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Abstract

The Neutral Particle Detector (NPD) is a new type of instrotagon for energetic neutral
atom (ENA) diagnostics. This thesis deals with developnoéihe NPD sensor designed as
a part of the plasma and neutral particle packages ASPERAASPERA-4 on board Mars
Express and Venus Express, the European Space Agency (BfeHites to Mars and Venus,
respectively. It describes how the NPD sensors were desigleseloped, tested and calibrated.
It also presents the first scientific results obtained wittibNRring its operation at Mars.

The NPD package consists of two identical detectors, NPRILNIAD2. Each detector
has a 9x 90 intrinsic field-of-view divided into three sectors. The ENl&tection principle
is based on the surface interaction technique. NPD detétfsdifferential fluxes within the
energy range of 100 eV to 10 keV and is capable of resolvingdgeh and oxygen atoms by
time-of-flight (TOF) measurements or pulse height analysis

During the calibration process the detailed response o$émsor was defined, including
properties such as an angular response function and engpgyndent &iciency of each of the
sensor sectors for filerent ENA species.

Based on the NPD measurements at Mars the main scientifitsresported so far are:
observation of the Martian H-ENA j¢tcone and its dynamics,
observations of ENA emissions from the Martian upper atresp
measurements of the hydrogen exosphere density profile r&, Ma
observations of the response of the Martian plasma envieotbo an interplanetary shock,
observations of the H-ENA fluxes in the interplanetary mediu

Keywords: ENA imaging, exosphere, magnetosphere, Mars, Venus, watarinteraction



Sammanfattning

Den Neutrala Partikel Detektorn (NPD) ar en ny typ av insiatering som anvands for analys
av energirika neutrala atomer (ENA). Denna avhandling ttafatvecklingen av NPD-sensorn
som ingar i plasma- och neutralapartikelinstrumenten ASfREB och ASPERA-4 ombord pa
Mars Express och Venus Express, vilka ar den europeiskastynetsens (ESA) satteliter till
Mars och Venus. Avhandlingen beskriver hur NPD-sensorkonatruerades, utvecklades, tes-
tades och kalibrerades. De forsta vetenskapliga resulfed@a NPD-sensorns verksamhetstid
vid Mars presenteras ocksa.

NPD-sensorn bestar av tva identiska detektorer, NPD1 odb2\NR/arje detektor har ett
synfalt pd 9 x 90° som ar indelat i tre sektorer. Principen for ENA-detektghiaserar sig pa
tekniken for vaxelverkan mellan ytor. NPD-sensorn detektéddet av ENA inom energiin-
tervallet 100 eV till 10 keV och ar kapabel att urskilda vabeh syreatomer genom "time-
of-flight"-matningar (TOF) eller pulshdjdsanalys. Undedikreringsprocessen identifierades
NPD-sensorns egenskaper som inkluderar vinkelsvarsamdd och den energiberoende ef-
fektiviteten for varje sensors sektor for olika ENA-typBe huvudsakliga vetenskapliga resul-
taten, baserade pa NPD-matningar vid Mars och som hitaligdpporterats ar:

- observationer av H-ENA strajdoner och dess dynamik,
observationer av ENA-emissioner fran den ovre delen av sftinen,
matningar av vatedensitetens profil i exosfaren,

observationer av plasmamiljons svar vid en interplandtack,
observationer av H-ENA fléden i det interplanetara mediet.

Nyckelord: ENA-avbildning, exosfar, magnetosfar, Mars, Venus, salens vaxelverkan
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Introduction

The solar wind is a supersonic flow of tenuous solar plasma&twiniteracts with all bodies
in our solar system. It possesses a magnetic field which isidered to be frozen in to the
flowing plasma. In general every celestial body possessesteahgas environment of varying
thickness. The interaction of the solar wind with them camdughly divided into three types:
interaction with magnetized bodies, interaction with ugnmetized bodies possessing an atmo-
sphere, and interaction with those having negligible or tneoaphere at all. This PhD thesis
is related to the solar wind interaction with unmagnetizedieés possessing an atmosphere,
namely, the planets Mars and Venus. These planets no loagerahglobal magnetic field to
deflect the solar wind, which causes atmospheric erosiougjr the interaction with the upper
part of the planetary atmospheres.

The interaction between charged and neutral particles @rax@n phenomenon in space
plasmas. An energetic neutral atom (ENA) is born wheneveerargetic ion undergoes a
charge exchange process in a collision with a neutral backgr atom. An ENA can also
appear as a result of atmospheric and surface sputterirgpgses. The newly born ENA
becomes independent from the surrounding plasma and tbercis of magnetic and electric
fields, and its trajectory is defined solely by the initial mertum and gravitational forces.
With the exception of the case of very low energylQ eV) atoms, gravitationalfiects can be
disregarded. Considering the case of charge exchangsiao]lione can assume that creation
of an ENA preserves both the direction and magnitude of tleegetic ion velocity before the
collision. The movement of ENAs along the ballistic tragggtresembles the movement of
photons in space. Hence, principles of the imaging teclnieed in optics can be applied to
image ENAs. 'Imaging’ is used to refer to the detection of tirection and wavelength of
photons originating from some source of light. The term 'EN#aging’ is used for recording
ENA fluxes as a function of observational direction. A glolmahge of the object of interest
can be reconstructed from a set of ENA images. In ENA imading mot only the angular
distribution that is measured, but also the energy and nfashlAs originating from an ENA
source region. By determining ENA flux angular distributias well as ENA energies and
masses it is possible to establish plasma ion compositidndestribution function remotely.
This makes it possible to probe inaccessible regions inesfraen afar, as well as to obtain
instantaneous information about the object.

ENA imaging can be used to: diagnose plasma processes olobi# gcale; reveal plasma
boundaries resulting from the interaction of the solar wimith magnetized planets (e.g.,
Williams et al, 1992); and characterize solar wind interaction processttss unmagnetized
planets Lichtenegger et a] 2002;Barabash et al.2002;Holmstrom et al.2002). While elec-
tron and ion distributions in the planetary environment oaly be measured locally, remote
ENA imaging can give the whole picture of the interactiongasses betweenftirent plasma
populations and neutral background gas that result in EN#eigdion. Furthermoréan situ
plasma measurements have the drawback that it is not p@ssibke them to resolve temporal



and spatial variations unambiguously. Remote ENA imagorgthe other hand, can reveal
spatial variations. Therefore the global ENA imaging teghbe is an important complement
to local measurements of electrons and ions. Modern planetasions now include ENA

detectors together with plasma packages.

The European Space Agency (ESA) missions towards Mars amasYaamely Mars Ex-
press and Venus Express, carry the plasma and neutrallpgréickages, Analyzer of Space
Plasma and Energetic Atoms (ASPERA-3 and ASPERA-4), ambagstientific payload.
Mars Express is Europe’s first spacecraft to the Red Planaunthed from the Baikonur
launch site in Kazakhstan on board a Russian Soyuz-FregatHer, it travelled to Mars in
seven months, going into orbit on December 25, 2003. Margdsspwas inserted into a
6.5 hour elliptical near-polar orbit with apoge8Ry (whereRy stands for the radius of Mars)
and perigee as low as265 km. Venus Express is ESA's first mission to Earth’s neégries-
etary neighbour, Venus. After 5 months cruise to Venus theu¥dexpress spacecraft entered
orbit round the planet on April 11, 2006. It was inserted iat@4 hour elliptical orbit with
apogee~11Ry (whereRy stands for the radius of Venus) and perige&90 km.

The general scientific objective of both the ASPERA-3 and BRR-4 experiments is
to study the solar wind — atmosphere interaction and to ckeniae the plasma and neutral
gas environment in the vicinity of Mars and Venus throughuke of ENA imaging and by
measuring local ion and electron plasma populations. ThBEXEA packages comprise 4
instruments, namely an electron spectrometer; an iongpeeter; and two ENA sensors, the
Neutral Particle Imager (NPI) and the Neutral Particle Detie(NPD) Barabash et al.2004,
2006). NPD is an ENA detector, designed to perform mass aadygranalysis of incoming
ENAs, with a moderate angular resolution. This dissentaisofocused on NPD development
and calibration.

The thesis is organized as follows: Chapter 1 introducedésecs of ENAs along with a
short description of the ENA environment of Mars and Venubajiter 2 provides the princi-
ples of ENA imaging followed by a review of ENA measuremerhi@ques and ENA instru-
mentation examples. Chapter 3 contains a comprehensiceigtes of the ASPERA-3 and
ASPERA-4 packages that are providing plasma and ENA measums at Mars and Venus,
respectively. Chapter 4 presents a detailed design dé@soripf the NPD, followed by calibra-
tion results of both ASPERA-BNPD and ASPERA-4 NPD in chapter 5. Chapter 6 reviews
selected papers based on data obtained by ASPERMPD during its operation at Mars. Fi-
nally, chapter 7 sums up the thesis and outlines future prisp Appendices contain details
on NPD operation modes, and a description of quick look NP@& desplay.



Chapter 1

Energetic neutral atoms in space

ENAs are neutral particles, possessing energy exceedinhéinmal energy (i.e., several eV).

