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ENA Imaging — What For ?
‘imaging’ of Plasma Processes
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ENA Imaging — What For ?
‘imaging’ of Plasma Processes
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Studying Space Plasma Objects / Processes
The traditional way
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‘imaging’ of Plasma Processes — The Reality

Single Point Observations of Magnetospheric Tail Processes
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‘imaging’ of Plasma Processes — The Reality

Multiple point observations of ring current injections

Substorm “Flavors™
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‘imaging’ of Plasma Processes — The Reality

atmosphere and its aurorae as screen of magnetospheric processes
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Studying Space Plasma Objects
The Traditional Way

we are using

* in-situ observations, mostly single-point
» ground-based observation

» remote-sensing of auroral displays

to study a huge, highly complex, dynamical system

in this way:

a global continuous monitoring of the evolution of the
system is not easy to achieve
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Energetic Neutral Atom — ENA - Imaging

First of all: Do not take serious

,Energetic’ means anything
above a neutral at rest
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ENA Imaging — The Principle
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ENA Imaging — The Principle E

The co-existence of an energetic charged particle
1 population (solar wind, magnetospheric plasma) and
(b} E:';"gz;;e Energetic a planetary neutral gas leads to interaction, e.g.,
collision e gbai  through charge-exchange:

,/" A*(energetic) + P(cold) = A(energetic) + P*(cold)

Trapped Little exchange of momentum — conserve velocity
energetic ion ENA are not influenced by E- and B-fields; they
M - travel on straight ballistic path like a photon
agnetic field X ) ) , .
line Directional detection of ENAs yields a global image
of the interaction and allows to deduce properties of
the source populations.

ENA production mechanism in space plasmas
Charge - exchange reaction with atmospheric / exospheric gases
Sputtering of planetary atmospheres
Backscattering from the planetary atmospheres (ENA albedo)
Sputtering from planetary surfaces
lon neutralization / sputtering on dust particles
Recombination (CMI)
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ENA Imaging — The Principle E
In Other Words ...

Energetic ions in a planetary magnetosphere (environment) interact
with cold neutral atom populations through charge exchange
collisions to produce energetic neutral atoms:

The charge exchange collision involves little exchange of
momentum, so that an ENA moves off from the collision point on a
ballistic trajectory, with initial velocity equal to that of the parent ion
immediately before the collision. The ENAs can be sensed
remotely since they are no longer confined by the magnetic

field as the parent ions were.

ions’ velocity distribution is preserved in the ENA distribution
composition is preserved
— Thus, the ENA imaging technique enables quantitative,
global-scale measurements of energetic ion populations from a
remote observing point.

J. Woch. S3 Seminar. MPAE. Mav 26. 2004
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ENA Imaging — Interpretating the Image
A Mayor Challenge

ENA flux -~

exospheric density * Charge exchange cross-section * AR

sufficient for
ENA Imaging
" beyond 10 Re

Geocoranal hydrogen density [em*.3]

¥ 12
Distance from Earth's center [Re]

log (charge-exchange cross section, cm ™2}

100
Energy, kel

*ION FLUX 9

J. Woch. S3 Seminar. MPAE. Mav 26. 2004



ENA Imaging — Interpretating the Image E
A Mayor Challenge

The main challenge facing ENA image science is to retrieve the
underlying parent ion distribution from the ENA images.

The directional ENA flux (Jg,,5) at a point in space represents an integral
along the chosen line-of-sight of the product

of the hot ion flux toward the observation point (j;,,(r,v, 1)), the cold neutral
density (N,eutral(r-)), and the charge exchange cross section. That is,

o0

jE.-\".-\ ;j dr x J;.frH.l{F- v, 1) X Mneutral (r) X U('.‘;‘(ﬁ"l)

(1]

where r is the location along the line-of-sight at which the charge
exchange interaction occurs, v is the ion vector velocity at the instant of
the interaction, and t is time. lon distributions are obtained by relating the
remotely observed differential directional ENA flux (jgy) to the path
integrated source intensity, and mapping this to the equatorial plane under
the assumptions of gyrotropy and conservation of the first adiabatic
invariant. This inversion problem is not well constrained from a single
Observatlon pOInt J. Woch. S3 Seminar. MPAE. Mav 26. 2004

ENA Imaging — Interpretating the Image E
In other words ...

