboard and to regularly
downlink lowresolution survey dati@ ground, which is then used to selecubset of thiatervalsof high
resolution datdor downlinkto ground This ensures that the daitatervals ofhighestscience interest, such
as shock crossings, solar wind intervals with particular parameters and large scale boareladbscted
To make selection process in a reasonable time there shaphbbility to save high resolution data from
payload from at leag days of operationg his technique is currently in routine use on the MMS mission.

Science Ground SegmentR15). To achieve the scientific objectives of the THOR mission, calibrated high
resolution data should be available on short time scales (6 months after data acquisdgstalibration

of the instruments with each othsran essential activityror instancethe densityrom TEA, IMS and CSW

will be compared to the absolute density measured by the pleawnednstrumens to enable correction of
any evolution of the sensitivity of the particle analys@ise crosscalibration activity will also allow
provision of advanced data productdich combine data from several instruments, for example magnetic
field covering the entire frequency range accessible by TH@d onMAG and SCM data, plasma
moments covering the entire energy range accessible by THOR basedata fromTEA and EPE
(electrons)and CSW, IMS an&PE(ions).

The crosscalibrationwill be done with the support from each Pl team involved and ESA will coordinate the
activity. Two annual workshops will be necessary to exchange information and improve calibrations on short
time scales. Thisrosscalibration effortrequired from PI teas will be partly supported by ESA, similarly

to the successfuapproach othe ClusteiScience Ative archive also adopted bihe Rosetta mission.
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4 Payload

4.1 Introduction

The THOR spacecraft has a payload suite consisting of 10 different science ingrument

The THOR instrumentamain characteristics are summarizedTiable 8 and are designed to fulfil the
instrumentperformance requirements Trable 3.

The total mass of the instruments is around 170 kg and the average nominal power consumewis ~200
These values include design margin, but do not include any system margimariibes mass is a separate
mass item as the detailed accommodation of the instruments inside the spacecratft is very preliminary.

Technology readiness of instruments

The instruments on THOR all have relevant heritage from recent missions and most ofylstesubof the
instruments have the required maturity for this phase.

Table8: Summary of the THOR payload (* power incorporated inside the FWP)

Nominal Nominal

Instrument Description Measured quantity NulTb_er 2 mass power
nits
[ka] [W]
MAG FluxgateMagnetometer Magnetic field 2 units on a 0.8 0*
boom
SCM Search Coil Magnetomete! Magnetic field 1l unitona 2.4 o*
boom
EFI Electric Field Instrument  Electric field 4 SDP and 1 10.7 o*
2x double probes, 3x HFA on a
dipoles boom
FWP Fieldsand Wavs E, B time series and 1 unit 8.9 26.8
Processor spectral products
FAR Faraday cup Fast ion moments 1 unit 4.6 3.5
CSwW Cold Solar Wind Cadd solar wind ion 1 unit 12.4 19.2
instrument distributions
(H*, He™)
TEA Turbulence Electron Electron 6 units 45.8 58.8
Analyser distributiors
IMS lon Mass Spectrometer lon distributiors 4 units 39.1 41.2
(H*, He™, O")
EPE Energetic Particle Energetic particles 2 units 4.9 10.0
Experiment
PPU Particle Processing Unit  Particle data 1 unit 16.0 42.0
products
Harness 24

Total 169.6 201.6
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Figure 45. THOR configuration, showing the locationtoe MAG and SCMensors as well asEFI-SDP
wire booms and EFHFA dipole antennas.

Fields

To satisfy the payload performance requiremd®itd to RP3, the THOR payload includes AC and DC
magnetometers (respectively SCM and MAG), four wire probe antennasoE&hm length and three
orthogonal dipole antennas to measure DC and AC electric fieltsee dimensionsseeFigure 45 and

Table 9. All measurements from theselectromagnetic field sensors will be processed by dedicated
electronic modules embedded inside the FWP instrument box, one of the payload data processors. The MAG
instrument will measure AC and DCagnetic fields from DC up to 64z with an accuracy of bier than

100pT/ d@&Hz. The MAG uses two fluxgat e nTheyoaebeamsagt er s
a gradiometer mode to correct for the spacecraft generated magnetic field. The SCM nihashtes
magnetic field in the frequency range frontHz to 200 kHz and is placed at the tip of a second boom (> 6

m) in order to stay away from the sgaraft generated disturbances.

Table9: Traceability of measurement capabilities of field instruments towards payload requiremeves d
from THOR science requirements.

Measurement Instrument  Amplitude Range Frequency range Perfo_rmance
Requirement
DC Magnetic field (B) MAG 500 nT, low range DC-64Hz RP1, RP3
+8000nT, highrange
AC Magnetic Field (B) SCM LF: £ InT LF:0.1 Hz-4kHz RP1, RP2 RP3,
HF: + 4nT HF:(1-200) kHz RP4
Electric Field (E) EFI-SDP +1V/m DC-100kHz RP2, RP3, RP4

EFI-HFA +3V/m ~(11 100)kHz
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lons

THOR will carry advanced particle instrumentation designed to enable very high time resolution
measurements of particle distributions. lon 3D distribution functions are measured usitrgstdtic
analysers(CSW and IMS) a Faraday cup (FAR) ana solid state detector (EPE)he lon Mass
Spectrometer (IMS) instrument will allothe separation ahdividual ion speciesRP5) at very high time
resolution RP6, RP7). A dedicatedCold Solar Wind (CSW)nstrument will be included to provide high
resolution measurements of the drifting cold solar wind ion bdRY)( High-energy ions areneasured

with the Energetic Particle Experimer(EPE) instrumentat a lower time resolutionRP9). All data
measured by the IMS, EPE and CSW instruments will be processed by a common digital processor unit
(PPU) to reconstruct éhparticle distribution functions and compute momeRiB6). As a complement to
these, a Faraday cup (FAR) measures thediemsity, temperature and flow velocity to satisfy payload
performance requiremen{RP5, RP6), while the electron temperature and densiy bederived from
electricfield data produced by FWP.

Table 10: Traceability of measurement capabilitiestbe ion instruments tdhe instrument performance
requirementsn Table3.

Time resolution /

Measurement Instrument Energy resolution / range .
Angular resolution

Requirement

3D H* IMS 10 eVi 30 keV 150 ms/11.25 RP5
CSwW 20 eV/qi 20 keV/q 50ms /1.5 RP6
EPE 20 keV/nudi 8 MeV/nuc 15s/45° RP9
3D He™* IMS 10 eVi 30 keV 300 ms/11.25 RP5
EPE 20 keV/nudi 8 MeV/nuc 15s/45° RP9
3D O IMS 10 eVi 30 keV AL.5s/11.25 RP5
EPE 20 keV/nudi 8 MeV/nuc 15s/45° RP9
Moments H IMS 10 eVi 30 keV 150 ms/11.25 RP6
CSwW 20 eV/qi 20 keV/q 50 ms /1.5 RP6
FAR 31.25ms RP6
MomentsHe™ IMS 10 eVi 30 keV 300 ms/11.25 RP6
FAR 1.57 3s RP6
Moments O IMS 10 eVi 30 keV Al.5s/11.2% RP6
Electrons

Electron 3D distribution functions are measured usivegy TEA electrostatic analysemandthe EPEsolid
state detectar The Turbulent Electron Analyser (TEA) instrument will sample the thermal electron
distribution at a cadenaown to 5ms (RP6, RP7) and suprathermal electrodewn to 20ms (RP8), while
energetic electrons are measuredBBE at 15s cadencRP9). From these measuremen8D velocity
distributionswill be created by the PPU data processtEA can also actively collect 2D pitch angle
distributions (PADs) in a magnetic fieldtracking mode with higher cadence than full 3D distribution
functions (RP7). Additionally, the TEA superburst mod@eriodically collects125 msduration samples
containingtime tagsfor everydetectecelectron(RP7). These form part of the burst telemetry; for example
one samplean be transmitted every 6dor magnetosheath sciendable22).

Table 11: Traceability of measurement capabilities tfe electron instruments tothe instrument
performance requirements ifiable 3. Full energy range coverageand maximam temporal and angular
reslutionare not required simultaneolys

Time / angular

Measurement Instrument Energy range . Requirement
resolution
Electron 3D TEA 10 eVi 30keV 5ms/11.2% RP6, RP7, RP8
ElectronPAD TEA 10eVi 30 keV 1.25ms/11.28 RP7, RP8
Electron 3D EPE 20 keVi 700 keV 15 s/45° RP9
Electron PAD EPE 20 keVi 700 keV 7.5/ 45° RP9

Superburst TEA 10 eVi 30 keV 125 ms (evergp0s) RP7
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Count statistics of particle instruments

The geometrical factors of the particle instruments have been chosen such that sufficient count statistics will
usuallybe available in the Ke$cience RegiondKSRs)to satisfy the science requirements. In addjtiba

SITL is able to select burst data basedhii-quality count statistics criteria. The count statistics have been
simulated in a virtual instrument for each particle sensor aeddhults have confirmed the choice of
geometrical factor (see SectiBriand6.6).