1.1 Production mechanisms

ENAs in space are produced by various processes gdtimm — atom collision, mainly

- charge exchange of energetic ions with exospheric gassle near-planet environment
or interplanetary background neutral gas,

- sputtering of atmospheric or surface materials by pretipg energetic ions or neutrals,

- back-scattering of energetic particles precipitatingr@planetary upper atmosphere or
surfaces.

1.1.1 Charge exchange

Charge exchange of singly-ionized plasma ions to producgsisifundamental to many ENA
sources. ENAs are formed in charge exchange collisionsdsstvenergetic plasma ions and
cold neutral gas atoms. The charge exchange process

+ , +
Aenergetic+ Mecold = Aenergetict Mcgig

produces ENAs when an energetic (compared to thermal em}zrighAgnergetic collides with a
cold neutralMcoiq, resulting in an ENA and a cold iod | . Speciesvl andA may be identical
(i.,e.,H"* +H — H+H™, resonance charge exchange) or not (k&.;+ O — H +O"). Due to
the large internuclear distances during charge exchamjenegligible energy and momentum
are transferred in these interactions. Hence the initildcity of an energetic particle is only
slightly changed in a charge exchange collisiBnapnsden and McDowelll992). Figure 1.1
illustrates the charge exchange (also known as electrénym process between a fast ion and
a slow atom.

The probability that a given charge exchange process williom a collision is expressed
as a reaction cross-section. Figure 1.2 shows the chardmmye cross-sections for singly
charged hydrogen and oxygen ions with cold neutral gas. mergd at low ion energies the
cross-sections for charge exchange are within a range dPd®?. The H* cross-section
begins to fall d¢f for proton energies above 10 keV and drofissteeply above 50 keV. This is
a very important constraint on ENA production, and it asstinat ENA hydrogen spectra will
be concentrated below200 keV.
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Figure 1.1: Charge exchange mechanism.
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Figure 1.2: Charge exchange cross-sections of energ¢tiandO* ions as a function of incident ion
energy for electron pick-up from cold neutral hydrogen arggen atoms. FrordVurz(2000).

1.1.2 Back-scattering

ENAs can be born during scattering, in a process of elastidraglastic collision of energetic
charged- or neutral particles with slow neutral backgroatains. The ENA back-scattering
production mechanism with reference to Mars is as follows:

The neutral solar wind (see Section 1.3.1) can enter theidatpper atmosphere and
reach the exobase, where it experiences elastic and icetaditsions Kallio and Barabash
2000). It possesses the energy of the solar wind bulk flowaétion of the neutral solar wind



1.1. PRODUCTION MECHANISMS 5

incident flux can be scattered back in the form of ENAS due tmertum transfer in collisions
and cascade of charge exchange and electron strippingsgese

1.1.3 Sputtering

Two types of sputtering are present in space, namely sualad@tmospheric sputtering. Sur-
face sputtering occurs in general on the celestial bodigsowi atmosphere, while the atmo-
spheric sputtering occurs on the ones possessing an ataresph

Atmospheric sputtering. The atmospheric sputtering mechanism with reference tc héar
shown schematically in Figure 1.3. Because the modern Maks lan intrinsic magnetic field,
the exosphere is directly exposed to the solar wind. Heheesdlar wind convection electric
field can accelerat®* ions, originating from ionization of the exospheric atotwsproduce
'pick-up ions’. A fraction of thes@®™ pick-up ions can re-enter the Martian upper atmosphere
and reach the exobase due to a large gyro-radius. After #@piation, O* ions exchange
charges and the resulting faStatoms undergo elastic collisions with coldl atoms in the
background gasL{ihmann and Kozyral991). The large energy is imparted to surrounding
particles through further collisions, causing atmosptsgnattering. A certain fraction of the
particles which gained energy in these collisions is spattback out of the atmosphere.

Solar Wind

Interplanetary

Magnetic Field

Figure 1.3: Atmospheric sputtering occurs when ioniz@d in the upper atmosphere is accelerated by
the solar wind convection electric field and strikes the esal(step 1), causing a cascade of collisions
that results in the ejection of particles in the form of ENA&ep 2). Adapted frorKass(1999).

Surface sputtering. In the case of surface sputtering on celestial bodies withauatmo-
sphere, such as the Moon or Mercury, energetic ions comirgttii from the solar wind as
well as energized planetary ions may precipitate onto thkiace, resulting in extensive sput-
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tering Grande 1997;Lukyanov et al.2004). ENAs originating from the sputtering process
possess energy of a few tens of éWassetti et al.2003).

1.2 Classification

iz . Erergy [oV]

T I 1 T T T T T T

102 107! 1 10 102 103 10t 10° 106 107
- - -
Interstellar Gas Anomalous Cosmic Rays
< Tonosphere, Aurora T Magnetosphere

>
Neutral Solar Wind

Figure 1.4: ENA classification by energy and sources. Adapted fidorz(2000).

The energy range of ENAs is generally considered to cover $ab-ranges: very low-
energy neutral atoms (VLENAYO0.1 — 10 eV, low-energy neutral atoms (LENAYO — 1000
eV; medium-energy neutral atoms (MENAY.5 — 30 keV; and high-energy neutral atoms
(HENA) ~10 — 200 keV.

This arbitrary division (with overlapping ranges) derifesm the necessity of employing
different experimental techniques irffdrent energy ranges (since no single analyzer can cover
the entire concerned range), rather than from thedint physical natures of these ENAs.
Figure 1.4 gives an overview of thefldirent sources of energetic neutral particles that can be
observed in space, together with their approximate enexngga. The upper limit for HENAs
is a consequence of the inherent energy and species-dependeft values for ENA charge
exchange cross-sections. The NPD detection range is tedica

ENA fluxes come from dferent ion populations, with fierent compositions, flux levels
and energy, and spatial, and temporal dependencies. Tdbtgves an overview of the typi-
cal parameters characterizing ENAs, generated near gacielestial objects within the Solar
system.

1.3 ENAs at non-magnetized planets

1.3.1 ENA environment of Mars

The solar wind interaction with Mars is complex and resuttghe production of ENAs in
a wide energy range. In order to get a better understandirsgiaf interaction, the general
picture of the Martian plasma boundaries is shown in Figuse 1
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ENA source Energy, Flux, cnt?sristkev? Species
keV
Intestellar medium 0.013 5x10° H
0.050
Heliospheric shock 02-1 (1-4x10¢ cm?sris? H
@ 1AU
Interplanetary shocks 10 4.10'-10¢ H
100 102-10"
Coronal mass ejection | 2-7 100 @ 1AU H
Martian magnetosphere | 1-8 10°-10° H,O
20-80 101-10' @ 1AU
Terrestrial magnetol 10-20 10°-10° H, O, He
sphere 20-30 10'-10° @ 5Re
Jovian magnetosphere | 15-65 103-102 cm?s tkev?! H,O,S
@ 100R;
Saturnian magnetoshere >40 10t cm—?skev? H,O
@ 45Rs
Outgassing asteroids 1-5 10°-10° H
(Phobos)

Table 1.1: Overview of diferent ENA population parameters (AU - astronomical uRg,- Saturn
radius,Rg - Earth radiusR; - Jupiter radius).

w: 'M_agetic pile-up boundary
/ Induced mag
Boundary layer

Figure 1.5: Structure of the Martian plasma environment in the planénefibterplanetary magnetic
field. FromFedorov et al(2006).

Mars has a very thin atmosphere with a pressure-dfimbar at the surface, consisting
mostly of CO,. It extends a long way out due to low gravity at Mars. The upmeat of the
atmosphere is partly ionized by extreme ultra-violet (El\ltra-violet (UV) solar radiation.
The absence of an intrinsic magnetic fieft(na et al. 1998) leads to a direct interaction of
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the solar wind with the upper part of the extended neutrabaphere of Mars. Planetary ions
become picked-up by the solar wind convection electric figltich results in a significant
mass-loading of the frozen-in interplanetary magnetidf{V1F). The boundary upstream and
around the ionosphere, where the IMF mass-loading andrdyapiound this obstacle occur,
is called the magnetic pile-up boundary (MPB)jdgnes et al.2000) or the induced magneto-
sphere boundary (IMB)Lundin et al, 2004). Upstream of the IMB, the solar wind protons are
thought to be the dominant ion species, while below the IM&aJy ions of planetary origin
(mostly O™ andO;) prevail. A bow shock (BS) appears upstream of the IMB, wlieeso-
lar wind plasma flow is slowed from supersonic to subsoniesrtalizes and begins to divert
around the obstacle. The region in-between the BS and IMBtaging both shocked solar
wind ions and picked-up planetary ions, is called a maghett. Behind the planet, in the
planetary shadow, the plasma sheet region is loc&eddnbauer et gl1989), where the dense
flow of the heavy ions can be encountered.