Interpretation of images is difficult and severely model-dependent

For a magnetospheric ENA image the emission regions are
optically thin. Therefore, the image is a 2-D projection of the 3-D
emission structure in the magnetosphere. Interpretation of the
image requires constraining the position of the emissions along
the line-of-sight by the known physics of the magnetosphere (e.g.
Liouville‘s theorem constraining the particle phase space density
distribution along the magnetic line of force).

Analogous to medical x-ray imaging (3-D optically thin body collapsed
into a 2-D plane). Interpretation only possible based on prior
understanding of anatomy

Way-Out (in future): multipoint imaging constrains models and
parameter space; optical thin nature becomes distinct advantage

allows tomographic reconstruction (CAT) of spatial distributions of
plasmas

J. Woch. S3 Seminar. MPAE. Mav 26. 2004
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x=-5, y=0, z=5
up-down
x = -5 plane , \E“g'e

emission
region

Figure 1. The same model magnetotail viewed fromtwo loca-
tions. The combination of the two images shows that the asym-
metry is caused by the viewing geometry, as illustrated inthe
sketch to the right.
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it's tough !

Max-Planck-Institut fir Aeronomie E

A simulated magnetotail
viewed from two different
positions
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ENA Imaging - How to do it ?
Measurement Techniques

ENAs are tenuous and have to be measured against a
‘foreground” of charged particles and UV photons

—> imposes difficulties even when doing "White Light Imaging”

ENAs are not influenced by em-fields

— How to do spectral analysis ?

J. Woch. S3 Seminar. MPAE. Mav 26. 2004



ENA Imaging Instruments E
The Recipe

prevent ions and electrons to enter the instrument

— electric and magnetic collimator deflection systems
reduce UV and EUV

— foils, gratings

convert neutral particle into ion

— ionizing foils, grazing incidence on surfaces
perform spectral, mass analysis

— E and/or B fields, TOF system, E-PHA

perform imaging

— direction-sensitive detection (MCP, SSD)

J. Woch. S3 Seminar. MPAE. Mav 26. 2004

ENA Imaging Instruments E
The Principle

(a) LENA (10 eV - 100 eV) (b) MENA (100 eV - 10 keV) (c) HENA (10 I(QV -1 MeV)
Curved Curved ~ Straight
MCP _/

lonizing surface . ssD

Thick (50 pg cm2)
Uv-blocking foil

~ Uttra-thin (0.5 ug cm2)
ionizing foil

v+ photon O ENA ® lon (ionized ENA)

step 2: reduce UV and EUV — foils, photon absorbing surfaces

step 3: convert neutral particle into ion — ionizing foils, grazing incidence on
surfaces

step 4: perform spectral, mass analysis — E + B fields, TOF system, SSD

step 5: perform imaging — direction-sensitive detection (MCP, SSD)

J. Woch. S3 Seminar. MPAE. Mav 26. 2004
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Schematics of a real ENA Instrument E
ASPERA for MEX and VEX

collecting grid
START MCPs

STOP surfaces

\ START surface
e crystalline surfacq
STOP MCPs high photon abso
high electron yielg
energy range several 10 eV to 10 keV
can distinguish H from O
moderate imaging capabilities
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Schematics of a real ENA Instrument E
INCA/Cassini and HENA/Image

velocity, trajectory, energy, and mass of

ENA, SSD
CHARGED ENA, MCP-oni]

analysis'
' (AT enalysis ENAs in the 10-500 keV energy range

ARGED PARTICLE
EFLECTORS

The HENA sensor consists of
alternately charged deflection plates
FolLs mounted in a fan configuration in front
b IHAGING, i of the entrance slit; three microchannel
START MCP i [roggizgp plate (MCP) detectors; a solid-state
’ Upper detector (SSD); two carbon-silicon-
el polyimide foils, one at the entrance slit,
20 s, [T = e the other placed just in front of the back
STOP HCP i — h‘:‘;ﬁg MCP; and a series of wires and
sso— prereyrmores AN Qe electrodes to steer secondary electrons
ejected from the foils (or the SSD) to

PRE-AMPS Hoag the MCPs.

