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Part I: How do we observe space plasmas ?
Part ll: Turbulence properties at the MHD scales

Part lll: Planetary ionospheres - Saturn



Part |:
How do we observe space
plasmas ?



Plasma make up over 99% of

Chandra

the visible universe !

AINASA JWST



Plasma observations from space

1. Remote sensing
- General properties and global dynamics of the system

2. In situ
- Detailed information on the plasma at the location of the satellite.
- Plasma parameters of the system (E, B, ne, Te, Ti, etc.) that we can use in the
equations.



Plasma observations from space

Remote sensing observations



Earth and moon

© NASA/JPL




Encaladeus icy moon around Saturn
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Encaladus active jets

© NASA/JPL



Encaladus active jets

20

0

B, [nT]

-20

20F
10f
of
s10f

B, [nT]

=310

B, [nT]

350

340
330}
320

[B] [nT]

310

10 -

=10 F

=320
-330 1
-340

DOY: 195 19:50 20:00 20:05

2005-Jul-14

2005: first flyby of Enceladus is 1000 km, unusual comet like magnetic field signature detected.

Second flyby, altitude decreased to 175 km [Dougherty el al., Science, 2006]

© NASA/JPL



Spectroscopy

/Measure the spectrum of electromagnetic radiation, including visible light, IR,\

UV, X-rays and radio waves that radiate from stars and other celestial objects.

The spectrum can reveal many properties such as the chemical composition,
temperature, density, mass distance and luminosity.

- Planets, asteroids, and comets all reflect light from their parent stars and
emit their own light. For cooler objects, including Solar System planets and
asteroids, most of the emission is at infrared wavelengths we cannot see, but
that are routinely measured with spectrometers. /




Spectroscopy

Oct 1999 Nov 2012 Dec 2012

Fig. 1. Visible images of the observed hemispheres (A to C) with sub-observer longitudes listed and
combined STIS images of the H and O emissions (D to 0) (Table 1).

Visible

December 2012, the Hubble Space Telescope
“  (HST) imaged Europa’s ultraviolet emissions in
the search for vapor plume activity.

HI 121.6 nm
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Detection of water vapor above the southern pole
of the icy moon Europa - Presence of water
02 plume.

O1130.4 nm

0.0
Roth et al., Nature 2014




Magnecti field measurements: Zeeman effect

The Zeeman effect is the effect of splitting of a spectral line into several components in the presence of
static magnetic field. It was observed for the first time in 1896 by the Dutch physicist, Pieter Zeeman in

laboratory experiment.

- Since the distance between the Zeeman sub-levels is a function of the magnetic field strength, the
Zeeman effect can be used to measure the magnetic field strength (Sun, stars formation or in laboratory

plasmas)
gB
V=1t —
/ l h
Predicted
frequencies Unshifted line
frequency

Me = Bohr magneton (the magnetic moment of
an electron caused by its orbital or spin
angular momentum).

h = Planck constat

Energy

Transitions Levels

Orbital angular
momentum

1s

BN BN spectum

without magnetic field with magnetic field



Magnecti field measurements: Zeeman effect

Image d"une tache solaire

spectre

raies spectrales

effet Zeeman —

. clivage + polarisation

J-F. Donati

The Sunspots are regions of Sun’s atmosphere with strong magnetic field



Magnecti field measurements: Zeeman effect

B

The separartion in the energy level is followed by
A polarisation of the light emitted (or absorbed) > ?}'
during the transition between the different levels. h

Linear polarization

- The type and intensity of the polarisation

depends on the orientation of the magnetic field

with respect to the observer. E
>

e

Circular polarization




Plasma observations from space

In situ observations
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Langmuir probe

;“/,

Irvmg Langmuw (1881 1957)

Active measurements perturbing the surrounding
plasma.

- ~1920: Invention the Langmuir probes to measure the
electron plasma density (n.) and the electron temperature KgT.
in cold low density laboratory plasmas.

- 1928: Coined the term “plasma” in relation to the physics of
partially ionized gases.

- ~1950: Langmuir probes are used on rockets and satellites
to measure the electron and ion densities, the electron
temperature in the ionospheres and the spacecraft potentials.