The neutral gas density in the solar wind interaction regidrere the BS and IMB are
located, can reach 10 10° cm™3 due to the low gravity on Mars. The solar wind plasma
can, therefore, interact strongly with the exospheric gaswinlyH, through the collisional
interactions (Section 1.1), resulting in strong ENA prdiarc

Nowadays the Martian plasma and ENA environment is well tstded. The measure-
ments carried out on a number of missions, such as Phoblosr2li6 et al, 1989), MGS Vi-
gnes et al. 2000), and with the ASPERA-3 experiment on Mars Expr&adgbash et al.
2004, 2006) as well as numerous numerical simulations pagd byBrecht(1997a);Holm-
strom et al.(2002); Kallio and Janhuner{2002); Ma et al.(2002); Lichtenegger et al(2002)
complement the general picture of the Martian ENA environine

The main sources of ENAs in the Martian environment are:

e Upstream solar wind ENAs — neutral solar wind (NSW)

Some part of the supersonic solar wind flux is neutralizedtdwharge exchange with
the interplanetary neutral gas. Such solar wind ENAs haea lbletected by the LENA
instrument on board the terrestrial IMAGE mission, whichapable of looking directly
towards the SunCollier et al,, 2001). Also, the undisturbed solar wind flow upstream of
the Martian BS can experience charge exchange with the talnydrogen exosphere,
extended over very long distances (exceeding 4 Martianm, fagl).

The resulting narrow~10°) anti-sunward beam of solar wind ENAS, called the NSW,
has the same energy as the bulk solar wind fled keV). NSW flux was likely de-
tected with the sunward pointed ASPERA-BIPI sensor, right after entering Martian
eclipse Brinkfeldt et al, 2006b). The planetary disk blocks solar UV photons in such a
configuration, allowing NP1 to avoid being solar blinded dahds detect the NSW. The
NSW can reach the umbra region mostly due to thermal sprgadhid scattering in the
upper atmosphere&allio et al., 2006).

e Shocked solar wind

The shocked thermalized solar wind is a strongest source-BNKHs with an energy
of a few hundreds eV. The shocked solar wind flow moves aronadviartian obstacle
through the comparatively dense hydrogen exosphere. fbinereharge exchange in-
teractions between protons and cold planetary neutraiegpatthe magnetosheath are
very probable. The ENA fluxes, generated from the shockear sahd, are sensitive
to the neutral hydrogen distribution, which is controllgdthe exobase temperature and
density Holmstrom et al. 2002). Detailed modeling of the shocked solar wind ENA
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production was performed Wi¥allio et al. (1997);Holmstrom et al(2002);Gunell et al.
(2006). Figure 1.6 shows images of H-ENA emissions near Miansilated byHolm-
strom et al.(2002) for several vantage points affdrent solar zenith angles.

Intense fluxes of H-ENAs emitted from the subsolar exospbeMars (so-called ENA
jets (cones), see Section 6.1) were detected by the ASPERMPD sensor on board
Mars ExpressKutaana et al. 2006a). The dferential flux was estimated to be 4 —7
x10° cm2sr'ls! in the energy range of 0.3-3 kgdmu. These ENAs are likely to
be generated through charge exchange between the shodaewsal protons and the
Martian exosphere in the subsolar region, where the solad piasma penetrates to its
lowest altitude and where the neutral gas density is high.

Figure 1.6: Images of ENA emissions near Mars. The look direction is to\the center of Mars. The
view position is at a distance of By. The angle of the view position to the Mars-Sun line is, from
left to right: top to bottom, 89 100, 120, 140, 160, and 180. The images have a field-of-view of
180° and show the intensity (cm srt s™1) as a function of direction (q, j) in a polar format, with the q
coordinate as the polar angle and j in the radial directidre dxes show the angle to the look direction,
j (deg). The circle is the obstacle boundary, of radius RQ5 The up direction is perpendicular to the
ecliptic plane, along the z axis. Frafolmstrom et al(2002).

e Accelerated planetary ions

Because the Martian upper atmosphere is directly exposétkteolar wind, the cold
planetary atomic and molecular species, once ionized, eirg lpicked up and accele-
rated by the solar wind convection electric field and can egbently escape the planet.
A fraction of these ions can experience charge exchang¢iograaesulting in a spe-
cific ENA signal. Lichtenegger et al(2002) andBarabash et al(2002) investigated the
details of such ENA fluxes associated with hydrogen pick+ugb@ygen pick-up.

Using the empirical model of the solar wind plasma flow nearsviteveloped b¥allio
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(1996), Barabash et al(2002) solved the kinetic equation numerically to obtaia th
global distribution of oxygen ions. This distribution wdseh converted to the cor-
responding ENA fluxes. Thefiierential fluxes of oxygen ENAs were estimated for solar
minimum conditions to reach 2@m=—2srlsleV! in the energy range 0.1-1.7 keV. It
was found that the majority of oxygen ENAs have energiesvb@@0 eV. For these en-
ergies the integral fluxes of O-ENAs could reacH d®2s eV, Figure 1.7 shows
simulated O-ENA images in a fish-eye projection, obtainediffierent vantage points
in the noon-midnight meridian plane, and the correspondargage points.

Point 1 Point 2
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Figure 1.7: O-ENA images simulated for vantage points witlfelient solar zenith angles (SZA). The
energy range is 0.1-1.65 keV to cover the main oxygen ion fadipn. The projection is a polar one,
with the radius being the angle to the axis pointing towardglanetary center and the polar angle is
the angle to the solar direction in the plane perpendicol#vé planetary center direction. The position
of the vantage points are shown in the inserts as well agiglgicind magnetic field vectors. All points
are in the OXZ plane. FromBarabash et al(2002).
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The total ENA production rates were estimated®alli et al. (2006a) from observa-
tions for both H-ENA and O-ENA to be 2-810%*s ! and< 10%?s™1, respectively. This
corresponds to a total escape of bbttandO as<1g/s.

e Back-scattered hydrogen (ENA albedo)

The generation mechanism of back-scattered ENAs (H — ENAdalpis described in
Section 1.1.2Kallio and Barabash(2000) used a three-dimensional Monte Carlo model
to investigate the back-scattered ENAs. The ratio of thegbailux of the back-scattered
ENAs to the impinging ENAs was found to be 0.58. The averagaggnof the back-
scattered ENAs was 60% of that of the impinging ENAs.

Yet, according to the models, some of the solar wind iongtirémpact the Martian up-
per atmosphere near its exobas&&0 km altitude) because their gyro-radii are too large
to behave as a deflected 'fluid’ in the subsolar magnetostiBaticht 1997a;Kallio and
Janhunen2001) andbr because they are partially thermalized in the B&ll{o et al.,
1997). These protons, reaching the exobase, experienaintilar elastic and inelastic
collision processes and a portion of them is scattered bablydrogen atoms, resulting
in the ENA albedo. The ENA flux generated by this proton — ENBedb process was
estimated byHolmstrém et al.(2002) to be 18 - 10* cm2srls?, i.e., negligible in
comparison with the ENA albedo flux produced by precipigtirydrogen atoms.

The H-ENA albedo on the dayside of Mars was detected by theE&RIR3/ NPD sen-
sor (Futaana et al. 2006b). The back-scattered ENAs have energies of 0.2-2nki&V
an average energy efl.1 keV. The diferential flux of back-scattered H-ENAs was esti-
mated to be 1.5-2.81Fcm2sris 1.

e Sputtered O-ENAs

The solar wind motional electric field accelerates ionizelll @xospheric components
producing pick-up ions (mosthiH* and O*). All ions are accelerated up to twice the
speed of the solar wind. Thus, because of higher n@s&ns reach the highest energy.
Atomic O ionization to producé™ ions can be due to various processes, e.g., photo-
ionization by UV photons@ + hv — O* + €7), photo-chemical processes in the upper
atmosphere, charge exchange reactions in a collision witir svind high energyH*
(O+H* — O* + H*) and electron impact ionization.

Because of a gyro-radius comparable with the Mars size, sbtinese pick-up ions can
re-enter the Martian upper atmosphere and reach the exolfisethe precipitatiorO*
ions charge exchange and the resulting @stoms undergo elastic collisions with cold
O atoms in the background gdsuhmann and Kozyral991). The sputtering mechanism
is shown schematically in Figure 1.3. The large energy isairtgal to surrounding parti-
cles through further collisions, causing atmosphere ggog. A certain fraction of the
particles, gained energy in these collisions, is scattbeett out of the atmosphere. This
process occurs on mainly the dayside. The simulated energptram of the sputtered
oxygen is shown in Figure 1.8.

1.3.2 ENA environment of Venus

The ENA environment of Venus is very similar to that of Marshidis because both planets
are non-magnetized and the solar wind can directly intavébtthe upper atmospheres. ENAs
are produced in charge exchange collisions between sofat priotons and neutral atoms in
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Figure 1.8: Calculated low energy flux from the pick-up* ion precipitation. FronLuhmann and
Kozyra(1991).

the upper part of the atmospheres of the planets. Of courseglanetary environmentsfifir
considerably. The Venusian atmospheric pressure is alibiad at the surface, while the
Martian one is about 7 mbar at the surface. But as the grafiigeious is about 3 times larger
than that of Mars, the Venusian barometric scale heightvetdhan the Martian one.

The ENA flux and production rates at Venus are lower than asMeaen though the solar
wind flux is greater at Venus. The reason for this is that th&raégas density at relevant
heights is lower in the exosphere of Venus that at Mars. Theraledensity falls & more
rapidly with altitude at Venus, due to its stronger gravitgldi The dominant contribution
to the neutral density at high altitudes at Mars during sola@imum conditions is the large
hydrogen coronarasnopolsky and Gladston#996). The hydrogen density at Mars is greater
than that at Venus everywhere above the exobase, and hydiobg far the most important
specie for ENA production at Marsiplmstrom et al.2002). The ENA production rate at Mars
at solar maximum conditions is about the same as that at Venus

Gunell et al.(2005) compared ENA production rate for Mars and Venus @dh2). At
solar minimum a lower ENA production rate is expected for MenAt solar maximum the
ENA production rate for both planets is expected to be coaitgar as the neutral density at
Mars decreases at high altitudes.