HV SUPPLIES (INGA
Degigr)

J. Woch. S3 Seminar. MPAE. Mav 26. 2004




Miax-Planck-Gesellschaft Max-Planck-Institut fiir Aeronomie
INCA/Cassini and HENA/Image E

J. Woch. S3 Seminar. MPAE. Mav 26. 2004

Schematics of a real ENA Instrument E
MENA/Image

IMAGE's Medium Energy Neutral Atom (MENA) imager is a
slit-type imager designed to detect energetic neutral hydrogen
and oxygen atoms with energies ranging from 1 to 30 keV.
The instrument determines the time of flight and incidence
angle of the incoming ENAs; from these it calculates their
trajectory and velocity and generates images of the
magnetospheric regions from which they are emitted. The
imager consists of three identical sensor heads mounted on a
T postion sansivs anode data processing unit (DPU).

s/c spin axis

COLLIMATOR PLATES

velocity, trajectory, (and
mass H from O) of
ENAs in the 1-10 keV
energy range

MENA IMAGER (front view) J. Woch. S3 Seminar. MPAE. Mav 26. 2004
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HENA / IMAGE
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LENA / IMAGE

The Low Energy Neulral Atom imager is lumed on in this
pass on 2000/05/03, A strong signal from the Earlh
direction is seen during the Eclipse pass over the southern
polar cap near perigee. Considerable addilional work
needs lo be done lo make this idenlification definilive.

J. Woch. S3 Seminar. MPAE. Mav 26. 2004
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ENA Processed Images
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ENA Processed Images EE
HENA / IMAGE

201 (DRY 301)
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ENA Signal Deconvolution E
Storm recovery phase

AL
RIBUTICN

04:10 UT Z E=50-60 keV
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ENA Signal Deconvolution E
Substorm Injection
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ENA Image Inversions
Validation in Earth’s Magnetosphere
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Observing Substorm Particle Injections into the RC

the traditional way the ENA way
3 spacecraft 1 spacecraft

Substorm “Flavors™
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Observing Substorm Particle Injections into the RC
Temporal monitoring with ENA Imaging

Vlax-Planck-Gesellschaft

imaging the
magnetospheric plasma

its interaction with
the solar wind
the planet‘s atmosphere
the moon Titan

the dust rings

Energetic
witral Atom
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ENA Imaging of other planet’s magnetospheres
It's on its way — INCA/Cassini is arriving at Saturn

s

Titan Wako,
Exosphoro

e

use
Magnetopa P

Saturn's Magnetosphere
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ENA Imaging — Further Application
Measuring Neutral Exospheres and Tori

\ J \
Y

measured derived known

JiEN/-i = dr x jlcm(;:- 1_-;- f) X N Neutral (r) X U(E(Iﬁl)
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0
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ENA Images of a neutral gas nebula surrounding Jupiter
from INCA/Cassini during the Jupiter flyby

Jupiter Nebula Fed by lo’s Volcanoes
(one ton per second)

Pickupion

\\

Jupiter Magnetosphere

Krimigis et al..
-

Discovery of a magnetospheric neutral wind extending more than 0.5 AU from
Jupiter:

* Hot quasi-isotropic component

* Cold component :

neutrals escaping from lo’s plasma torus, following charge exchange and having a corotation
speed of ~75 km s-1, confined close to the equatorial plane P e g
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Linagr
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INCA-ENA Images —
Evidence for a Europa Torus

50-80 keV ENA images of Jupiter’s
magnetosphere, revealed two distinct

emission regions:

the upper atmosphere of Jupiter

confirmed by in-situ
observation in the Europa
torus

Mauk et al.