Langmuir probe

Langmuir probe onboard the Cassini
spacecraft (Diameter ~5cm)

© NASA/JPL

CASSINI RPWS
LANGMUIR PROBE

ENGINEERING MODEL

IRFU, Uppsala, Sweden




Langmuir probe

The Langmuir Probe samples the total electrical current from the plasma. The caracteristical
Current-Voltage (I-V) curve gives estimates of several thermal plasma parameters:

I;=~—Aypn;q,

2
16 Zirm; m‘;i + kBTi

v_iz 4 kBTi (1_ qg(Uﬂoat + Ubias))

le,

Electron current contribution
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-
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i lon current contribution

M. Morooka et al., JGR, 2019



Example: ion current

LP data 2017 09 09 00:01:5.21
300 -

The ion current can be expressed as a linear 20 1 g0 (119410
: . 200 L Ynoar -0:06 IV
funCtlon 5 ) N.: 5.24e+02 [om™]
= 150 mi;1.0[amu]
Ii=m+ bUbias, é oo Vi: 340 kmis]
1 q _0
Where: m= —ArpqiniVi.  and  bxAppqn —-
4 Zvai
Intercept Slope
A is the surface area of the LP, and qi, Ti, ni, vi, and mi al
are the charge, temperature, density, drift velocity, and 300
mass of the ion species, respectively. Unoa IS the floating =
potential. It is where the probe electrical potential S 1]
balances with the ambient plasma. S ol

bias [V]

M. Morooka et al., JGR, 2019

Current [nA]



lon mass spectrometers

Calculate the ion counts and some properties:

* Direction
* Energy

* lon species (ratio m/q)

— Example: Mass Spectrum Analyzer (MSA) onboard the
BepiColombo Spacecraft mission



BepiColombo ESA/JAXA mission to MERCURY

Launch: October 2018
In orbit: December 2025
Science: 2026-2027 ﬂ
J
- . \
Mio
Mercury

Magnetospheric
Orbiter

Mercury Planetary
Orbiter

““bepicolombo.
S —
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lon mass spectrometers

BepiColombo Mass Spectrum Analyzer (MSA) developped at LPP

Saito et al. SSR, 2021

Delcourt et al., JGR, 2016



lon mass spectrometers

BepiColombo Mass Spectrum Analyzer (MSA) developped at LPP

Saito et al. SSR, 2021
Delcourt et al., JGR, 2016



lon mass spectrometers

BepiColombo Mass Spectrum Analyzer (MSA)

MMO
spin axis
(4 s period)
MMO orbit
. . §R% burey MSA FIELD
Field of View: OF VIEW
32x11.25°

MMo

apoapsis
11640 km

Delcourt et al., JGR, 2016



lon mass spectrometers

Delcourt et al., JGR, 2016
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lon mass spectrometers

Neutrals and negatively
charged ions inside
the TOF chamber:

Straight Trough (ST)
detector

----------------

-------




lon mass spectrometers

Positively charged ions
Inside the TOF chamber:

Linear Electric Field (LEF)
detector

dz’
m?:—QkZ

dz’ _

E =0

2
(v (Angular frequency)

anms
-----
-------
------

p=—————= RN




lon mass spectrometers

LEF - No dependence on energy

m/q = CT?/n?

ST - Dependent on the energy

m/q = 2(E/q)T?/L?

Delcourt et al., JGR, 2016
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lon mass spectrometers
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MSA data at Mercury — June 23, 2022

BEPICOLOMBO'S SECOND MERCURY FLYBY (éesa

Instruments active during flyby

“g¥ BepiColombo
Imaging :
QFPQ?'&MHE?E%S Mercury Planetary Orbiter ~ Mercury Transfer Module 1
23 June 09:41 - 10:24 UTC BELA M-CAM 1
ISA M-CAM 2
MERTIS M-CAM 3
MGNS
MIXS Mercury Magnetospheric |
MORE Orbiter -
MPO-MAG MDM
PHEBUS MGF
SERENA MPPE
SIMBIO-SYS MSAST

Closest approach
to Mercury

23 June 09:44 UTC
(11:44 CEST)

Mercury flyby . ACTIVE - NOT ACTIVE

23 June 2022

¥ h:pic‘nlnmhn

#Expl'ﬂreFﬂftth Relative sizes and distances are not to stale




Overview of MSA observations

On 2022-06-23 from 09:09:20 to 10:26:08
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Observation of planetary He’* and He

MSA TOF spectra:

2022-06-23 09:31: 35 09:48:39
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Observation of planetary He?* and He*

Incident
H+

E/q analysis
During Carbon foil crossing:
H*-> H

TOF1=STOP1-START (50 —100 ns depending upon energy)

During Carbon foil crossing:
H+ 9 H+

TOF2=STOP2 - START (~ 200 ns regardless of energy)

+ Linear E field -

Saito et al., PSS, 2010

SWT, July 11-14 2022



Observation of planetary He’* and He

MSA TOF spectra:
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lon distribution function

Number of counts/second

7 - c(E,p, V)
- G(E,p,0)TAE

Differential flux (J) for a given energy and direction

1 )A JAEd Q=vfd’v
Jmvdvd Q=vfdvv’d Q

Velocity space

Calculate the ion distribution function

="

v



lon distribution functions

Number density

(O-th order moment) " :J f)dv

Flow velocity 4 =<y >=1Jm s

fvx) ..