The ionopause altitude at Venus is not well known for solanimum conditions l(uh-
mann 1992). It is thought to vary with the solar cycle, but sinttdrasitu measurements were
made during solar maximum conditions this variation ig sticonfirmed.

Gunell et al.(2005) have investigated the ENA emissions as a functioorm@ipause dis-
tance by scaling the ionopause altitude in the plasma mobteé ENA flux from the local
emission maximum near the planet decreases with increasiiogause altitude, since with a
higher ionopause altitude the protons pass through a regibnlower neutral density. This
also dfects the ENA production and escape rates. The ionopauseughhto be close to the
lower end of that range at solar minimum because of lowerspheric pressurd.(thmann
1992).

Venus Express has arrived at Venus during solar minimumitiond. The ASPERA-4
instrument provides ENA images of the solar wind — Venusradion region. Such images
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Venus Venus Mars Mars
IP 250 km | IP 400 km | Holmstréom | MHD (Gunell) | unit
Production rate | 7.8-10% | 5.6-10% | 1.7.10% {2'4 10, min |y
5.1-10%%, max
Escape rate 5.3-10%* | 4.0-10* 1.5-10% g1
Precip. rate 2.2-10% | 1.2.10* 1.4-10% g1
Max. flux 58-101% | 3.8.10% 3.101 1.1-10*, min | srim™2%s7!

Table 1.2: A comparison of ENA fluxes at Venus and Mars. Values for Ventes given for
ionopause (IP) altitudes 250 km and 400 km respectivelyustam upper atmosphere is approximately
the same independent of the solar cycle. The values for Mansolmstrom et al(2002) are all for
solar minimum conditions. Values from the MHD simulationMérs were taken fronGunell et al.
(2006). "Max. flux" refers to the maximum flux in an ENA imagetioé interaction region downstream
of the BS. Solar minimum and maximum conditions are denotednfin" and "max" respectively.
FromGunell et al.(2005).

have been simulated (Figure 1.9) through the integratioth@fENA production along lines-
of-sight (LOS) to a virtual ENA instrumen&0k et al, 2004;Gunell et al, 2005). The ENA
images are generated by evaluating LOS integrals in the seseas has previously been
done to simulate ENA images of the Martian environmeéiblthstrom et al. 2002; Gunell
et al,, 2006). Gunell et al.(2005) have used a semi-analytical magnetohydrodynariiet)
model Biernat et al, 1999, 2001) to describe the plasma flow around Venus, anditaahe
gas density model based on published data from measurenfgr@snaximum flux observed
at 3Ry (Ry denotes the Venus radius), coming from the interactiororegih the dayside of
Venus is 5.8<10'° srim=2s! | which occurs for the lowest ionopause altitude, i.e., 260 k
at the subsolar point. The ENAs that are produced in the sdladt upstream of the BS are
not included in this number. For higher ionopause altitud®® km) the ENA flux decreases
and is below 3.8<10'° sr’m=2s1. The corresponding number for Mars at solar minimum
conditions, computed bijolmstrém et al(2002), is about %10 srim2s71, which is five
times larger than the value obtained for Venus with an ionspaltitude of 250 km.
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Figure 1.9: ENA images of Venus from vantage point®3 from Venus (planetocentric distance) and
solar zenith angleg = 80°, 10C, 12C°, 140, 160, and 180. The ENA flux is shown in units of
srim2s71, and the axes show the polar angle in degrees. The altitutie adnopause is 250 km at the
subsolar point. The dominant contribution to the ENA flux esnfrom a region between the ionopause
and the BS on the day-side of Venus, except in the lower righepwhere = 180, and this region is
occulted by Venus. The second maximum toward the right sidieeoimages with 100< 6 < 14C, is
produced upstream of the BS in the solar wind. Each image$awn colour scale. Froi@unell et al.
(2005).



Chapter 2

Energetic neutral atoms detection

2.1 ENA imaging

The capability to detect ENAs with high mass, energy and Engasolutions constitutes the
basis of ENA imagingGruntman 1997). By recording ENA fluxes as a function of observa-
tional direction, one can reconstruct a global image of aotenobject of interest. An ENA
image is a two-dimensional (2D) map of the ENA fluxes given @S integrals of the ion
distribution convolved with the neutral density througle thihole plasma volume. An ENA's
ability to fly along straight lines resembles the photon’sveroent in space. Thus the ENA
imaging concept resembles that used in optical instruments

All ENA imaging instruments can be classified within threeugss, namely non-imaging
detectors, one-dimensional (1D) imaging instruments andir@aging instruments. Non-
imaging detectors have a well defined but narrow field-oiw(EOV) and no intrinsic imaging
capability (like telescopes). To obtain a 1D "image" withoemnmaging detector, the latter can
be installed on a scanning platform or make use of a spin cheegpaft to point the detector in
the desired direction. Combining both the spacecraft spiththe scanning platform allows us
to obtain a 2D image with a non-imaging detector. But as thegins being obtained sequen-
tially, pixel by pixel, total image accumulation time canvey long, as it equals the number of
pixels composing the image, multiplied by a pixel accumatatime. In a 1D imaging scheme,
an ENA imager records the arrival direction of particlesyanlone dimension, with the second
dimension being narrowly collimated. To scan over an olgjéutterest and obtain a 2D image,
the 1D imager can either be placed on a scanning platform ke mse of the spacecraft spin.
A 2D ENA imager records the arrival direction of a particlewo dimensions simultaneously,
while pointing at the object of interest. It can have &isiently large FOV to cover the entire
object and is typically located on a three-axis stabilizedcecraft. Time resolution of a 2D
imager can be very high (if counting statistics allows),tasbtains a 2D image momentarily.
However the angular resolution is not high. Charge partigjection becomes a challenging
problem.

The 1D imager is a compromise between a non-imaging ENA tietedth a narrow FOV
and long image accumulation time, and the 2D imager withgel&OV but complex instru-
mentation. 1D imaging has therefore become most common.

ENA imaging (only 1D and 2D imaging schemes) can be dividdéd two groups, one
obtaining non-inverted images and another one obtainvertied images. Both concepts are
shown schematically in Figure 2.1. The object plane on tbeipla remote object of interest.
The image plane is the plane onto which a non-inverted orteslemage is mapped. The

15
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Figure 2.1: ENA imaging concepts: non-inverted (a) and inverted (b)gema

image plane can be a position sensitive detector. The apearfua non-inverting instrument
(Figure 2.1a) is a long narrow slit. Imaging is performed e aimension, while the second
dimension is collimated by charge particle rejection @dtea small angle, corresponding to a
width of 1 pixel. This configuration resembles a set of tedgss placed parallel to each other.
Wrapping the aperture slit around 36&dllows us to obtain a 360viewing plane (as in the NPI
imager, Section 3.2.3).

Another way is to use the pinhole camera concept (Figure Amtiere imaging is achieved
by letting an incoming particle pass through a small aper{pmhole) and impinge on a 1D
or 2D imaging detector, located at a certain distance apamt the pinhole. From an impact
location on the image plane of the detector the arrival tivacof an incoming particle can be
estimated. The advantage of this concept is that we cannoatkirge FOV with sfiiciently
good angular resolution. However, this technique requoeger accumulation times due to
the small aperture size. A larger pinhole size allows us twaedese the accumulation time, but
compromises an angular resolution of the image (blurrifig typical area of the pinhole may
range from 1 mrato 1 cn?. A pinhole camera itself does not provide any informatiortiom
mass or energy of the registered particles. Additionalrinftion is obtained by combining
the pinhole imaging concept withféierent ENA detection techniques (see Section 2.5).

ENA imaging provides images of the plasma region under tigason and gives the ob-
server spectral, compositional and spatial informatioNAEmMaging is a powerful technique
for obtaining the temporal and spatial evolution of spaesiplas on a global scale and is com-
plementary to local plasma measurements.

The ENA flux, originating from charge exchange, that readhesobserver from a given
direction, is a LOS integral of the ion distribution convetiywith the neutral density through
the whole plasma volume. Other mechanisms of ENA produdcienreviewed in Chapter 1.
Considering only the prevalent mechanism, namely charghamge, the uni-directional dif-
ferential flux f;(E) (in units of cnT?sristkeV1) of charge exchange neutrals is then given
by an integral along the LOS in equation 2.1, assuming no loss

W(E)= Y ow® [LEDnO (2)
K |

wherecoik(E) denotes the energy-dependent charge exchange crosmsdoiti involved vari-
ous ioni and neutrak species.ji (E, ) is the directional singly charged ion flux along the LOS
at each point for species within the source volumen(l) is the density of the component
k of the neutral gas. The sum extends over all constituentseohéutral gas contributing to
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the charge exchange. The extinction of ENAs due to re-itioizeby EUV/UV photons or
collisions with electrons, ions and neutral particles gltime way is not included. This ap-
proximation is valid for ENAs traveling through a so-call&NA thin’ or 'ENA transparent’
medium, where interaction of ENAs with the medium is negligi

As soon as an ENA image is accumulated, extraction of thetijative information from
the image, which contains an admixture of information orrgeic ion and cold neutral dis-
tributions, requires deconvolution of the sum jofE,|) nk(l) products from the integral 2.1.
Parameterized models of the ion distribution of the obskmplasma volume as well as the
density distribution of the neutral gas are neededffdbent image processing techniques to
recover plasma distribution parameters of the remote bbgetbe used.