Wave-particle correlation

A special mode enables THQR synchronouslgamplethe high resolutiomlectromagnetic fieldvaveform
snapshotdy the FWPinstrumentandto operatethe superburst mode of the TEA instrumé@rigure 46).
The data are separately put into thest data stream and only on grousre the wave snapsheand the
superburst data put together and analy3dus allows the science quist of energy transfer between
electromagnetic field fluctuations and partidede diredy addressedRP1, RP7).

electron detector
anode 1 ivkaw) 7

electron detector
anode 2 (wxfv)

time + t + -
tl1  t21t3 t4 5 t6t7y

Figure 46. The THOR "superburst" product combines high resolution electromagnetic field waveforn
time tags of individual electrons registered by up to 32 anodes of the TEA instrument. Individual
sample different azimuthal directions, covering the fafige of pitch angles (in the plot, data from t
anodes with opposite look directions are shown). The accuracy of time synchronization betwes
measurements and superburst data (better thas)lwill be sufficient for matching the phase of the w
and variations in particle flux up to the electron plasma frequency.
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4.2 Instruments

4.2.1 MAG 1 Fluxgate Magnetometer

The fluxgate magnetometer (MAG) is required to meas Table12 MAG key characteristics
the DC and low frequency magnetic field vectors in order Data products B field vectors

determine the background plasma and field conditic Range +500 nT &+ 8000 nT
throughout theTHOR key scienceegionsand to resolve the Sensitivity < 10 pT [/ &aH
magnetic field fluctuations in the solar wind. Sampling rate 128 vector s

The MAG instrument is a duskensor fluxgate magnetomete Highest datarate 16 kbps

which measures the ambient magnetic field below 64 Hz. The two sensors are placed along a splid boom
one at the end of theoom and the second at an intermediate distance along the boom, in order to enable a
reliable detection of any residual spacecraft magnetic field.

Each of the two fluxgate sensors showrrigure47 uses only two ringores to measure the magnetic field
along thethreerequired directions which enables proper sensor miniaturization. The magnetic field is sensed
in the X and Y directiogvia separate ringores, while the Z direction is pickegh over both ringores.

The design of the outboard and inboard sensors is basedH&WMIE and Solar Orbiter heritage,
respectively. Both THOR sensors will have the same mounting interface to githplitoom design.

MAG will return magnetic field vectors at up to 128 samples per se@Ep®) with a noise floor less than
0.01 nT/ aHz at 1 Hz. THOR MAG provi d#®4sHzhwitlgthe qu al
SCM sensor to allow for an amate synchromzation and alignment of the two data sets.

Critical for the achievement of the MAG related science requirements is the magnetic cleanliness of the
spacecraft.

Figure 47. CAD drawings of the outboard sensorHEMIS heritage) with transparent lidleft) and the
inboard sensor without housing (right).
Heritage

THOR MAG sensors and electronics bear direct heritage from Cadd#i@, Double Sta-GM, THEMIS

FGM, VEX MAG, and MMSDFG successfully flown in space and from Solar OrbitéYG accepted for

flight. The design effort to ensure synchmation between fluxgate and search coil sensors, with the lower
noise floors, will considerdp improve the quality of the merged dataset compared to previous missions.
These synchronization efforts are proven to be successful based on experience froDFEBNMEd SCM,

which will be an advantage to meet the mission science goals. The two MIAGRsensors are mounted on

the same booms so that they can work as a gradiometer, which was shown to work successfully for the VEX
MAG and the Double StaFGM. For THORMAG this capability will provide redundancy and allows
further improvement of the inflightatibration, in particular to reduce unforeseen noise from the spacecraft
and other instruments
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4.2.2 SCM i Search Coil Magnetometer
The SearchCoil Magnetometer(SCM) Table13: SCM key characteristics.

will measure magnetic field fluctuation: Data products AC B-field LF AC B-field HF

in the frequency range corresponding 'Range 0.1 Hz- 4 kHz 1 kHz - 200 kHz
the Dopplershifted plasma kinetic 0.1 pT/ aHz

scales where the dissipation is thougl Sensitivity 0.01 pT/ [/ &a6f T/ &HzkHZ
to be taking placewith high sensitivity, 0.008 pT/ at

to allow theturbulence and dissipatior TM rate (part of FWP) (part of FWP)

processes to hidentifiedin the range of
different neasEarth environments

The dualband SCM is a traxial inductive magnetic sensa@eeFigure48. It is intended to measure three
components of the magnetic field in the frequency range between 0.1 Hz and 1QWikHzsensor
bandwidth reaching up to 200 kHz)

Connected gnalogug to theFields and Wavs Processor (FWP), SCM provides spectral information over
that range and in addition delivers waveform measurements sampled upsfzs524

SCM is composed of three de@nd magnetic antennas. Each antenna is made of a ferrite cotgvavith

coils: one formeasurements in the Low Frequency range lz14 kHz], andthe second coikensitivein

High Frequency range [200] kHz. A mutual reducer is inserted to decouple the two windings. The mutual
reducer is a cylinder made of a high permeability material. Secondary coils are used as a flux feedback, to
create a flat frequency respon a bandwidth centred on the resonance frequencies of the two main caoils.
The magnetic sensors are assembled orthogonally in
a compact configuration.

EMC is an important issue for SCM. The intensity of
magnetic fields generated by the spacecraft and by

other instruments at the location of SCM should be
below the sensitivityevel of SCM.

Heritage and evolution

THOR SCM has a long heritage from earlier .
space missions such as Cluster (STAFF), Vaprsticone ———»
THEMIS (SCM), MMS (SCM), BepiColombo
(PWI/DBSC), Taranis (IMM), Solar Orbiter
(RPW/SCM), Solar Probe Plus (FIELDS/SCM)
and JUICE (RPWI/SCM). In comparison, the
SCM of THOR has a higher sensitivity level
than the instruments of all the previous
missions. Typically, its noise floor is three times
lower than that of Clusté8CM. This makes the
THOR SCM capable of measuring very low
amplitude magnetic fluctuations, in particular in
the pristine solar wind, which is one of the
mgor science goals of THOR. In addition, the
THOR SCM will be the first instrument to
measure all the three components of thg'dure 48 Scheme of the dual band (LF and H
magnetic field fluctuations in the high frequenc mcé('\:ﬂhar']?s;rlugﬁgé ta(ggxi;far}peefrg\é') nstrumen
range up to 100kHz thanks to its three HF P

Sensors.

" . ¢——————— LF wimding

—— HF winding

Mutual reducer
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4.2.3 EFI T Electric Field Instru ment

EFI will provide measurements e electric Taple 14: EFI key characteristics.

field with unprecedented accuracy ar 2D DC Efield, 3D AC Efield
sensitivity in a frequency range extendin science measuremen spacecrafpotential,

from DC up to the electron plasma frequen interferometry

in the solar wind and magnetosheath. EFI w SDP: DC- 100 kHz

provide very lownoise AC electric field Frequencyange HEA: 0.17 100 kHz
measurements, making it possible +0.1 mV/m E<1 mV/m
characterize electric field variations associat Accuracy 10%, EO1 mV/m
with kinetic scale plasma processes down T\ rate (part of FWP)

electron scales and plasma thermal ndtsd.
consists of a novel combination of four spherical prdbeatedon the tips of 5ém-long wire booms (EFI

SDP) and three crossed 2rblong dipoles mounted on a rigid boom (BfFA), seeFigure 45. As the

THOR spacecraft hasSun-pointing spin axis, the EF3DP measurement plane is approximately orthogonal

to theSun direction. This provides in a highly symmetric configuration of the SDP sensors with respect to
the Sun (seeFigure63), which does not @nge with the spin phasanlike the case for missions having the

spin axis perpendicular to the ecliptic plane, ,e@uster and MMS. This greatly reduces errors due
asymmetries of the photoelectron cloud, as well as due to wakes caused by the supersonic solar wind flow
(seeFigure49), as well as generally redag the artefacts caused by the spaaft spin

Interferometry using the electric field probes can be * = 2 P
used to infer wavelengths and scale sizes at the T
smallest scales in the plasma. EFI is optimized for
interferometry measurements, which will make it
possible to reliably estimate the phase velesibf
electric structures up to ZWO km/s, i.e. moving
with velocities in a range up to the typical electron
thermal velocity. This is achieved by havitige
possibility d samping sensitive ACcoupled
differential and singlended waveform signals for
frequencies up to 100 kHz. 5

&
-40 -35 -30 -25 -20 -15 ~-10 -5 0 5

The combination of SDP and HFA makes EFI less. _ X caxis () . :
susceptible to finite antenna length effects, which Flgure 49: THOR modelling using the SPIS cade

crucial to characterize the electric field structure SE XY pIaneWake_ fqrms pehmd the spacecr
and the smallest plasma scales, which can be d colaur), bu.telectrlc field wire booméocatgd at
small as 100 m and below for the plasma regio ‘0). are outside the wake and can makeigh
encountered by THOR. Guality measurerant.

4.0

10

n-3)

Y -axis (m)

R
o
o
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3.0

16.6 4593.2 300
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/4 « Units: cm.

Figure 50: Schematic of EFSEDP (units: cm)
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EFI also measures the floating potential of the satellite, whigtbeaused to estimate the plasma density at
very high time resolution. Th8un-pointing attitude greatly reducspinrelatedchanges in the illuminated
area, and hence the associated -ggipendent errors. In combination with densities derived from the
observed plasma frequency emission line, EFI monitors the plasma density from DC to a few hundred Hz.

EFI measures components of the electric fiel
vector in spacas the potential difference betweer| s
two probes. In order to bring the preplsma
voltage closer to the plasma potential, and t
decrease the interface impedance to improve tl
signal to noise conditions, a bias current is applie
to the probes. The desigioal ofthe EFI instrument

Single Dipole
Antenna 1

is to measure the electric field vector in the ® ' /
frequency range -Q00 kHz. EFI consists of two /é, - —
sets of sensors as shown kigure 45: the Spin- M Preamp Box Sigle iple
plane Double Probes (ESDP) providing high Antenna3

sensitivity DC electric field in the spacecraft spinFigure 51: CAD  model of the EFI-HFA
plane (2D), ad the High-Frequency Antenna (EFl  sypassemblies configuration

HFA) providing 3D AC electric field at frequencies
above ~1 kHz.