(1% order moment) n
Pressure V2 =<(v =) :,:‘J‘” =) F(v)d
(2" order moment) nJ) |
Heat flux q

(3 order moment)  am n

2 =< —u)? >=lj (v —=u)’ f(v)dv

U



lon distribution functions

Electron distribution function lon distribution function
Electron Distribution Function
1995-06-25/12:28:12
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Electron distribution function in the solar wind

: . _ Cluster data, Wang et al. 2014
using Wind spacecraft data (C. Sulem, PhD thesis).



Electric field measurements




Magnetic field measurements

dd B

d =—N—=—N§—
Lenz’s law € gy -

Fluxgate magnetometer: [DC - 1 Hz]

A fluxgate magnetometer consists of a ferromagnetic metal core
wrapped by two coils of wire. An alternating electric current is
passed through the primary “drive” coil, driving the core through
an alternating cycle of magnetic saturation; i.e., magnetised,
unmagnetised, inversely magnetised, unmagnetised, magnetised,
and so forth. This constantly changing field induces an electric
current in the secondary “sense” coil, and this output current is
measured by a detector. In a magnetically neutral background, the
input and output currents match. However, when the core is
exposed to a background field, it is more easily saturated in
alignment with that field and less easily saturated in opposition to it.
Hence the alternating magnetic field, and the induced output
current, are out of step with the input current. The extent to which
this is the case depends on the strength of the background
magnetic field.

e= induced electric current
®d=magnetic flux
N= number of turns in a coil of wire

B obinage
de mesure

[N

h

EEAVNEEEE R

|1 [ fuf By

T

Bobinage
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Magnetic field measurements

wmtage /\
a. \

No external magnetic field
Bobinage

Net field (red + blue)

c. Time

Detected voltage

d. Time

Time de mesure
L 4 E
Magnetic field generated with no external field L 3 . D = o
— E
b. \/1 \/f \/T o _ =
/\J, /\l /\], Bobinage
d’excitation

External magnetic field
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Magnetic field measurements

_d® dB

Lenz’s law f— —N—— — —N§— Tri-axial fluxgate magnetometer on

ct clt board the BepiColombo spacecraft
(MPOIMAG)

Fluxgate magnetometer: [DC - 1 Hz]

A fluxgate magnetometer consists of a ferromagnetic metal core
wrapped by two coils of wire. An alternating electric current is
passed through the primary “drive” coil, driving the core through
an alternating cycle of magnetic saturation; i.e., magnetised,
unmagnetised, inversely magnetised, unmagnetised, magnetised,
and so forth. This constantly changing field induces an electric
current in the secondary “sense” coil, and this output current is
measured by a detector. In a magnetically neutral background, the
input and output currents match. However, when the core is
exposed to a background field, it is more easily saturated in
alignment with that field and less easily saturated in opposition to it.
Hence the alternating magnetic field, and the induced output
current, are out of step with the input current. The extent to which
this is the case depends on the strength of the background TU Braunschweig
magnetic field.




Magnetic field measurements

Search-Coil magnetometer: [~0.1Hz ~1 MHZz]

Magnetometer that will measure the varying magnetic flux.

'E_F?En'v

Lenz’s law (induced voltage): V. =—N CZ—(D =—j2nf NS U Bcos@
| t

THEMIS and Cluster/STAFF Search-Coils




Passive and active measurements

Relaxation sounder: allows to measure the plasma frequency and infer an absolute value of
the electron density + measurements of the electrostatic and electromagnetic natural emissions

Technique de Sondage

Plaama Transmitter

“- Réception (V1 - V2) et

. Transformée de Fourier
A E‘&iﬁhl

Emission au Forme d'onde  Module du Spectre

“*"‘F"”%

Réception au .
Temps t + At Recelver

Wave spectrum analyser



Passive and active measurements

Dynamic spectrogram of the electric field intensity and triggered characteristic resonnances
by the sounder of the Cluster/ESA spacecraft mission.