One approach to interpreting an ENA image is a forward made&chnique. In one model
a set of initial parameters is chosen and is used togethkeandther model to simulate an ENA
image, which is compared with the observed one. The modahpeters are changed until a
simulated ENA image which matches the recorded ENA imagbtaimed Chase and Roelof
1995). The forward modeling technique can be rather timswaming if the models contain
large numbers of parameters to change.

Another approach is extraction of the original ion disttibo information from ENA
images using an ENA image deconvolution technigreqlof and Skinner2000;Perez et al.
2000). This is a method which allows deconvolution of the sdm (E, 1) nk(l) products. This
technique is usually very fast, although it is much more darafed mathematically than the
forward modeling, as it uses inverted equations of the nsodRloelof and Skinnef2000)
developed (for investigating the terrestrial ring curyeggveral algorithms to extract the para-
meters of the model ion distribution by minimizing thétdrences between a simulated image
and an observed image or set of images. Even if the informa&tithe image is indticient to
determine all details of the ion distribution, the develbpdgorithms can still often provide a
quantitative estimate of the range of ion intensities orsitexs on a time scale comparable to
the exposure time required to acquire the images themselves

The ENA imaging technique can be used for remote sensingaokhry magnetospheres,
and it has been successfully applied to the terrestrial etagphere Nlitchell et al, 2000;
Pollock et al, 2000; Moore et al, 2000). Apart from the Earth, it has been considered for
Saturn Curtis and Hsieh1989), for the Martian plasma environmehitolmstrom et al.2002;
Barabash et al.2002) and for that of Venu&sunell et al, 2005). ENA imaging technique was
also used to image ENA production resulting from the inteéoacof Titan's exosphere with
Saturn’s magnetospherArgsif et al, 1997;Dandouras and Amsjf1999).

2.2 Principle functions of ENA instruments

In order to detect ENAs and obtain afsciently good signal-to-noise ratio, an ENA sensor has
to be able to perform the following basic functions:

- detection of incoming ENAs with angular, and preferablgrgy and mass, resolution,
- rejection of charged particles,
- suppression of EUNJV photon background.

LENA / MENA detection is usually performed by ionization of nelufrarticles by means
of interaction with foils or conversion surfaces, followleyg detection of ionized components.
Depending on which particular ENA sensor detection tealmiq used, certain angular, energy
and mass resolutions can be achieved. Typically, one caevacan angular resolution of 5
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40° in one direction and°t- 10 in another one (in the case of a 1D imager), energy resolution
AE/E of 30% — 50% for H-ENA and the ability to distinguish betweefENA and O-ENA.

Charged particle background should be removed from theémctiflux prior to detection,
because incident energetic charged particles and ENAseotdime energy and species are
indistinguishable to a particle detectdi¢Entire and Mitchell 1989). Often, the local ion and
electron fluxes in the ENA detector environment can exceedHA flux to be diagnosed. A
deflector of the ENA sensor prevents ions and electrons fraariag the instrument. Charged
particle rejection factor af10° is typically required.

Suppression of EUNUV photon fluxes is vital for every ENA instrument because FUV
photons cause photo-electron emission from every lit sarfaEmitted photo-electrons can
consequently be registered by particle detectors (e.gR M&ectors) used for incident ENA
trajectory and energy determination. Moreover, EUV photons can trigger particle detectors
directly. Therefore, an intensive UV flux can induce an uegatably high noise background in
the ENA measurements and therefore has to be rejected. éatygV photon rejection factor
of >10 is required.

Other ENA instrument requirements are:

- large geometrical factor10-2 crésr/ pixel,

- suficiently wide dynamic range. The ENA sensor should ideallgdygable of detecting
ENA fluxes of up to 10 cm?sr'st in a covered energy range. Thus, particle counting
rate would range up te10* countgs.
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Figure 2.2: Principle functions of a generic ENA instrument are showar. details see text.

The schematic structure of a conventional ENA instrumersthiswvn in Figure 2.2. The
instrument performs several basic functions which are shesva sequence of stages. The first
stage is a deflection system, which rejects charged pafticies and collimates the incoming
ENA flux.

At the second stage EUJMV photon flux attenuation is performed, followed by eithar a
ENA detection or an ENA ionization, release of secondargted@s, angbr generation of a
start event for the TOF measurement, at the third stage. Mgmecondary electrons to a
position sensitive particle detector can also give thectliva of an incoming ENA. Analysis
of secondary electron yield (SEY) can also provide a crudssmesolution. Very often UV
photon flux attenuation is performed at the same time with [dA Bnization, i.e., stages 2
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and 3 are combined (e.qg., thin foils provide both UV rejati@md ENA ionization).

At the fourth stage the ionized fraction of neutrals, i.esipeely andor negatively charged
particles (f and f, respectively), can be analyzed for energy/andnass. If this stage is
present, then either ion energy or mass or both can be otitabtberwise, a particle mass can
be derived by means of secondary electron yield analysisparticle energy can be calculated
from the TOF measurement and estimated mass information.

At the fifth stage the ionized components (and in some casgsah&action as well) are de-
tected at a low-energy particle detector (e.g., MCP) diygestriking the detector, or indirectly,
striking a surface optimized for high secondary electragldyiwith consecutive detection of
released secondary electrons. Analysis of secondaryrategield would give also a crude
mass resolution. A stop timing signal is obtained at thigesttor the TOF measurements,
yielding incident ENA velocity. Combining this informatiowith that of a particle mass, the
ENA energy can be derived.

The first three stages are present in the vast majority of LISMNENA detecting sensors.
Any of the other stages or a combination of these can alsodsept, depending on the practical
design of the sensor. In order to increase an AWY/photon rejection factor, UV attenuation
can be done during any other stage, if feasible. There isaletdescription of stages 1, 2, 3
in the following sections.

2.3 Deflection systems

For most missions on which ENA instruments are flown, theedikely to be significant local
charged particle fluxes at the location of the spacecraffadh for magnetospheric missions
one has to assume the local energetic charged particle fluxke ENA imager environment
to be orders of magnitude higher than the ENA flux to be medsu@harged particles have
to be prevented from entering the ENA instrument or greatjuced prior to any interaction
with a detector in an ENA imager. This is because for mostigartietectors the detection
of charged particles is similar to that of ENAs of the samergyeCharged particles up to a
certain energy can be prevented from reaching a detectoefgcting them out of the path of
the ENAs in the entrance system of an ENA imager and absotham in the structure. This
can be realized with either electric or magnetic fields, dhbo

Electric fields are normally used for charged particle m@pec The first element of an
ENA instrument is typically a mechanical collimator, whidefines the overall FOV of the
instrument. The collimator can be built in a such way as tosistrof two or more closely
spaced parallel metallic plates of lendttand separatiod, and serve also as an electrostatic
deflector. If these plates are biased with high voltagestefrate polarity, transverse electric
field is created in-between the plates, and charged partiele be deflected to the collimator
plates and be absorbed, while the ENAs are Iffetcsied. Charged particles with energy below
the rejection energ¥. will be deflected to the collimator plateke is defined by the applied
voltageV between two adjacent plates and the geometrical dimensfaih®se, according to
equation 2.2IcEntire and Mitchell 1989). Fringe electric fields can be ignored.. it D.

Eo= qV 1+( L )2] 2.2)

4D

whereq stands for the elementary charge. For exampleVfer 10 kV, L = 0.12 m andD =
0.004 m, the propagation of ions and electrons of enékgy < 570 kV beyond the deflection
plates is prevented.
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Permanent magnets can also be included in the collimatah &nagnetic field strength
B, and magnet length,, particles with masm and energy below the rejection enefgy will
be deflected into the collimator structure, according tcagiqu 2.3 {Murz 2000).

Eb/q = — D (23)

2m

For example, foB = 0.01 T,Ly, = 0.02 m andD = 0.004 m, electrons with energy24 keV
are prevented from moving beyond the deflection system. Elagmave an advantage of zero
power consumption. However, in order to deflect ions or higgrgy electrons higher magnetic
field strengths and, hence, larderavier magnets are required as well as a magnetic shield tha
can be unacceptably heavy for space-borne instrumentatlmrefore permanent magnets are
used primarily to deflect incident electrons away from thiecter.

A charged particle rejection factor fL0° is achievable by means of the deflection tech-
niques described. In practice, it is not enough to defleatriting ions to hit a plate in the
collimating system, since the deflected ions and, in pddicelectrons may scatter further
into the instrument and cause an increase of backgroundlsighus, roughening of the de-
flection plates or anti-scatter serration is an important giga deflection system design.