In order to achieve the required higlput impedance and sensitivitye HFA preamplifier is located at the
root of the antenna~{gure51), and for SDP at the end of the long wire boom, close to the sphsensor
(Figure 50). Both EFISDP and EFHFA sensors interface with two Boom Electronics Boards (BEBS)
hosted in the Fields and Waves Processor (FWP) electramic$WP supplies operational and deployment
power,andsamples and processes the analogue signals from the EFI BEBs.

The four EFISDP units are mounted at the side of the spacecraft so that the deployed booms form two
orthogonal boom pairs. A schematicarfe probe and boom is shownFigure50.

EFI-HFA consists of 6 cylindrical probes forming 3 orthogonal pairs having 2.5 m lengihtifp EFF
HFA is mounted on a boom (provided by the spacecraft and shared with the SCM ing{rimseich a way
that all of the sensors have the same area facin§uhes well as the spacecraft.mdodel of the stowed
antenna configuration is shownkigure51.

Heritage and evolution

The EFISDP has direct heritage frotine Van Allen Probe€FW wire boom units, which are based on the
UC Berkeley design used for 100+ boom units flown on many missions, includingspauitécraftnissions
THEMIS and ClusterEFI-HFA is a relativey new instrument currently in development for the RPWI
instrument on the JUICE mission. The HFA antennas on THOR will be identical to the J0iCGEcept
for some optimisations with respect to mass. EFI electronics (BEBs) hawegkdribm SolaOrbiter RPW,
MMS FIELDS/SDPandClusterEFW.

4.2.4 FWP 1 Fields andWaves Processor

The FWP instrument will provide Table15 FWP key characteristics

unprecedented measurements Dat Electric and magnetic field waveforms, spectra
electromagnetic fields from very low aj and crossspectra, plasma parametesimated
frequenciesup to 100 kHz. FWP does P UCTS  from thermal noise analysis and plasma sound

not include any sensors and the objecti Cadence  Up to 524 ksps

is achieved by digitization and digita Maximum: 1600 kbps

processing of data from all THOF TM rate (includes EFI, SCM and MAG data)
electromagnetic field sensorge. EFI,

SCM and MAG. The waveform and spectral data combiaasurements from all field sensors, necessary to
resolve the energy transfer associated widturbulent cascade as well as the polarization and dynamics of
coherent plasma waves. Measurements of electron density and temperature from electridlfiglonssat
theplasma frequency provide an absolute measurement, complementing TEA measurements
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FWP is an electronic box housing 11 circui FWP box
boards with different functionalities see

Figure52. The boards are interconnected via a
backplane. Individual subunits of the FWP X3 8 MAG 18 lectronics
box also interface to the spacecraft (powe
and communication interface) and to EFI,
MAG and SCM sensors via external Boom deployment power
connectors and harnesses. Sounding pulse

The instrument represents the single powe W
and communication interface between al 3 X HF signals > THR
electromagnetic field instruments and the

spacecraft, and all data fralmose instruments eB\tpower '
are transmitted to the spacecraft throug| e—spacewire Nomina——» [T TR

g MAG OB electronics

> BEB-SDP

> BEB-HFA

3 x LF signals:

backplane

w
o
FWP g “ +—FWP-PPU SpW link
The individual subsystems of FWP, realizec oL v
as circuit board cards are listed below: epaceirg ‘“‘—’m

28V power redundant—>] Power supply 2

MAG-IBS and MAG-OBS electronics
boards: The FWP box will house the
electronics boards responsible for ¢ty and
data acquisition from the MAG sensors.

EFI Boom Electronics Boards (BEB):The BEB is a set of two boards in the FWP main electronics box
(EFI-SDP, EFIHFA), one for each set of the sensors.

ThelLow Frequency Receiver(LFR) is a waveanalysetboard responsible for digitization and processing of
multicomponent signals froime EFI antennas and SCM in the frequency range up to 20 kHz. A continuous
waveform, waveform snapshots and cross spectral matrices of up to 12 field components candik provid

The Thermal noise High frequency Receive(THR) is a waveanalyseiboard responsible for digitization
and spectral analysis of signals frahe EFl antennas and SCM at higher frequencies up to 200 kHz (the
200kHz bandwidth is necessary to properlyalge a time series of oscillations up to 100 kHz). THR also
provides measurements of plasma density through analysis of plasma thermal noise spectra.

Electron Density Sounder(EDS) is an active experiment injectiag oscillating signal on the shield ofeh
EFI/SDP wire booms and measuring the response of the plasma electric field. Analysis of plasma resonances
then allowsa precise absolute measurement of electron density, which is invaluable for particle instrument
crosscalibration.

The Data Processing Wit (DPU) is a central computer dedicated to controlling the units within the FWP
box, receiving raw telemetry data from all FWP units, formatting and compressing the science data and
transmitting them to the spacecratft.

A direct low latency digital linko PPU will be implemented, usirige SpaceWire interface. This link will

allow FWP tosend MAG data to the PPU for the purpose of pitch angle calculation, and spacecraft potential
measurements to optimize TEA energy sweeps. FWP will use this link taniffBtJ abouthe selection of

high resolution waveform snapshots. Thgormationis used by PPU to store collected high resolution
electron data (TEA superburst data) to ensure that both high resolution data products are collected for the
same interval.

The FWP instrument provides a common power interface between the spacecraft and SCM, MAG and EFI
instruments. The power required from the spacecraft i p8wer (regulated between 267 30V). The

low voltage power supply unit in the FWP box will convéere primary power to lower regulated voltages

used by the subsystems, but also by the preamplifiers of SCM and EFI, therefore their power requirements
are included in FWP power budg&iwvo power supply units and two DPUs in cold redundancy are included

for increased reliability.

Consistent with the THOR operations concept, FWP will produceeyandburstdata streams in parallel.
The surveydata will include electromagnetic waveform measurements at a low time resolution, averaged
spectra and plasma density estimates. Qimstdata stream will include waveform data at a significantly

Figure 52 Top level block diagram of FWP showing ‘
external connections.
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higher resolution (up to 8192 sps), waveform snapshotplednup to 524 kspss well as high frequency
spectral data.

Heritage and evolution

All spacecraft dedicated to magnetospheric, solar or planetary physics carried instruments for
electromagnetic field and wave measurements. Older spacecraft carriedenfielibinstruments, each with

its own dedicated electronic unit, but more recently, such as on NASA MMS or Van &bees, the
electronics for field measurements was integrated in one unit to improve coherency between datasets and to
reduce the total ass, power and number of spacecraft interfaces. This approach is used on THOR as well,
with FWP serving as the common fields electronic unit.

The strength of FWP compaito previous mission lies in the large number of components to be sampled
simultaneouly (up to 12 field components as a continuous time series and up to 8 components in high
resolution snapshots). The integrated design of the FWP will allow for excellent synchronization between
waveform measurements. All sampling clocks of FWP will bevddrirom a single clock distributed to all

FWP subunits ensuring full phase coherence and zero drift among all FWP signals and also easier removal
of spacecraft interference from scientific data by ground-pastessingThe FWP real time clock will also

be synchronized witlthe particle instruments (PPU) enabling exact matching of the data, in particular the
TEA superburst data overlapping with FWP high resolution waveform snapshots.

FWP design is based on the heritage of the teams in the consortiupréadomus missions, in partiaidthe
recently developedUICE RPW!I and Solar OrbitedRPW, but also from Clust&HISPERandEFW, MMS
DFB, TARANIS and BepiColomb&ORBET

4.2.5 FAR i Faraday Cup instrument

The Faraday cup instrument (FAR) iTaple16; FAR key characteristics.

designed as a fast monitor of solar wirpata products lon density, velocity, temperature
parameters (density, three velocCit |ystantaneous View angle of each FC as well as -
components, and thermal speed) bas Fig|g-of-View whole instrument is 50

on simultaneous measurements of tf Time resolution 20-30 ms for H, 1.57 3 s forHe™

total ion flux and ion integral energy cadence H*: 32 msHe'*: ~ 1.5-3s

spectrum by six identical Faraday cur Telemetry data rate Maximum 13 kbps
(FCs) seeFigure53, with collectors split

into two halves. In this configuratigriwo FCs will be used for a determination of two flux direction angles,

one FC will monitor the full ion distribution function within-3s, and one FC will measure the alpha
particle distribution with the same cadence as mst€ollector currents of the last two FCs will serve as a
proxy of the moments of the proton energy distribution for adjustment of the CSW sweeping ranges (via
PPU). The moments will be determined (under a Maxwellian approximation) on the ground viathethe
resolution determined by the FC geometrical factor and telemetry rate. A sampling rate of 32 Hz is proposed
to satisfy the scientific requirements with a sufficient margin. All FAR FCs are oriented approximately along
the SunrEarth line and their ent window diameter is34 mm, thus the angular characteristics cover large
entry angles and the instrument noise will be lower compared to previous designs of the instrument. The
location of the FAR instrument on tlsenwardside of the spacecraft ensures an optimum orientation for the
solar wind and foreshock and flank magnetosheath _

regions. ).

Heritage and evolution

FAR follows and enhances basic ideas applied |
the BMSW instrument thabas been operaing
successfully since 2011 onboard the Spek®
mission with a number of improvements to reduce
the preamplifier noise and to increase overall
SNR.

Like BMSW, FAR is designed with six FCs but the fliht connector
split collectors effectively enhance their number. 1

facilitates inflight calibration and allows _ _
simultaneous measurements of proton momenfgdure 53: Design of the FAR unit.