WHISPER 3, 9 November 2002 LPCE/CNRS, Orléans
ol P reL e o
; L ss %,
/ S0 :l
=R o
: wgs
S
E ‘ﬂ' Type Il solar radio burst ig
g 253
o A cm
w : N " 15
o * bt 5
2 u = 2 044 0
00t A+ VL ¢ - A £+ < A 87 oisi(*
. " . y . . : Is{ e
-34.38 68.77 46.67 29.50 18.05 9.20 . Lutig !
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8.20 196.90 14.07 10.81 11,70 1416 i L

J.G. Trotignon et al., 2010



Passive and active measurements

Passive mode

Active mode

Frequency (kHz)

Frequency (kHz)

Bx—-component

CARSE- IR -

Relerence %38“'-'”?"055‘38& W Hz™?

;382‘.:32@3338
Level
Reference W— ?'oof-& Vg H™?

05:00:00 05:30:00 06:00:00 06:30:00 07:00:00 07:30:00 08:00:00
Universal Time
Method: Avghct LPCE/CNRS
WHISPER 3 MAR 18, 2005



Plasma observations

Combining
Remote Sensing & in situ observations



Solar Orbiter ESA/NASA mission

_;.‘S_plar Orbiter A, yod

> THE SUN UP CLOSE

Launch: Februray 2020

- Make significant breakthroughs in
our understanding both of how the
inner heliosphere works, and of the
effects of solar activity on it.

- The spacecraft will take a unique
combination of measurements: in situ
measurements will be used alongside
remote sensing close to the Sun to
relate these measurements back to
their source regions and structures
on the Sun's surface.

www.esa.int - ; ) European Space Agency




Solar Orbiter ESA/NASA mission

SOLAR ORBITER INSTRUMENTS

Heliospheric Imager (SoloHI) @

Energetic Particle Detector (EPD)

Magnetometer (MAG) | (| .

RPW o

IN SITU INSTRUMENTS

(O REMOTE SENSING INSTRUMENTS

#SolarOrbiter #WeAreAllSolarOrbiters

Eesa

Spectral Imaging of the Coronal Environment
(SPICE)

Solar Wind Plasma Analyser (SWA)

X-ray Spectrometer/Telescope (STIX)

Extreme Ultraviolet Imager (EUI)
Coronagraph [Metis)

Polarimetric and
Helioseismic Imager (PHI)

Radio and Plasma Waves (RPW)

solar.orbiter




Solar Orbiter ESA/NASA mission

JOINING THE DOTS ! ’ esa

Solar. Orbiter traced an energetic particle,event on 21 March 2022
from theiSun through the solar wind M

l‘y‘. ’

RPW detects radio signals
of accelerated particles and
plasma oscillations

Frequency (MHz)

Langmuir Waves j
06:00 08:00 Time (UT)

21 March 2022

Particles spiraling out on Sun's
magnetic field lines reach
Solar Orbiter

JSTEIET) §

s s el T et S e

v 5 e

Fe

EUT: Extreme Ultraviolet e R i e R P s e

Imager 21 Mar  06:00 12:00 18:00 22 Mar 06:00 12:00 18:00 23 Mar

EPD: Energetic Particle Detector Time (UT)

RPW: Radio and Plasma Waves

EPD detects particles with various
STIX observes source X-ray flare (red dot), ?;?S(c:fy S composition and energy
EUI a shock wave (green) iz

ESA & NASA/Solar Orbiter/EPD, EUI, RPW & STIX Teams




BepiColombo ESA/JAXA mission to MERCURY

Launch: October 2018
In orbit: December 2025
Science: 2026-2027 ﬂ
J
- . \
Mio
Mercury

Magnetospheric
Orbiter

Mercury Planetary
Orbiter

““bepicolombo.
S —

B




BeEiColombo ESA/JAXA mission to Mercury

v« PWI/MEFISTO-2

Magnetospheric Orbiter (Mio)

MPPE/MEA

« PWI/WPT-1 o MAST-MGF

MPPE/HEP-ion
MPPE/MIA MPPE/HEP-electron

MPPE/ENA

MAST-SC &

MSAST

PWI/WPT-2 *

MPPE/ENA MPPE/MSA
MPPE/MEA-2

© ESA/JAXA




BepiColombo ESA/JAXA mission to Mercur

R Instruments inside the spacecraft:
A t ISA
s MGNS
‘ MORE
SIMBIO-SYS
(spectrometer)

SERENA-ELENA
SERENA-PICAM

SERENA-MIPA —.f
MIXS-T
MIXS-C— S A "
MERTIS S SERENA-STROFIO
& BELA
(high- SIMBIO-SYS [receiver)
igh-resolution camera)
BELA

[transmitter)

SIMBIO-SYS
(stereo camera)

SIXS

PHEBUS

Planetary Orbiter (MPO)

© ESA/JAXA



End of Part |
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