2
qB? (D2+Lﬁ])

2.4 UV rejection

UV photon fluxes in the interplanetary environment can bgddespecially at distances less
than 2 astronomical units (AU) to the Sun), with a dominané Ibeing H Lymanx at 1216
A. This radiation is resonantly scattered on neutral hydrogtoms in the planet’s exosphere
to create widespread Lymanemissions from the planetary corona, with intensities, aig
Earth, ranging from-5x10’ to 10° photonscm=2sr-1s~! depending on the vantage point and
observation directiond{cEntire and Mitchell 1989). EUVUV photons have dficient energy
to stimulate low-energy particle detectors, such as MCHangel electron multiplier (CEM).
Since there is a direct optical path from the exterior intoEMA detector, UV fluxes can
cause unacceptable background count rates and thus gedisterb ENA measurements or
even, at most, damage an ENA sensor. Therefore, incidenthdtop flux attenuation down
to acceptable levels is a very important aspect of an ENA endgsign. There are ftierent
techniques to counter intensive UV flux, depending on theggneinge of the ENA sensor, as
shown in Figure 2.3Kunsten et a|.1998).
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Figure 2.3: Applicability of UV rejection techniques for fferent ENA energy ranges. Adapted
from Funsten et al(1998).

Thick UV blocking foils (~10-15 ug/cn?) in front of an imaging ENA detector screen
out a large fraction of UV flux, though allowing only high egetic neutrals to pass through
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(Mitchell et al, 1998). Such foils have to be thick enough to block the UV phstdticiently,
but still be thin enough to allow the passage of ENAs withdutring the image. These
conflicting demands result in blocking foils with only modtr photon suppression factors in
the range of 10 to ) depending on foil thicknes$igieh et al, 1991).

Thin (<10 ug/cn?) and ultra-thin conversion foils~( ug/cm?) have low UV attenuation
factors, and allow LENAMENA to penetrate. ENAs, converted to ions after passinddhg,
can be separated from UV photons afterwards, by means dfasdeatic deflection.

Low energy ENAs cannot penetrate foils. Hence, for lowergneanges, surface interac-
tion techniques are utilized. A solution to separate LENAsTthe incoming UV photon flux
is to convert LENAS to negative ions on low work function swwdés and subsequently deflect
them electrostatically to separate newly created ions tftmambient UV Gruntman 1993).

Another way to separate UV photon flux and ENA flux is to moueéfstanding transmis-
sion gratings over an ENA imager aperture. Transmissiotingimconsist of a set of parallel
bars supported by a large mesh grid. The gratings with a go@fi@00 nm, 100-140 nm bar
width and, therefore, 100-60 nm slit width were developed mwestigated Kunsten et al.
1995). Such gratings act as dfthction filter to suppress incident UV radiation, while pérm
ting ENA transmission. Figure 2.4 shows UV transmissiooigh gold gratings as a function
of wavelength. A Lymanr flux transmission factor of 4107° is achieved MlcComas et a.
1998). More icient UV suppression (by a factor of up to’)@ achieved by two sequentially
located and perpendicularly oriented gratings, as the pssion is lower in the dimension
along the slit. The total geometric transparency of theingat.e, transmission to ENA fluxes,
ranges from 0.08 to 0.1%(insten et a.1995).
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Figure 2.4: Plots of measured (solid symbols) and calculated (open sigwaind lines) UV transmission
through gold gratings as functions of wavelength. FidoComas et al(1998).

This technique diers importantly from previously suggested thin filrface interaction in
that the large EUYUV flux is rejected prior to ENA detection, and thereforesihbt necessary
to extract the small signal from very large background ciogntates.

For even lower energy range a high frequency shutter teabrign be used. A very high
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suppression factor for incident EVV photon flux is achieved, as the shutters perform veloci-
ty filtering of the incoming particles and are basically eldsluring the detection time window
(see Section 2.5.3).

Blackening of ENA detector internal structure surfaces alt as deflection plates allows
the scattered EUNJV photon flux to be attenuated. Furthermore, utilizing T@ihcidence
techniques in an ENA imager allows further reduction of lgroland noise caused by UV
photons.

2.5 ENA detection and analysis: Instrument examples

Various ENA ionization techniques are utilized in ENA instrentation for dferent energy
ranges. Detectors for MENA or the high energy part of the LEMAge 600 eV) use
thin/ultra-thin foils in order to convert an incoming ENA to an ina foil passage. Dierent
detection techniques are needed for the low energy pareofENA range. This is because
such low energy< 600 eV) is instficient for a particle to penetrate through an ultra-thin. foil
Several approaches are now possible. One approach is to pseice interaction with a
conversion surface upon scattering to initiate detectidifferent implementations of particle—
surface interaction processes have led to development afrdoer of techniques. Some of
them are discussed below, namely ENA detection based on tBN&gative ion conversion,
particle reflection, secondary ion emission, and kinetiéssion of secondary electrons. An-
other approach is to use high frequency shutters. These ElLiibn concepts are reviewed
in the following sections, complemented by examples of ENgtrumentation utilizing the
respective ENA detection techniques.

2.5.1 Foils

The ionization of incoming ENAs while passing through oneseveral thin foils is the most
well-developed technique with heritage from ion spectopgc In ENA instrumentation, foils
play a three-fold role: they serve for ENA ionization, focigdent EUVUYV radiation attenu-
ation and for producing secondary electrons to generataegto® event. In order to allow
passage of ENAs through a foil, it must be freestanding witlzosolid substrate support and,
at the same time, be mechanically robust to withstand wratand acoustic shocks during the
rocket launch. A high-transparency (90% -95%) metal gridallg provides the required foil
support with slight reduction of theffective area of the foil. Materials such as carbon or sili-
con are often used for thin foil production, since low atomienber materials reduce scattering
and energy losses of penetrating particles. Ultra-thils fofi carbon are characterized by high
mechanical strength and technological simplicity. Foinpmsition is usually optimized to
maximize UV suppression while providing high secondargteta yield Hsieh et al, 1991).
Different units are used for foil thickneggycm? and A. Foils of diferent thickness are used
in space-borne ENA detecting instrumentation: thisk@ ug/cm?), thin (1-10ug/cn?) and
ultra-thin 1 ug/cn¥). Foils as thin as-20 A (~0.1ug/cn?) have been reported BycComas
et al.(1991).

ENA penetration of a thin foil results in particle energydpscattering, possible change
of the initial charge state, and emission of electrons frobenfbil surface Gruntman 1997).
Figure 2.5 gives an overview of processes which occur damgNA passage through a thin
foil. ENA scattering (i.e., deviation of the final directiaf flight from the initial one by the
angle¢) and energy loss occur due to collisions and interactiorik wolid body electrons
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Figure 2.5: ENA penetration through a thin foil (TF) results in partieleergy loss, scattering, possible
change of particle charge state (fractionsff, f°), and secondary electron emission (backward and
forward). FromGruntman(1997).

and lattice ions. These interactions are a statisticalgg®cand an incident monoenergetic
and collimated particle beam would be characterized byggrend angular distributions after
leaving the foil.

An incident particle loses its initial charge after pasdimgpugh the first 2-3 atomic layers
in the foil, and the exit charge state does not thereforemtepa the initial charge. An incident
ENA can either be stripped to a positive ioh)(br emerge as a negative ion)for stay neutral
(f°). ENA ionization dficiency as well as the charge state of a particle exiting thede a
function of particle species and energyfdComas et a).1998), as shown in Figure 2.6.
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Figure 2.6: lonization dficiency for H, He, and O as a function of energy. FigltilComas et al(1998).
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Secondary electron emission occurs from both sides of tiheféoward and backward,
while the particle penetrates iG(untman 1997). Electron emission can be used to provide
a Start event in a conventional TOF spectrometer designeMENA detection and using
thick (10-15ug/cm?) foil, allowing efficient blocking of background EUMV photon flux.
Meanwhile, in LENA instruments utilizing ultra-thin foilthe photon flux is only partially
attenuated. As the foils are directly exposed to the incgmawliation, photo-electrons emitted
from foils used for coincidence and TOF measurements, teailae to trigger MCP detectors,
can increase the background count rate during the ENA measunt. This is because photo-
electrons are indistinguishable from the secondary eestemitted from a thin foil by ENA
passage.

A concept of a foil-based ENA imageF(nsten et al. 1995) for a spinning spacecraft,
designed to detect ENAs in the energy range 0.9 — 30 keV, mrshio Figure 2.7. ENAs

LENA Foil-Based Imager
; Detector Section

Conversion
Foil

Figure 2.7: Schematic of an ENA imager, based on the ENA stripping in arahin foil. LENA
— ENA in the energy range of 0.9 — 30 keV, ESA - electrostatalyaer, SE — secondary electron.
FromGruntman(1997).

pass a collimator that sets an arrival angle, and then transiltra-thin ¢1.1 ug/cm?) carbon
foil. Newly formed ions enter a hemispheric electrostatialgzer and are subsequently ana-
lyzed for energy per charge (&). The electrostatic analyzer alsfieztively rejects EUYUV
photons. lons that pass through the electrostatic anagrer an ion detector, located at the
exit focal plane of the analyzer. The ion detector (Figuieright panel) is a combination of
another ultra-thin foil and two MCP position-sensitive efgbrs. An ion transits this second
foil, yielding secondary electrons, detected by one of theRvtletectors, and is detected at
the second MCP detector. Measurement of the coordinatestbfddectron and particle im-
pact positions allows reconstruction of the trajectorytd incident ENA. The time interval
between electron and particle detection establishes tbeityeof the ion and can be employed
for effective suppression of noise counts. Since the ion energglasted by the electrostatic
analyzer, the ENA mass can be determined. The instrumetainiameous FOV is 126k 2°
with 120° x 360° coverage during one spacecraft spin and a nominal pixelutaso of 2° x 2°.
Estimated energy resolutiokE/E is ~10% for 5 keV H-ENA.