Area reserved for
test connector(s)
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and proton and helium energy distributions. The larger voltage on the FC control grids extevielsdity
range to 750 km/grurthermore, the larger entry windows of the FCs together witimeaepreamplifiers
under development will increatiee signatto-noise ratio by an order of magnitude compared to the previous
instrument

4.2.6 CSWi Cold Solar Wind instrument

The Cold Solar Wind (CSW) instrument i

primarily devoted to the study of solar win: — -
turbulence at the ion scale. It will provid Data products 3D iondistribution functions

measurements complementary to thaRp Energy range 20 eVlg- 20 keViq
which daes not provide full 3D velocity Ener gy resol7%

Table17: CSW key characteristics.

distribution functions (VDFs). CSW will Field-of-View +24° (elevation and azimuth)
measure the 3D VDFsf the cold solar wind Angular resolution 1.5° (elevation and azimuth)
ions with high energy (7%) and angular (1.5 Time resolution 50 ms

resolutions at a cadence down to 50 ms. _ 2 2%x105 cm? st eV/eV
achieve such fast cadences, the fastest mc Geometrical factor (for 1.5°anode)

have reduced energy and aleggucoverage .. :
focussed on the solar wind beam using a ,%hllghest iz 2627 kbps (wfo compression

defined beantracking strategy. The Hesolar wind population will be measured using specific modes with
broader energy range, using the factor 2 separation in energy naturally resulting frolectiostatic
analyser energpercharge (E/Q¥election

The CSW basic elements and detailed block diagram are respectively displdsigdria54 andFigure55.

CSW can be divided into two main units: the detector unit and the electronics unit. The detector unit
comprises entrance deflectors which allibvio sweep over look angles +24° in elevation out of the main
detection plane, with 1°5angular binning. A collimator is used to provide the required angular resolution in
elevation angles. Deflected and collimated ions are then subject to E/Q selection through a ctassic top
electrostatic analyser. Through this analysiee
E/Q selectd ions are focused onto the main
detection planewhich consists of 32 channel
eIectron_ multlpllers (CEMS). These perform a « e ——
~10' gain in charge collection (due to electron €+— _ ,,m analyzer
avalanching following the impact of ions on the
entrance of CEMs) on anodes with a5°
resolution in azimuth over an angular range of
+24° as well. More details on the electrostatic Deflector
design and its measurements capabilities can be ,,
found in[240,241] where the operation scheme, DeRasline
resolutions, expected count rates and
measurements are demonstrated to achieve
significant advanceants compared to past X

Attenuator

+Elev
’- Collimator z

“:Elev

Front-end
Electronics|

missions. Y‘
The CEMs anctollecting anodes are mounted on

a frontend board which contains two -Way

ASICs for signal discrimination. The detector unit +AZ

also comprises a hig¥pltage board to supply the . , :
entrance deflectors, the analyser plates, and thédure 54 (Top) Vertical view cut of the tepat

CEMs with the required volges and with analyser, showing the two hemispheres for ene
appropriate  higitadence  voltage sWeepingper—charge selection, as well as the collimator &
properties. The counting and data acquisitiof€fl€ctors at the sunward entrance. (Below
(output from the two ASICs) will be performed inHorizontal —view —cut illustrating the  basi
a Control Unit board. which will control functions €l€ctrostatic optics focalisation of ambient particl
such as the electrostatic analyser voltage sweefprallel trajectories) on the detector plane wh
and he entrance detector sweeps. using such a toat design.
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The electrostatic analyser voltage sweeps will be faster than psewstruments. To achieve the
measuremengoals, CSW will have an overall geometric factoramhe 10 times higher thamarlier
instruments. The volume (owintg the high geometric factor) and power consumption (owinghtfast

sweeps, 32 CEMs and computing needs) of the instrument are thus also larger. In some modes of operation,
CSW will use solar wind peak energy and angular information to optimize theéngaaf the solar wind

beam, using either the previous CSW measurement or data received from the FAR instrument.

Heritage and evolution

Current space missions such a:
Wind, Cluster, or THEMIS : m— S ‘
typically perform in situ ion ' g ‘
measurements in space with
rather low temporal (a few
seconds at best), energy (e1p-
20%), and angular resolutions
(typically 5°%6°, e.g., Cluster or |
Solar Orbiter). On the one hand, A : =zl §

there are instruments like "l i
SWEPAMI on ACE with a high . ’ =
energy resolution of 5% and a
reasonable angular resolution-(3
4.5°), but with a poorer time
resdution of 64 s. On the other
hand, the ion instruments on the
recent MMS mission provide fast
measurements of the full distribution function, every 150 ms, but with limited resolution in energy (15%)
and angle (11.25°).

CSW is designed to obtain high gitsaimeasurements in all respects, as required to tackle the small scales
involved in solar wind turbulence. The design builds on significant heritage for the key subsystems: the
electrostatic optics, detectors, high voltages and control unit. These sofisyasi have heritage from
projects such as Clust&llS, STEREOSWEA, MAVEN SWEA, BepiColombdVEA, Solar OrbiterPAS

HIS, Venus ExpresSOIR, Mars ExpresSPICAM, ExoMars NOMAD and others.

SPACECRAFT

SEQUENCER

Figure 55 Preliminafry block diagram of CSW main units, electror
boards and functionalite

4.2.7 TEA T Turbulence Electron Analyser

TheTurb_uIer_lce Electron AnalyseTIEA) will Table 18 TEA key characteristics.

be the first instrument that can provide sol — -
wind and magnetosheath electron momei P2ta Products 3D electron distribution function
data a5 ms cadence and hence provide pow Energy Range 10eV to 30 keV

spectra of electron parameters such as den Energy Resolutiol 17%

or temperature at frequencies up to 100 F( PE/ E)
The TEA instrument consistef a set of 6 |nstantaneous
Dual Electron Analyser (DEA) units. The Field-of-View

180° x 5° per EA

energy range coverage capability is design _ A 3D VDF at 11.25° spacing
to be between 10 eV to 30 keV in order to |Angular resolution 51 and azimuth)
able to observe the solar wind core populatic Time resolution A 3D VDF during 5 ms
the magnetosheath and th(_e m_agnetotall plas ' 5 x 10% cn? sr eV/eV
sheet (the spaceadt potential is expected tc Geometric Factor (per 11.25° anode
typically be +10V or more positive, in whicl 79,872 kbps
case the least energetic plasma electrons ' Highest datarate optional additional superburst
?_t(l)" \k/))e measured with energies of at lez contribution 2,560 kbps
eVv).

A 17% e E / skep will give a good balance of resolution and sampling time for ttze wond and
magnetosheath. An angular resolution of 11.25° will resolvediiade structures in threectron VDF.



THORAssessment Study Report page60

Dual deflection fans, +/- 22.5° Dual deflection fans, rotated through
180° to illustrate full field of view

Single “DEA” dual-analyser

Figure 56: A complete DEA unit with two analysers and the electronics box. The combined field of

the pair of analysers is also illustrated.

Each DEA unit consists of two Electron Analysers (EAs) mounted on an Analyser Electronics Unit (AEU).
The instrument commanding, power arademetry interfaces to the spacecraft will be via the Particle
Processing Unit (PPU). The AEU houses the Analyser Electronics and provides the mechanical structure to
which the EAs are mounted. The AEU provides the mechanical interface to the spacddtadt élactronic
interface to the PPU.

The mechanical structure of a complBieA unit with two analysers and the electronics ,lbarxd the fields
of view of the two analyserre shown irFigure56.

Each EA consist of a mechanical structure containing the electron optics, a microchannel plate detector
assembly and anle boards with pramplifiers.

Due to theSun-pointing spacecraft coigiuration, an accommodation scenario is propggégure 57), in

which the DEAs are grouped in threes on opposite sides of the spacecraft, and each DEA is individually
oriented as indicated, to provide complementary f
at the Sun. This could be achieved by mounting ea
arrangements are also possible providednidicated field of view coverage is supported.

Heritage and evolution

The TEA instrument has direct heritage in terms of the analysershibagistem which is currently in use on

the MMS mission, and the sensor electronicsstdtems which will be very similar to those that have been
developed for the Solar Orbiter S\ABAS instrument. The TEA instrument will measure the solar wind and
magnetsheath elecbn plasmas at thermal and supmamal energies, by collecting 3D velocity
distributions, which will be used to calculate moments but which also carry detailed information relevant to
testing competing models of energy conversion and dissipafihe cadence is more than tDfesfaster

than for previous solar wind electron instruments (&/gnd), and a factor 6 faster than for electron
instruments of the MMS mission. A novel capability of the TEA instrument is a magnetic field tracking
mode able to produce 2D pitengle resolved measurements either an$(with improved counting
statistics compared to 3D data) or

at 1.25 ms for maximum time 77
resolution (for use in studying -_ -
electron scales in the fast solar

wind). TEA will be the first

instrument that can supply
individually  timed  electron
detection events. These
Asuperbursto da _-
periodically alongside high time
resolution wave data during
intervals of 125 ms duration, to Figure 57. Proposed accommodation of the TEA DEA units onbc
support waveparticle interaction the spacecraft.

studies(see Sectin6.5).
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4.2.8 IMS T lon Mass Spectrometer

IMS will provide for the first time very
high temporal resolution measuremen
of massresolved iongH*, He**, O) in Data products
nearEarth spaceThe time resolution of
the 3D velocity distribution functions
will be 150 ms forH* and 300 ms for
He™ in the foreshock, shock anc
magnetosheath turbulent region Angular resolution

Table19: IMS key characteristics.