Lagg et al.

Pitch Angle Distributions
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The lo and Europa Gas Torus

J. Woch. S3 Seminar. MPAE. Mav 26. 2004
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Titan’s exosphere interaction with Saturn’s
magnetosphere

Titan’s orbit places it, most of the time, within Saturn’s
magnetosphere.

°Titan's nitrogen-rich atmosphere is subject to direct
magnetospheric interaction, due to its lack of a significant magnetic
field.

* Energetic ions in the magnetosphere occasionally will undergo a
charge exchange collision with cold neutral atoms from the upper
Titan atmosphere, giving rise to the production of energetic neutral
atoms.

* The coexistence of energetic ions and cold tenuous gas in the
Saturn/Titan system makes this system particularly suitable for
magnetospheric imaging via energetic neutral atoms.

J. Woch. S3 Seminar. MPAE. Mav 26. 2004
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Energetic Ton Flux at Titan Orbit

Titan ENA Production
Model : input

L= 10598,

Frimigia ot al, 1883

Woysgar 1 {1eily

Charge Exchange Cross-Sections
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Titan

Fiyby Simulation of a
| complete Titan
flyby: outbound

Outbound

Mercator projections of the entire sky. Bold
numbers are times relative to closest
approach (M= minutes, H= hours).

Logarithmic colour bar (factor  of 100)
normalised to brightest pixel in each panel.
Multiply dimensionless column densities by
1.2%10%3 cm2,

Distant Saturn magnetosphere (brightest
points are ring current at L3) is comparable
in ENA brightness to Titan exosphere, while
Titan hydrogen torus (idealised) is much
weaker. Mote EMA image of Titan
exosphere is distinct from Saturn
magnetosphere.

Aysuaju) wN3
H Column density

Roelof and Williams, 1990

J. Woch. S3 Seminar. MPAE. Mav 26. 2004
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ENA Imaging at Mars

A Case of non-magnetic solar wind — planet interaction
MarsExpress since 01/2004

J. Woch. S3 Seminar. MPAE. Mav 26. 2004
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ENA Imaging at Mars
Atmospheric Escape at Mars

Absence of planetary magnetic field leads to important differences
between Mars’ and Earth’s atmospheric escape and energy
deposition processes

upper atmosphere at Mars not protected by magnetic field
direct interaction of shocked solar wind with exosphere

massive erosion through ionisation and tailward convection;
sputtering

J. Woch. S3 Seminar. MPAE. Mav 26. 2004
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ASPERA-3 on MarsExpress
Imaging plasma and energetic neutral atoms near Mars

Objective: To measure solar wind scavenging : The slow “invisible” escape
of volatiles (atmosphere, hydrosphere) from Mars.

Question: Is the solar wind erosion the prime reason for the present lack of
water on Mars?

collocting grid

J. Woch. S3 Seminar. MPAE. Mav 26. 2004
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Solar wind scavenging of the martian atmosphere

Planetary wind = Outflow of atmosphere and ionosphere
(cometary interaction)

ASPERA will do global
imaging and in-situ
measurements of:

Inflow — solar wind Planetary

Outflow — planetary wind Wing

using: - =100 ton/day

Energetic neutral atom
cameras and plasma
(ion+electron)
spectrometers

Note: Mars (and Venus) are planets lacking a strong intrinsic magnetic field (umbrella) =>
dehydration.