2.5.2 Surface interaction

Currently, several methods are employed for particle detetased on surface interaction.
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lonization

Direct detection of ENAs with energies below a few hundredi€¥ot feasible. Since secon-
dary electron emission, on which most of the particle detsctely, gives useful secondary
electron yield only at particle energies in excess of a fendned eV, conversion of atoms into
charged particles is necessary. One approach to ionize IsE\Based on an atom-to-negative
ion surface conversiorGruntman 1993). The concept is shown schematically in Figure 2.8.
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Conversion surface

Figure 2.8: Schematic view of a neutral-to-negative ion conversiorcess.

The first instrument to use an atom-to-negative ion conwergchnique is the IMAGE
LENA instrument Moore et al, 2000), designed to detect ENA in the energy rangeldf-750
eV. The instrument concept is shown in Figure 2.9.

2. Collimator/Charged Particle Rejector

version Surface |

Electron Collector _

™ 5. Spherical Electrostatic Analyzer

Figure 2.9: The IMAGE / LENA principle schematics and ray-tracing. Adapted frbfoore et al.
(2000).

The ENA trajectories are depicted by color lines, corregpanto diferent energies. All
incoming particles enter a collimator and charge partiejeation system, designed to reject
charged particles with an energy €100 keVq. Incoming neutrals pass through-a cn?
pinhole, strike a near-conical tungsten conversion saréca shallow angle of 25where a
considerable fraction of nearly specularly reflected pkasi becomes negatively charged.

The ionized fraction of the neutrals is accelerated ancect#t by an ion extraction lens
that focuses them spatially and disperses in energy. A broagnet in front of an electrostatic
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analyzer removes electrons with energies of below 200 ke¢ekerated negatively-charged
ions, mapped onto the electrostatic analyzer entrancejadirgered to a TOF sensor and 2D
imaging system, that sorts the particles by polar anglerofeitand energy. The imaging TOF
subsystem contains2 pg/cnm? carbon foils at the entrance aperture, placed in the foalepl
of the electrostatic analyzer. Upon striking the carboh fbé negative ions produce secondary
electrons, which provide a start pulse as well as the aziranthradial position information.
Particles (both ions and neutrals) exit the carbon foil adged to a Stop MCP.

As aresult, a direct correlation between the azimuth doeand the position on the plane
of the carbon foil is achieved, allowing the original artidirection of an ENA to be deduced.
In a similar manner, energy information is extracted fromtédial impact position. EUNMV
photon rejection is done by means of an electrostatic aealYENA provides a 90x 8° FOV
with a pixels size of 8x8°. Energy resolutiolE/E ~100% and mass resolutigxiM/M ~0.25
are achieved.

Reflection

The basic concept for detecting ENA by means of ENA refleatiora reflection surface with
following detection at a MCP detector is shown in Figure 2.10

uv Stop surface

ENA '/\\
Deflector & Stop surfac

Stop MCP

Figure 2.10: ENA deflection on a reflection surface.

The LENA/ MENA strikes a reflection surface at a shallow angt8(°) and leaves it as
a negatively (f) or positively (f') charged particle or neutral’jf The emerging particles pro-
ceed to another reflection on a second reflection surfacallfia certain fraction of emerging
particles (f, f°) strikes a MCP position-sensitive detector. Negativelgrgkd particles as well
as photo-electrons are repelled from the MCP detector byhvsneba retarding grid in front of
the MCP, or negative potential of the MCP front surface.

This approach was used in the Prelude In Planetary Particégyihg (PIPPI)-MCP in-
strument on ASTRID, the first dedicated ENA instrument toedeimagnetospheric ENAs
(Barabash 1995;Barabash et al.1998) and in Neutral Particle Imager (NPI) of the ASPERA-
3/ ASPERA-4 packages on Mars Express and Venus Express nagBarabash et al.2004,
2006).

The PIPPI imager comprises two sensor heads, namely PIBBI-high energy detector
and PIPPI-MCP, a low energy detector (Figure 2.11). Therlast dedicated to measuring
0.1-70 keV LENAMENA by means of ENA conversion into secondary particlebp¥eed by
detection at an imaging MCP detector.
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Figure 2.11: The PIPPI sensor head schematics. FRamabash(1995).

The PIPPI-MCP deflection system was designed to reject etigvgrticles with energy
<70 keV/q. The space between collimation disks is divided into 32sss@ach with 9x 18°
FOV. Neutrals, passing through the deflection system,estilB2-sided cone target aR(®
angle of incidence, producing secondary particles, tteafiather detected by a MCP detector.
UV suppression is achieved by blackening the collimatotesland by selection of the target
block coating. Secondary and photo-electrons are retdrglélae potential of the front surface
of the MCP, operating in the ion detection mode. The senswiiges a FOV of 9x 360° and
covers almost A4 in a half satellite spin period (with a spacecraft rotatitene perpendicular
to the 360 viewing plane).

Advantages of such instrumentation are simplicity and te&sibility of obtaining a high
angular resolution in one dimension. The application fisldhiowever, rather constrained
as such instruments normally have low sensitivity and dohavie stficient UV rejection
efficiency, or capability for energy- or mass analysis.

Secondary ion emission

Figure 2.12 shows an approach for detecting ENA in very loergy ranges making use of
secondary ion sputtering from a sensitive surface by imtie@A.

The first instrument utilizing secondary ion emission foteddon of ENAs in a very low
energy range is the GAS experiment on board Ulysses, thesialiar neutral helium detec-
tor (Witte et al, 1992). It is designed to measure interstellar neutrauhelilux directly in
the energy range of 30-100 eV. Schematic cross-sectiote b AS sensor head are shown in
Figure 2.13.

Incoming patrticles first pass electrostatic deflectionesyst which serve as filters against
charged particles. Incident ENA are converted into secgnidaés and electrons upon hitting
the lithium fluoride (LiF) surface. When bombarded with malihelium atoms, the yield of L'i
from the surface is much higher than that oflffecause of the better momentum transfer from
Heto Li. As LiF is an ionic crystal, thefciency for secondary ion production is comparatively
high and is about I& for incident ENA energy around 80 eV. Towards lower energjes
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Figure 2.12: Schematic view of a secondary ion sputtering from a LiF lay@¥ is transparent to UV
radiation, thus UV is suppressed.

CROSS - SECTION A-A

b i

A

Figure 2.13: Cross-sections of the Ulyssg&AS sensor head (schematic): 1) conversion plate with
heater, evaporated with lithium-fluoride (LiF), 2) quartgstal for monitoring the LiF evaporation pro-
cess, 3) furnace with LiF supply, 4) CEM, 5) CEM electronigstungsten filaments to stimulate the
CEMs, 7) vacuum-tight cover in closed (dashed lines) and gosition, 8) electrostatic deflection sys-
tem, 9,10,11, and 12) circular apertures defining the fieldef of channel | and Il, 13) light lf&e.
FromWitte et al.(1992).

efficiency falls dtf rapidly. Therefore, an instrument based on LiF as a cormersurface is
only useful for neutral helium detection if the incident figle energy is above 30 eV and if
there are no much heavier atoms (e(@).to be detected. It is ideal for detection of interstellar
neutrals as interstellad e population is next most abundant aftéand its energy range is well
defined.

Since LiF is transparent to UV radiation, Lymarphotons have a low photo-electron yield
from the LiF surface. To keep the surface transparency to &ghation high, the LiF cover is
refurbished periodically.

The yielded Li-ions are accelerated by the electric field to a particleadeteand at the
same time photo-electrons are suppressed. Thereforegetatesystem based on the release
of Li*-ions from a LiF surface is very insensitive to UV photons. idtegrated turn-table
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together with the rotation of a spacecraft allow coveragéhefwhole celestial sphere. The
advantages of the secondary ion emission instrumentateareability to detect He ENAs in a
very low energy range, and affigiently high UV photon rejection factor. However this tyge o
instrumentation allows particle detection with no caggbfbr mass analysis and very limited
energy analysis using the sputtering threshold energylandhiange in the apparent energy of
incident ENAs due to the orbital motion of the spacecratft.

Secondary electron emission

A newly-developed method for detecting ENA in low and medienergy ranges is based on
the kinetic emission of secondary electrons upon a paguad¢tering from a dedicated surface.
The basic principle of this approach is shown schematidalliFigure 2.14. ENAs strike a
Start surface at a shallow angle of incidence-@6°. Secondary electrons, yielded from the
surface and detected at a Start MCP detector, give a stadldmy a TOF measurement. The
reflected particles of any charge state proceed towardsettend, Stop surface, and strike it
nearly normally to reduce TOF path length variation. Seaoyelectrons released from the
Stop surface, detected at a Stop MCP detector, give a stopldiyy the TOF measurement.
The energy dependence of the secondary electron yieldsltmig technique to low energies
of >100 eV.