3D ion distribution functions
(H*, He™, O")

Energyrange 10 eVi 30 keV

Energy resol L10%
Instantaneousdld-of-View 4 x 6° (azimuth) x 36° (polar)
11.25° (azimuth) x 11.25°

Oxygen is measured with lower tim (polar) -

" y? tion IMSu m rement Masspercharge resolution O 8 Hdf*or O 3 f or
esolution. easurements - alr; e resolution 150 ms for H, 300 ms foHe™
required to study how ieacale turbulent 5.74 x 16 cne sr eV/eV

fluctuations heat and accelerate differe Estimated Geometrical factc
ion species, e.ghow He™ particles are
preferentially heated with respect to h
within ion-scale coherent structures in the magnetosheath. IMS measurements areciboocpuoperly
distinguish H and He™ particles in the foreshock/shock turbulent region, since they cannot be simply
separated by energy as done for cold ions in the pristine solar wind due to their higher temperature produced
by shock heating.

The IMS instrument is composed three main subsystems, as showrrigure58: the entrance optics, the

TOF chamber and the electronics b@ke instrument combines energy (E) per charge (q) selection by an
electrostatic analyser (ESA) and azimuthal direction selection by electrostatic deftegetiserwith a
time-of-flight (TOF) measurement, to determi®® distribution functions of ions wh given mass per

charge M/g.Four IMS sensors are mounted on the spacecraft and are phased by 90° in the spacecraft spin
plane,Figure59. Each sensor covers a 43360 Field-Of-View (FOV) so that the total FOV of IMS ip4

The energy range is 10 eV/q to 30 keV/q and the mass rangiRiarhu. lons entering the deflection system

are selected in E/y the ESA At the exit of the electrostatic analyser, ions areslacated by 15 keV/q

(nominal postacceleration) and then hit a thin carbon foil located at the entrance of the TOF section.
Electrons knocked off the foil are steered to the inner mibemnel plate (MCP) and a sectored anode
(Anode Boardl, providingthefi st ar t signal and the ion entrance |
the outer MCP to gener at ehamaberihe torovelbcitydsiolgtained from g t h i |
difference of the start and the stop signal, theaed "time of fight", and from the length of the TOF
chamber(5.8cm). The mass per charge M/qg is then derived fitim ion velocity and the E/q earlier
determined by the ESA. The high flux in the pristine solar wind will be reduced sutiveard direction

through an electrostatic  flux

reducer by an adjustable factor of i B

up to 100. IMS detection 2
electronics (Analog Board) Entrance Optics =
combines two l1&€hannels ASIC
Charge  Pulse Discriminators,
which perform charge
amplification and discrimination
and generate &ttt and stop signals,

(per 11.25 ° pixel)
Highest datarate 5927kbps (w/0 compression)

© A

_— Spoiler

— Carbon Foils
ToF Chamber =

_~ MCP

= Anode Board

together with one discrete Tinte- [ S ;:u_ s s e
Amplitude-Converter associated to 8

an FPGA, which compute the time Electronics Box = I ‘ ,/g«/”' PAGHYES
of flight. The electronics box i MCPHVPS
includes both fast sweep and static P =

= Sweep Power Supplies

High Voltage Power Supplies,
Low Voltage Power Supplies, and
Digital and Processor (CPU)
boards assuring instrument control
and data formatting.

™. Digital, Processor & LVPS Boards

Figure 58: CAD model of the IMS instrument
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Heritage and evolution

The IMS has significant heritage for all
the threesubsystems from previous and

ongoing missions including Cassini 1 AR 07 0= 180°
CAPS, Cluster CODIF, STEREO

PLASTIC, MMS HPCA, Solar Orbiter

SWA and BepiColomboMPPE. IMS

can perform the fast composition -

measurements due to the use of 4 unit:
even though the units aredividually \
similar to heritage designsThe IMS

high time resolution measurements ar
not possible with  composition
instruments on earlier and current missions like HPCA on MMSs (1€solution) and CODIF (@
resolution) on Cluster. In additipthe combination o& sufficiently long timeof-flight chamber (&m) and
modern detection electronics allows for adequate discriminatiori ah#tHe™ and reduction of dead time

—180 <¢ < +180°

glgure 59 Accommodatlon of the fodMS sensors andMS
coordinate system

4.2.9 EPET Energetic Particle Experiment

EPE is a particle instrumetthat will measure the T,pe20. EPE key characteristics.

energy spectra and angular distributions Particle VDE
energetic electrons (2000 keV) and ions (28000 Data products eéztlcc}goo keV
keV/n). The instrument has two sensor units, ez Energy range i . 20-8000 keV/nuc
one measuring with two doubtnded telescope 260/

pairs in four view cones. Utilizing the spin tfe EN€r gy r eso20%

spacecraft, EPE observations cover the full siee Instantaneous 45° per view cone
Figure60. Field-of-View (4 cones per unit)

The two ends of the telescopes observe electr 1iMme resolution <15s

and ions, respectively. Each telescope consists « Geometrical factor e 05 cntsr _

stack of three solidtate detectors. On one end, tt (Per telescope) i :0.1 cntsrion

stack is covered by a thin polyimide layer, stoppil ~54ence 15s for 3D VDF

ions below a few hundred keV/n but lettin 7.5s for pitch angle VDF
eledrons pass almost unaffected. The upperm Highest datarate 13 kbps

detector (500 um thick Si) on this side is operated

in anticoincidence with the second and, thus, observes the energy spectrum of electrons stopping in the
detector. The other end of the telescope has no fod bubom magnet instead that deflects electrons below
several hundred keV. This side of the telescope has a 20 pum thick Si detector followed by a 500 pm Si
detector, which thus form an ion telescope observing at energies from 20 keV to 8 MeV/n. lorgsthassin
first detector can be identified using the @E vs.
resolution at MeV/n energies. lons stopping in the thin detector and depositing more than 1.2 MeV are
heavier than H (mainly He at >300 kel/and more than 4.8 MeV are heavier than He (mainly CNO above
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Flgure 60: (Left) Example of a possible accommodation of the two sensors of EPE. (Right) Sky cov:
the EPE detectar
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300400 keV/n). Thus, partial elemental resolution ic
achieved already from ~300 keV/n.

Each of the two identical EPE unitsee Figure 61,
integrates the sensors and electronics in a single packe
Each unit has an independent data and power interface
the PPU, providing partial reduandcy.

The EPE instrument collects almost the full 3C
distribution of all particles in one half of the spacecrat
spin period (every ~ 15 s). The relative orientation of th
8 independent telescopes was conceived to enable g
guality subspin measurement®r most magnetic field
configurations. The instrument will be able to generat
energyresolved VDF snapshots in 8 directions every ~ 2
and, on averagét will be possible to recover a full pitch
angle distribution of energetic ions and electrons eve
7.5s.

Heritage and evolution

EPE has heritage from the Solar Orbiter instrument EPT. The improvement compared to EPT consists of the
addition of a third detector in each sensor, which increases the capability of compositional measurements.
This detector desighas heritagérom SOHO IRNE LED and STEREO IMPACT LET.

4.2.10PPUT Particle Processing Unit

PPUis a central electronics unit for all the particle instruments: IMS, CSW, TEA and EPE. The approach of
a common processing unit allows an efficient management for correlative plasma meassirealso
facilitating interoperation with the other instruments on the spacecratft.

The PPU has to provide the patrticle instruments with adequate data management and processing capability to
assist the instruments in the fulfilment of their performaecgirements.

The three basic data processing operations of the PPU are:

Moments computation: PPU performs moment calculations on particle instrument 3D distribution
functions. The resulting data on density, velocity vector, pressure tensor and heatctiox are
included in the telemetry stream toward the spacecraft memory.

Assistanceto particle instruments in the measurement ofpitch angle distributions (PADs): In this
case PPU drives the particle instrument sensors in order to record 2B viAtkDrespect to the
magnetic field vector received from MAG through FWP.

Data compression:The PPU compresses the 3D and 2D BaRh a lossless compression algorithm.
Moreover, the PPU assists CSW in the solar wind beam tracking operation.

Figure 61: CAD model of the EPE unit.

The PPU provides a sileg power, telemetry, and control interface to the spacecraft as well as power
switching, commanding and data handling for IMS, CSW, TEA and B®Ehown ifrigure62.

The PPU performs the following tasks:

Receive/Transmit commands from spacecratft;

Distribute primary power to sensors;

Drive instrument operations (at different levels according to instmt)me
Acquire and process data from the instruments;

Download science and telemetry data through the spacecraft interface

= =4 =8 =8 =9
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Figure 62 THOR PPU Interface Block Diagram
The PPU architecture is based on the jointly use of a GR712&&dore LEON3FT SPARC V8
processor and several FPGA operating as hardware accelerators, communication manager, or communication
router.

The PPU has a fully redundant configuration, with two Central Processing Unit boards (CPU), based on the
dualcore LEON3-FT processor and two groups of two Compression and Scientific Processing boards (CSP)

based on FPGAs. Each CSP is provided with three FPGAs (Actel RTAX family) and dedicated input (raw

scientific data) and output (data resulting from processing) buffeeach sensor.

The PPU delivers two data streams to #pacecraftmemory; thesurvey data (e.g.moments of the
distribution functions) anturst data (high resolution distribution functions and TEA superburst data).

Heritage and evolution

The proposediesign for PPU is based on experience and designs from the Solar Wind Analyser Data
Processing Unit (SWAPU) of Solar Orbiter, developed under INMPS responsibility by a consortium

of Italian Industries led by Technosystem Development (TSPpzzuolj Naples. SWA is a suite of
instruments, composeaf 2 Electron Analyser Systems, the Profipha Sensor and the Heavy lon Sensor
(HIS), which provide the solar wind ion and electron bulk properties and ion compositioof #hikse
sensors are connectamthe DPU, which is in charge of supporting the overall instrunfantgions related

to power, control, temporary storage, communication and computational capability nj@pents
computation and 3D compression).