J. Woch. S3 Seminar. MPAE. Mav 26. 2004

ENA AT MARS Ea
IMAGING OF PLANETARY OXYGEN

Point 3

X Paint 4, %,
SZA=180% S
Lag(ENA flux, sm2sr-1s-1ev-1) L'

[ SR ]
005 1 15 2 25 3 35 4 45 5
Figure 5. ENA images for vantage points with different solar zenith angles (SZA). The energy range:

0.1-1.65 keV. The position of the vantage points are shown in the inserts s well as electrical and
magnetic field vectors. All points are in the OAZ plane.
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ENA AT MARS
IMAGING OF PLASMA BOUNDARIES

2
x(Rpy) x(Ryy)

BoRwetter et al.: Plasma boundaries at Mars

Vlax-Planck-Gesellschaft

ENA Imaging at Venus EE

Atmospheric Escape at Venus
VenusExpress: Launch 2005

Absence of planetary magnetic
field leads to important differences
between Venus’ and Earth’s
atmospheric escape and energy
deposition processes

upper atmosphere at Venus not
protected by magnetic field

direct interaction of shocked solar
wind with exosphere

massive erosion through ionisation
and tailward convection;
The lonosphere of Venus: A complex sputtering; em-processes with
structure of plasma clouds, rays, and holes topside ionosphere
formed by the interaction with the solar wind

Large similarities Venus / Mars

J. Woch. S3 Seminar. MPAE. Mav 26. 2004
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ENA Imaging at Mercury’s Magnetosphere

A case of direct solar wind magnetosphere - exosphere - surface
interactions

Messenger, BepiColombo Launch 2011

magnetosheath

magnetopause

J. Woch. S3 Seminar. MPAE. Mav 26. 2004

ENA Imaging — Further Application E
Detecting Neutral Particle Populations
Direct Measurements of the LISM

Our solar system moves through the surrounding Local Inter Stellar
Medium (LISM)

It consists of a mixture of charged particles, with embedded magnetic
fields, and a neutral component, mainly uncharged hydrogen and
helium atoms. As the interstellar plasma and the solar wind, cannot
penetrate each other because of their embedded magnetic fields, a
boundary layer, the Heliopause, is formed, The Heliopause is assumed
to exist at a solar distance of about 100 AU. The Heliopause prevents
the interstellar plasma from entering into the solar system.
Therefore, little is known about the details of the LISM, and the
knowledge so far is mainly based on remote sensing techniques.
However, the neutral component of the LISM, not shielded by the
magnetic fields can penetrate into the inner solar system and is
available for in-situ observation.

J. Woch. S3 Seminar. MPAE. Mav 26. 2004
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ENA Imaging — Further Application
Direct Measurements of the LISM with GAS on Ulysses

pin-hole camera for neutral helium and ultraviolet photon measurements
Channel Electron Multipliers (CEM) are used to amplify and count secondary
ions or electrons produced by neutral particle impact on a lithium fluoride
surface. The latter is periodically refreshed via a heated filament.

sensor detects neutral

helium at energies
above 30 eV

Vlax-Planck-Gesellschaft

Querschnitt A-A

J. Woch. S3 Seminar. MPAE. Mav 26. 2004
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ENA Imaging — Further Application
A Neutral Particle Sky Map from GAS on Ulysses

With a mathematical model simulating the motion of the particles, their loss
processes and their interaction with the instrument, the characteristic

parameters of the interstellar helium can be calculated from the locally
observed angular intensity distributions.

Velocity:
25.3 £ 0.4 km/s

Temperature:
7000 + 600K

ULYSSES NEUTRALGAS-EXPERIMENT

STROM v. INTERSTELLAREM

Ecliptic Latitude

M. Witte, H. RosenbauekRDE |

MPAE

SONNE

NEUTRALEM HELIUM

0 ey

Ecliptic Longitude

NEUTRALTEILCHEN
vom JUPITER

UV-LICHT aussendende
Sterne in der Milchstrafie

8/ 5jUN0Q
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Conclusion

Energetic Neutral Atom Imaging has considerable
potential for:

monitoring space plasma objects and the temporal evolution
of plasma processes on global scales and thus contribute
significantly to our understanding (planetary
magnetospheres and their interaction with the solar wind)

detecting and/or characterizing planetary neutral gas
environments (planetary exospheres, satellite torii,
exosphere — magnetosphere interactions)

J. Woch. S3 Seminar. MPAE. Mav 26. 2004
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