With respect to SWADPU, whose CentrdProcessing Unit board is based on Leon2FT Sparc V8 Processor,
PPU is characterized by enhanced controlling and data handling/processing capabilities, necessary for
managing the increased number of the suite instruments and the high temporal and phassobpi@me of

the particle measurements. This is achieved by means of the optimized use of iberelldON3FT

together with an adequate number of FPGA based HW accelerators.

4.2.11ASP - Active Spacecraft Potential control unit

ASP will be under Prime Coractor procurement and is not part of the scientific payload of THOR.

The ASP unit reduces the positive spacecraft potential by emitting indium ions of 4 to 10 keV energy.
Reducing the spacecraft potential to lower valugsy and below,allows for more ecurate plasma
measurements at low energieég,, energiescomparable to the spacecraft potent@ah the other handoo

low spacecrfi potential maylead to an increased photoelectron cloud and legsurateelectric field
measurements. Therefothe capability to control the spacecraft potential is very valuable for finding the
optimal spacecraft potentid obtainthe highest quality measurements.
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The ASP units will shoot thebeam into the
spacecraftvake (antisunward direction to ensure 60 10.0
that theemitted ions do not disturb the symmetry
in the spacecraft potential within the spin plane
seeFigure 63. This ensureshat accurate electric
field measurementsan be madevith ASP being
activated THOR accommodatesvo ASP unitsto
ensure a proper control of the spacecraft potentia €

S

The main constituent of the ASP instrument is .’
pair of ion emitter units (4 emitters in total), eact ~
connected to a dedicated high voltage supply. Tt 20
four emitters are present due to lifetime ani
redundancy reasons. The emitters currently flyin  _4
on the MASA mission MMS have demonstrated a
capability to achieve 9350 h of operational time & :
a current level of 20 YA, which is the nominal o0 =40 20 Y_ax?s ) 20 49 0
operational value for MMSIn the pristinesolar
wind and magnetosheallHOR is expected tobe Figure 63: The potential distribution around th
a few volts more positive than MMS due to THOR spacecraft simulatassing the SPIS code wif
THOR havinglargerfraction ofSunlit area. ASP ion beam being on. The simulation confirms
the ASP ion beam is not affecting the symme
potential distribution in the spin plane that is critic

4.3 pay|0ad operations for sensitive electric field measurements.

40

20

4.0

Potential (V)

0.0

The THOR payload is operated as a single virtual instrument thiglintention to simplify the operations
planning bythe SOC/MOC and to minimize the interaction between the SOC and the instrument teams.
From and operations point of view, SOC and MOC interface with only three instruments, FWP, PPU and
FAR.

4.3.1 Payload modes

The THOR instruments will implement a simple setageration modes which can be commanded by a
single telecommand: OFF, INIT, STANDBY, SAFE, CALIBRATION, SCIENCE, with clearly defined rules
for transition between the modéshis allows planning of the payload operations by SOC based on a set of
well-defined flight rules, e.g.switching off and on some of the instruments during manoeuvres, radiation
belt crossings or long eclipses, withdle need to interact with the instrument teams.

4.3.2 Science data

In the SCIENCE mode the payload generates two parallEeeidata streams transferred to the spacecraft
mass memory:

Survey datacovering the full time at low bitraténtended for immediate downlink. All theeirvey data
is downlinked to the ground.

Burst data covering the full time in the Burst Collection Regs (BCRs) at high bitrate. Only a small
fraction of theburst data is downlinked to the ground.

The primary way to select thmirst intervals is based on ground analysis of the downlisleey data by

the SITL, see Sectiol.3.3 This payload operations strategy is similar to the one used in the NASA MMS
mission. A simple burst prioritization algorithm, based tme variation of the electromagnetic field in
several frequency bands, will be also implemented in FWP, assigning a numerical priority parameter to each
interval of burst data. In case the ground selection is not available, the spacestihift psmrity parameter

to deternme the order in which the old data is overwritten.

Example of science data contained inshevey andourst streams planned to be used during NSP1 (primary
focus on the magnetosheath sciefdd driver) are given ifTable21 andTable22.
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Table21: Survey telemetry targeting magnetosheath science

Instrument Description Ti_me S, ULl
resolution [ms] [kbps]
MAG 3D DC Bfield waveform, 32 sps 31.25 2.0
SCM 3D AC B-field waveform, 32 sps 31.25 0.9
EFI 2D DC Efield waveform, 2xDCV SDP, 32 sps 31.25 1.4
FWP HF spectral matrices, 10 components, frt@Quencies 7500 2.2
FWP HF spectra, 6 components, 400 frequencies 7500 3.7
FAR Ni, Ti, Vi derived from 8 currents + 4 voltages 32 3.7
TEA 3D distribution e, 32 energies, 12x16 angles 500 53.2
TEA e- moments, n, V, Tpar, Tperpl, Tperp2 100 8.3
CsSw 3D distribution SW H, 24 energies, 32x32 angles 5000 27
CSwW SW H" moments (N,3V,6P,3Q) 150 0.6
IMS 3D distribution H, 36 energies, 32x16 angles 7550 13.1
IMS H* momentsN, 3xV, 6xPij 150 0.4
IMS 3D distributionHe™, 36 energies, 32x16 angles 15000 6.6
IMS He™ momentsN, 3xV, 6xPij 300 0.2
IMS 3D distribution O, 36 energies, 32x16 angles 15000 6.6
IMS O" momentsN, 3xV, 6xPij 1500 A1
3D distribution of energetic and H, He™, O,
EPE 16 energies, 3x8 angle?s 30000 0.9
Total 131

Table22: Burst telemetry targeting magnetosheath science

Time resolution Compr. TM

Instrument Description [ms] rate [Kbps]
MAG 3D DC Bfield waveform, 128 sps 7.81 9
SCM 3D AC B-field waveform, 4096 sps 0.24 100
EFI 3D AC Efield waveform, 4096 sps 0.24 100
EFI 2D DC Efield waveform, 2xDCV SDP, 4096 sps 0.24 132
10D snapshot 32 ksps 3x SEWF, 3x HFA, 2x ACE
FWP SDP, o ACY SDP, 131072 samples 15000 709
10D snapshot 256 ksps 3x SEHfF, 3x HFA, 2x
Zol ACE SDIg, 2x ACV SDE’, 32768mples i —
FWP HF cross spectra, 24 components, 200 frequencit 2000 29
FWP HF spectra, 8 components, 400 frequencies 500 74
FWP QTN Ne, Te values, 128 sps 7.81 1
FAR Ni, Ti, Vi derived from 12 currents + 6 voltages 16 15
TEA 3D distributione-, 32 energies, 32x16 angles 5 19661
Electron Superburst snapshot, 125 ms dura
TEA timestamps oﬁ‘eimpacts fro?n 32 anodes St ol
CsSw 3D distribution SW H, 24 energies, 32x32 angles 150 870
IMS 3D distribution H, 36 energies, 32x16 angles 150 659
IMS 3D distributionHe™, 36 energies, 32x16 angles 300 334
IMS 3D distribution O, 36 energies, 32x16 angles 1500 66
EPE 3D distribution of energetic @nd H, He'*, O, 32 15000 7

energies, 6x8 angles
Total 23585
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4.3.3 Instrument settings

In SCIENCEmode, the instrument settings (e@nergy range, angular resolution, sampling frequency) are
changed by using pmefined sequences (macros) stored in the instruments flash memory. A similar macro
approach exists ore.g, the Rosetta LAP instrument. 4ading new macros is considered a routine
operation, which can be part of standard operations. The execution of a macro is tested on a ground reference
unit by the instrument team before uploading, and its telemetry output and power consumption ds verifie
Tests on any integrated unit at ESA will not be needed forlgosth macro uploads. During prelaunch
integrated tests, several macros will be used fegronnd calibréion and verification purposes.

SOC and MOC payload operation is simplified byféne that all instruments except FAR intedagith the
spacecraft via FWP and PPU. Therefore, a single macro can be used to control instrument settings, further
decreasing the telecommand volume. A library of macros with corresponding power and telemetry
parameters is provided by instrument teams to the SOC. The SOC will use them for planning and
commanding.

4.4 Electromagnetic cleanliness

The THOR payload is designed to provide very sensitive measurements of electromagnetic fields and
charged plasmaarticles. Electromagnetic fieddgenerated by the spacecraft itself can impact such
measurements by introducing artificial signals interfering wfth weak natural electromagnetic fields
measured byhe sensorsThe spacecraft electrostatic field and nmagic dipole field can deflect low energy
charged particles, distorting the measurements of plasma distribution functions. The ambitious science
objectives of THOR can thus only be achieved if the electromagnetic field generated by the spacecraft
platformand payload is controlled and maintained within limits compatible with the payload sensitivity.

The requirements on electromagnetic cleanliness (EMC) of the spacecraft have been studied and formulated
by the EMC working group during phaseaddareincluded in the THOR SciRD[242]. The EMC aspects

of THOR have also been presented at a topical conference and summarized in aj24B8jiclthe EMC
requirements discussed below are only applicable in regions of interest during nominal science operation.
Outside of those intervals, in particular during manoesiand close to perigee, deviations fromréwuired

limits are acceptable.

4.4.1 DC and low frequency magnetic field

Requirements on the spacecraft magnetic field are imposed to ensure that pfbget aalibration of

MAG sensor can be performed and tthe target accuracy in absolute magnetic field measurements can be
reached by the MAG instrument. The total spacecraft magfietit magnitude is limited to 8T at the
position of the outboard MAG sensor, mounted on a boom at least 6.3 m away fromcie &b bodyand

dow variations of the spacecraft fietth the timescales of minutes to hoarg also limited. Spacecraft
magnetic field compliant to these limitations can be subtracted from science data usidgathe
magnetometer technique, combinedhwoffset calibration based on the known properties of rotational
discontinuities in the solar winf244]. This method shall alloweachng the accuracy specified e
THOR requiremenRP3. The 2 nT limit on spacecraft magnetic field is less strict than the corresponding
requirementfor Cluster spacecraft (0.28), but stricter than for Solar Orbite2Q nT). In comparson to

Solar Orbiter, reaching better magnetic cleanliness shall be facilitated by THOR being a spizedtabili
spacecraft, eliminating the field perturbations from reaction wheels, and the significantly longer
magnetometer boom.

Finally, the EMC requirenmgs limit the effect of the spacecraft magnetic field on the trajectory of low
energy electrons registered by the TEA instrument and is thus expressed as the integrated magnetic field
along radial particle trajectory. The imposed limit corresponds to #ymetic field introducing a deviation

of 20% of TEA angular resolution on an electron of 5 eV (very low energy electrons are assumed to be
accelerated by spacecraft potential to energies above 5 eV).
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4.4.2 Electrostatic requirements

Charging of the spacecraftie to photoelectron fluxes impacts measurements of both low frequency electric
field and particle distributions. In particular, electric fields associated with any differential charging of the
spacecraft surface difference on the spacecraft surface woohd)ly degrade low frequency electric field
measurements. The voltage between two points on the surface is thus limited to a maximynwbich
effectively requires the spacecraft surface to be sufficiently conductive. An analogous requirement was
appled to many previous missions performing electric field measurements, including Cluster, Solar Orbiter,
JUICE or MMS.

Positive charging of the spacecraft will also prevent low energy positively charged ions to reach the
detectors and the electrostatic diekill bend the trajectories of electrons, potentially introducing errors in
particle measurements. Estimates performed in phase A indicata shateraft potential not exceeding

10V is acceptable for the science measurements and THOR will carryia sgacecraft potential control

device, allowingredudion of the spacecraft potential below this limit. Similar potential control instruments
have been successfully used on several previous spacecraft (including Cluster, Double Star or MMS) and the
techrology is thus considered mature and reliable.

4.4.3 AC electric and magnetic field requirements

A significant aspect of the THOR EMC prograsithe requirements imposed on AC electric and magnetic
field emissions from the spacecraft in the frequency range frétn tb 200 kHz applied at the location of

the SCM sensor and EFI electric antennas. Requirements are formulatieel Spectral domain, for
broadband noise and narrowband emissions separately. While broadband emissions cannot be removed from
scientific daa efficiently and must thus be eliminated, stable narrowband spectral spikes can be removed
from the data by pogirocessing and higher amplitudes are thus acceptaideTHOR science objectives
require that plasma waves are resolveduph high qualitytime series measurements up to 100 kHz. To
ensure sufficient quality of waveform measurements, the data will be sampled at frequencies up to 524 kHz
and EMC requirements impose limits on interference up to the frequency of 200 kHz. Higher frequency
interference can be eliminated by electronic filters in the FWP instrument, but the margin between 100 kHz
and 200 kHz is required to implement filters offering sufficient attenuation and at the same time low
distortion below 100 kHz.

The red line inFigure 64 shows the limit imposed by THOEMC requirement on spacecraft magnetic
emissions. This curve follows the expected performantleedfHOR search coil magnetometer (green line)
which improves on the heritagestrument STAFF from the Cluster spacecraft [3] (magenta line). While the
EMC requirements are stricter than in theé  comparison of search-coil sensitivities and EMC requirements

case of Cluster at the location of the senso THOR SCM prototype (LPCZE)

when the longer booms of THOR are taket ——Cluster STAFF noise (in flight)
H H H H . ——Cluster EIDA requirement
into account and the magnetic field is-re  10%x +— THOR requirement

scaled apmpriately, the limit imposed on . = = = THOR regq. rescaled to Cluster beom length
the spacecraft magnetic emissions at the: |——5trong SW turbulence level (Sahraoui, 2009))
source is not much stricter than that of:
Cluster The black dashed line shows the
THOR requirement level fscaled tothe
Cluster boom length for easy comparisor
with the analogous Cluster EIDA
requirement (blue) and performance obtaine £
in space (magenta). Thisssumesa boom
length of 6.3 nfor THOR.

Figure 65 shows analogous requirements fol

spacecraft generated electric fields require 10" “ gl e
for unperturbed measurements of electrii frequency [Hz)

fields associated with turbulence at Iower,;igure 64 Comparison of THOR AC magnetic fie
frequencies and plasméhermal noise at oqirement (red line) and performance of existing se:

higher frequencies. The limit inposed on .| magnetometers. Black line shows a typical turbule
the radiated electric field as seen Hye o elin the solar wind.
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THOR double probe antennas (SDP) in the : : : : :
spin plane and 2.5m tifo-tip tri-axial dipole
antennas (HFA) mounted on a boom. Tht 10 ¢
black lines show the expxd instrument
noise for the double probe antennas (SDF
and dipole antennas (HFA). The red anc
orange lines show the expected observe
noise floor in the solar wind, including shot —
noise and effect of the plasma environment T
Green lines show the actual EM
requirements. Oveplotted in grey are also
actual solar wind spectra frotte Cluster
and THEMIS double probe experiments,
showing the improved performance of
THOR overthe heritage instruments.

The curves inFigure 64 and Figure 65 set plasma+photoelectron
the limit for broadband spacecrafnissions. 1077
Narrowband spectral spikes, such DC [...... biased SDP, R=10MQ)  Preamp noise
converter interference, can be allowed ftc biased SDP, R=25M(

exceed this level by 3® 45dB (depending 10710 bt g S > . .

on frequency)However, it must be ensured 10" 100 10 10 10 100 10

that these spikes can be effectively remove. frequency [Hz]

from the data by digital pogtrocessing. For Figure 65: THOR AC electric &ld requirements compare

this reason, the spikes exceeding thevith solar wind Efield levels expected for THOR and thc
requirement must be sufficiently stable inmeasured by heritage instruments. Expected electric
frequency that they remain within the samespectra in the solar wind Sez%&s (inertial range), =58

bin of (2048point) discrete Fourier km/s, SE-4& (kinetic range), Sis based offi21].

transform (DFT). The spikes also need to be limited to at most 2% of each frgglemade. ThEMC
requirements suggest an implementation of a stable master spacecraft clock at a frequency of 524 kHz
distributed to platform devices and payload elements, such as FWP. This master clock would be used to
synchronize all DEDC convertersikely to produce interference as well as the sampling clock of the FWP
instrument. This phase synchronization of sampling clock and major sources of interference allows for very
efficient removal of interference frothedata, as shown for example on thEEREO spacecraft which used

a similar concept.

10—11

10—13
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10—15
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4.4.4 Requirement verification

An important part of the THOR EMC program will be the verification of the requirement through ground
tests and modelling. AC electromagnetic field emissions above several Hertz catathely easily
characterized by direct measurements in an electromagnetically shielded chamber. Requirements on low
frequency fields must be verified by a combination of direct measurements (remnant spacecraft magnetic
dipole can be characterized in editated facility) and modelling of induced magnetic field and spacecraft
charging. In particular, a detailed spacecraft electrostatic charging model based on SPIS softWwaner¢see

49 andFigure63for initial results) shall be developed during mission preparation.
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5 Mission design

5.1 Mission requirements

The main mission requirements are summarized below. The complete set of applicable requirements can be
found in theMission Requirement Documef245] andScience Requirements Docum§d2].

1 THOR shall meet théollowing residence times in the Top Priority Regions (TPR) of each Key
Science Region (KSR):
0 60 days in the pristine solar wind
0 47 days in the foreshock
0 21 days in the bowshock
0 14 days in the magnetosheath
I THOR shall be able to operate its payload:
0 90% of the time spent in tHePR
0 70% of the time spent in the nominal science phase
1 THOR shall return 15.7 Thits of high quality budsitg with a bre&down per phase as described in
Table23.

Table23: Total KSR burst data volume science requirement and its breakdown per NSP.

NSP1 ! NSP2 : NSP3 TOTAL(Gbits
Magnetosheath 5155.0 | 1289.0 i' 0.0 6444.0
Bow shock 70*30min 2377.0 : 595.0 | 0.0 2972.0
Foreshock i 0.0 | 24490 | 4330 2882.0
Pristine solar wind 0.0 : 984.0 : 2296.0 3280.0
TOTAL (GBITS) 7532.0 | 5317.0 | 2729.0 15578.0

 THOR shall be spinning at 2 rpm, with a spixis oriented towards the Sun wheerforming
science measurements.

1 THOR shall comply with EMC requirements describe&e@ttiond.4to achieve the required science
measuement performance.

5.2 Mission design drivers

THOR mission drivers are sumnmzed below:

1 The orbit and phases duration are driven by the science need to cross the key science regions, by the
radiation environment, and by the specific manoeuvrability constraints of -pdiued spining
satellite.

1 The burst data return requirements drive the concept of operations of the mission, and the spacecraft
onboard memory sizing.

1 The payloadderived requirements, including EMC requirements, drive the whole spacecraft design
to a large extent.

5.2.1 Key Science Regions crossings

As perthescience requirements, THOR has to cross each Key Science Region-([{K&&)etosheath, bow
shock, breshock, and pristine solar windnd spend sufficient time ihe Top Priority Regions (TPRKSR
and TPR are defined in tlseiencerequirement®10 andR13 andcan be seen also Figure44.

All four KSR are best visited by spreaditige nominal mission into 3 nominal science phases (NSP),
corresponding to three highly elliptical orbits with a perigee at 6 Earth Radiys(i® an increasing apogee

of 15, 26 and 45 R with one year spent by the spacecraft in each NSP. The linesideamf the orbit is
chosen to coincide with the intersection of the Earth's equator and the ecliptic plane, the vernal equinox
direction, to ensure a sufficiently small SHarth THOR angle at apogee to maxmmiscience return.
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5.2.2 Specific constraints fororbital manoeuvres

Since THOR is a spinning spacecraft with a

Sunoriented spin  axis, orbit change

manoeuvres require preferably at the same e

time the spin axis to be 1) tangential to the ~ Pecembertaunch ARM PRM
orbital velocity at perigee (for apogeaiging _ /—ﬂ\T
manoeuvre) or apogee (for perigee raising \/ Y N N
manoeuvre) and 2) Swpointing to ensure the g T A A
bodymounted solar arrays are illuminated = lw_/
with a largeenough Sun Aspect Angle ey ARM June Launch
(usually around 45°) to guarantee enough

power for the propulsion system. Largevede

of the spacecraft are time consuming due to i

the spin rate and the presence of four 50 m

wired booms, making it difficult in practice to Figure 66: Illustration of the two launch periods per ye
do tangential apogee or perigee manoeuvrégound solstice with a line of apSideS a”gnEd with ver
outside a narrow window of a few weeks pefduinox. ARM- Apogee Raising Manoeuver, PRM
year around solstices. Consenthe the Perigee Raising Manoeuver. For a June launBRM is
duration spent in a given orbit is a multiple ofPossible only around winter solstice.

one year.

In addition, THOR is injected into a [258®000] km orbit. From a mission analysis point of view, THOR
could be launched any day of the year (with some exceptions corresponding to hbet highar
perturbations, leading to poor orbit stability), but the spacecraft could not be transferred to the first NSP
before the next solstice, for the reasons explained above. Meanwhile, the spacecraft would suffer an
unnecessary buildp of the radiabn dose and an increased probability of SEE on the spacecraft
components, in an orbit with limited stability after one month. Therefore, it was decided to limit the duration
in this very first orbit to the minimum possible, which is around 2 weeks comgjde worst case of a safe

mode occurring in that phase. This calls for a preferred launch date a few weeks before solstice, leading to
two launch periods of 2 months per year.

Although both launch periods comply with science requirements, the Jundunyiyoallows an orbit with
lower ecliptic inclination, Kourou being in the Northern hemisphere, and is therefore the b&saeser,
the achievedypacecraft designs presentedSaction5.4 are compatible with both launch periods,eoiffig
programmatic flexibility.

The use ofan Ariane 62 reignitable upper stage to perform the initial Perigee Raising Manoeuvre (PRM)
has not been studied further, due to the current uncertainty on launcher design and perforinance
particular the capacity for a cryogenic upper stage to perfoemetiuired PRM several hours after the first
burn was not confirmed. A conservative approach has been preferred, assunspgcdierafineeds to
perform the initial PRM by its own means, which limits de facto the possible launch periods as detailed
above.This assumption could be-ugsited in a later stage of the project, as soon as the Ariane 62 design
maturity improves. A direct injection in NSP1 by the launcher wdéaldexampleallow launching any day

of the year, simplifying the overall mission desig

Vernal equinox

5.2.3 Radiation environment

The radiation environment is a significant driver for the mission profile, with a direct impact on orbit chosen,
instrument anectquipmenbperations and shielding. As a consequence, the total radiation dose has been one
of the imprtant weighting factors when performing the tradfs selecting théaseline orbit for THOR. A
perigee at @R instead of Re was preferred for this reason, although it implied significantly higher delta V.
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THOR will experience a changing radiation
environment along the mission. The crossing

Total mission dose

1.E+08

of the inner Van Allen belt will be limited to 1407

the initial injection orbit, where THOR will ~ _ 10

remainfor amaximumof 2 weeks. In the first ~ £'5% T

two NSPs, while THOR will be passing above % e N i
the inner Van Allen belt, it will still go 1o S
through the electron belt twice per orbit. The 3 ico: ——Trapped protons
dose accumulation in NSP3 (and potentially "~ 100 ——Sokrprotons
the whole extended phase) will be muchreno LS

benign. The totalonizing dose isshownin B TR . 0 1o

Figure67 andis aboutl00 kRad behin@ mm AlSeberMckie )

of Al over a 35year duration, including a Figure 67: Total lonizing Dose foithe THOR nominal
factor of 2 margin on the em@nment. It is mjssion (excluding margin)

significantly below the dose for a

geostationary satellite, though significantly higher than the dose for a typical LEO salkitdhielding
strategy consistef using a close@dpacecrafstructure to naturally shield the most sensitigaipment and
additional local and spot shielding of critical components sudais&isimentfront-end electronics.

5.2.4 Selective downlink

A specific driver of the THOR mission is the return of the burst science data. It is required to return about
15 Thits of burst data over the mission duration. While significant, this represents a very small fraction of the
burst data the payload &tualy generating ofboard. Typically, only about 1% of the generated data is to

be returned. There are therefore two possible strategies to retrieve this data: either downlink all the payload
generated datamgn-selectivedownlink strategy), or downlink onlthe relevant science data (a priori burst
selection, known aselectivedownlink strategy). The neselective downlink strategy requires a complex

and costly TT&C system based on-Kand to allow downlinking the data. The selective downlink strategy
requires a groundbased data selection process based on the analysis of survey data to establish which of the
generated burst data is relevant for downlink. This second approach allows a sirbpled XT&C system

and has been selected for THORe selective denlink strategyimplementatiorbenefit from the lessons

learned fromthe ESA JUICE and Solar Orbiter missions, arglbased on Scientist In The Loop scheme as
successfully used the NASA MMS mission see Sectiof.3.3for details
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Figure 68. Simulation of the oiboard memory usage assuming historic solar wind parameters from .
2007 as an input. A IPbit EOL mass memory is sufficiemith significant margin for storing the
continuously generated burst data with the foreseen selective downlink scheme and allows in
storage of more than the requiredrhit of SITL selected data in all mission phases. Cat. 1 data ar
highest giality data which have to be returned to satisfy the mission requirements:4Gae2ower quality
but scientifically interesting data. The first few months (white space) are the commissioning phase.
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Figure 69: Simulation ofminimumrequireddata (Cat.1) acquisition(top) and downlink (bottompased on
real solar wind parametersee alsd-igure 68.

The main consequen@ the spacecratfif usingthe selective downlink is the need to have arboard
memory sized to store dhegenerated payload data while SITL performs aelecion. This decision time
includes not only the SITL decision itself, but all the intermeditgpsrequired for the data processing and
transmission from (and back to) the ground station to the SITlthellOC and SOC. The process has been
streamlined irthe course of the study minimize the overall ground loop duration, now establishedd8

days, including adhoc margins. With a survey data downlink every 3 days maximum, this means-the on
board memory needs to store the equivalent of 6 days ofdaiesbrboard. This translates intbe required
onboard memory size of arourd@ Thits EOL, including marginsThe adequacy of the memory sizing has
been verifiedby carrying out asimulation of data acquisition, éspard storing, SITL selection and
downlink, usinghistoricsolar wind parametefsom 20042007 as input, sdeéigure68 andFigure69.

5.25 EMC

TheTHOR science requiremengpecifyaccurate magnetic field, electric field and paetideasurements, at
unprecedented resolution, leading to stringent requirements elet®-magetic cleanlineséEMC) of the
spacecraft A comprehensive set of justified, traceable and verifiad@CErequirements have been
established for THOR by a dedicated EMC Working Group. They are described in d&eittion4.4.
These requirements drivi® a major extenthe design of the spacecraft.

1 AC/DC magnetic requirements for MAG and SCM require the mounting of these instruments on
semirigid booms, of at least 6.5 m length, from the platform.

1 AC/DC electric requirements at EFI require the implementation of theSBEPI instrument on 50 m
long wired booms, and of EfHFA on a rigid boom at least four meters away from the spacecraft.
This inturn requires the spacecraft to spin at a sufficierd ot2 rpm to ensure the wire booms
remain under sufficient radial tension at all times.

1 The integrated magnetic field requirement leads to a careful selection and accommodation of
equipment and components on the spacecraft. For instance, solar cdblatteng cells require a
careful symmetric configuration to allow selbmpensation of magnetic moments.

T The quasi fdutegquiempgsasd atyo t he s pRGOkHz|ctacanfipty i n
with AC/DC magnetic and electric field requirementstimaxceptions allowed over limited duration
and at known frequencies) leads to careful selectod/or accommodatiorof electronics
components, with consequences on all electrical subsystems: power, AOCS, DHS, TT&C but also
the instruments themselves.iiposes, in particular, the need for a master clock at the spacecraft
level, providing a stable and accurate synchronization signal to the payload instruments.

1 Finally, the requirement on the differential voltage of maximum 1 V between any point of the
spacecraft implies that all the spacecraft surfaces shall be conductive, requiring the use of specific
conductive coatings for the solar arrays, MLI and radiative surfaces. The need for having a positive
spacecraft potential lower than 10 V requires alswvactharging control of the spacecraft, which is
achievedhanks to the ASPOC equipment.



































































