Stop MCP

m Stop surfact
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Start MCP
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T T T
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Figure 2.14: Schematic view of a TOF spectrometer, based on kinetic @mis$ secondary electrons.

The ASPERA-3 ASPERA-4 NPD sensors, described in this thesis in Chaptatilize
this concept of ENA detectiorBarabash et al. 2004, 2006). The main advantage of this
technique is the highficiency obtained, as no particle separation by charge idreztjafter
ENA reflection on the Start surface. Comparatively simpleigie and the light weight of the
instrumentation allow it wide applicability.

2.5.3 High frequency shutters

If one replaces a conventional carbon foil and conversiafasea (used in TOF mass spectro-
meters) with high frequency shuttefsuhsten et al.1995) one can build ENA sensors without
intrinsic energy range limitations, and ones that are moipeist against EUNUV. Figure 2.15
illustrates two diferent implementations of a shutter-based ENA direct detetéchnique.

In Figure 2.15(a) two shutters, separated by a distahaae involved. Each shutter is
a set of plates, one plate is stationary and the other is nimvdtach plate has an aperture,
the width of which is less than half the travel distance of tmaving plate. The oscillating
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Figure 2.15: Schematic views of using high frequency shutters in ENAdé&ia. FromFunsten et al.
(1995).

plates of both shutters are 180ut of phase. UV trapping proceeds as shown in panel (a).
The apertures of the first shutter plates are aligned (hetfex is opened), so that both ENAs
and UV photons can enter the region between the shuttersafédréures of the second shutter
plates are misaligned (i.e., shutter is closed), so that bdtgns cannot enter the detector
region. Next, both shutters are closed, so the region betweeshutters acts as a light trap
in which UV photons are absorbed. Finally, the second shigtepened, so that ENAs can
enter the detector region. This cycle is repeated. Theayfiime period when the shutters are
closed is set to be much longer than that with opened shuti&ghoton flux is absorbed and
photo-electrons are removed by means of electrostaticatiefbeduring this period.

The technique illustrated in Figure 2.15(b) is similar, eptcthe second shutter is replaced
with a detector that is electrically gated to operate onlemwthe shutter is closed and to shut
off when the shutter is opened. An incoming ENA is identified byitng it pass through the
opened shutter (at that moment a start signal is generateidhan by measuring the elapsed
time until the particle hits a particle detector at a givestalice. Basic shutter 'open’ state
time is much shorter than that of the 'closed’ state and the-freld pattd is suficiently long.
Hence, the UV-induced signal in the detector can be cleafhasated from the one caused by
ENAs, as the particles arrive a while after the shutter dosEhis results in ENA detection
while UV photon flux is rejected.

The first space-borne instrumentation utilizing the cohbaged on Micro-Electro-Mecha-
nical System (MEMS) technology, is under developm@mirkfeldt et al, 2006a). It is shown
in Figure 2.15(b). The verification of the technique will besfiperformed using MEMS shut-
ters in an ion spectrometer. The expected ion energy range-E00 eVq, energy resolution
~15%. The sensor typical oscillating frequency is in the eanf§100-300 kHz. Duty cycle of
the sensor times MEMS transparency is designed telfis®, which will place constraints on
a lower detection limit of the ENA flux. Flight verification ¢tfie instrument is due to be done
during the PRISMA mission in 2008\(ieser et al.2006).



Chapter 3

The ASPERA-3 and ASPERA-4
experiments

The Analyzer of Space Plasmas and Energetic Atoms (ASPER&periment (Figure 3.1)
on board the European Space Agency (ESA) Mars Express misstocomprehensive plasma
diagnostics package to measure ENAs, electrons and iohsawitde angular coverage from a
three-axis stabilized platfornB@arabash et al.2004). The ASPERA-4 experiment (Figure 3.2)
on board the Venus Express mission is a replica of the ASPBRAckage.

Figure 3.1: Main unit of the ASPERA-3 flight instrument, covered with damulti-layer insulation
(MLI). The NPD with GN; purging tubes connected is identified. All sensors have regptive covers.

31
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Figure 3.2: Main unit of the ASPERA-4 flight instrument, covered with véhMLI. The NPD with
GNg2 purging tubes connected is identified. All sensors have retkptive covers.

3.1 Scientific objectives

3.1.1 ASPERA-3

The studies of the solar wind — atmosphere interaction addhe fundamental question: How
strongly do the interplanetary plasma and electromagfietds dfect the Martian atmosphere?
This question is already coupled with the problem of whatplesed to the Martian water that
once flowed in numerous channels? As we know from the experiehour Earth, together

with an inventory of organic compounds and external eneagyces, liquid water is a funda-

mental requirement for life as we know it. Therefore, a clederstanding of the fate of the
Martian water is a crucial issue in resolving the problem béther or not life existed on Mars
in the past.

In order to study the processes related to the impact of tlae wind — Mars interaction
on the atmosphere, the ASPERA-3 experiment was designeedsure electrons and ions in
the hot plasma energy range, as well as to provide remotaggiuagnostics) of the plasma—
neutral gas interaction via ENA measurements.

The general scientific objective of the ASPERA-3 experimgrib study the solar wind—
atmosphere interaction and to characterize the plasmaeutcahgas environment within the
space near Mars through the use of ENA imaging and by measlo@al ion and electron
plasma populations.

The general scientific task can be subdivided into specifentific objectives, listed in
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Scientific objectives Associated measure- Measurement requirements
ments
Determine the instanta- ENAs originating| Measure the ENA flux in the energy range tens
neous global distributions from the shocked of eV - few keV with 4r coverage.
of plasma and neutral gassolar wind ENA flux > 10* cm2s keVv-1
near the planet Measure the upstream solar wind parameters
Study plasma induced at- ENAs  originating| Mass resolving (H O) ENA measurements in
mospheric escape from the inside of| the energy range up to tens of keV.
the magnetosphere| ENA flux > 10° cm2s *keV!
Investigate the modificaf ENA albedo Mass resolvingll / O) ENA measurements i
tion of the atmosphere the energy range down to tens of eV from
through ion bombard the nadir direction

ment ENA flux > 10° cm2s1keV-1 (100 eV)
Investigate the energy de- Precipitating ENAs | ENA measurements in the energy range terj
position from the solaf of eV - few keV.

wind to the ionosphere ENA flux > 10* cm2s tkeVv!

Search for the solar wind ENAs  originating| ENA measurements in the energy range ter
— Phobos interactions from Phobos of eV - few keV with 4r coverage

ENA flux 10* cm2s tkeVv?!

Define the local chari lons and electron lon and electron measurements in the energy
acteristics of the main measurements  of range few eV - tens of keV withdcoverage
plasma regions hot plasma

n

(%]

Table 3.1: The ASPERA-3 scientific objectives

Table 3.1, together with the corresponding instrumentireqents.
The key objectives of the ASPERA-3 experiment are:

1. to determine as precisely as possible the total ion eqgaptclegs) for the major ion
speciesQ*, 05, CO;),

2. to study momentum, energy and mass deposition from tter sohd into the upper
atmospherg ionosphere and its response (sputtering),

3. toinvestigate the morphological structure of the Martigeraction region and define its
local plasma characteristics.

3.1.2 ASPERA-4

The ASPERA-4 experiment is designed to study ENAs, ions é&xtrens from Venus orbit.
The scientific objectives of the ASPERA-4 experiment arelaimto those of the ASPERA-3
experiment. The specific scientific questions are:

- What is the structure of the solar wind interaction region?

- How is the Venus atmosphere coupled with the solar wind? Kawass added to and
removed from the atmosphere due to this coupling?

- The previous question is connected to the issue of "wher¢hdi water go?" The early
atmosphere must have contained water equivalent to a glabah a few meters deep as
follows from the HD ratio consideration@onahue and Hartle1992). Could the solar
wind interaction have contributed to the water escape (maiereasing H escape)? Is
the process the same as for the water escape from Mars?
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- What is the mass composition of the escaping plasma?

- What is the neutrals — plasma interaction on Venus? How theggresence of the neutral
gas d@ect plasma dynamics?

- What are similarities and fierences in the solar wind interaction with Mars?

The ASPERA-4 experiment is the first at Vlenus to cover suchde wénge of scientific
objectives in the area of the solar wind interaction. Theptmique feature of the ASPERA-4
experiment is that it is a replica of the ASPERA-3 experimerititing Mars. The combi-
nation of the observations made by two identical instrusenttwo non-magnetized planets
exhibiting a similar type of solar wind interaction (butiéring significantly in terms of inter-
planetary conditions, atmospheric characteristics, a®ad mass) opens up completely new
perspectives for comparative magnetospheric studies.

3.2 Instrument overview

As the ASPERA-4 package (Figure 3.2) is a replica of the ASRBRone, this section de-
scribes both the ASPERA-3 and the ASPERA-4 instruments. pHokages are designed to
work in different environments, hence there are certdii@eidinces between them, listed below.

Mechanically, ASPERA-3 ASPERA-4 consists of two units, the Main unit and the lon
Mass Analyzer (IMA). The Main unit comprises three senstine (Neutral Particle Imager,
the Neutral Particle Detector, the Electron SpectromdfeiS)) and a digital processing unit
(DPU), shown in Figure 3.3. The Main unit is located on a tbieglatform of a mechanical
scanner. The scanner sweeps the three sensors, mountgetthuigh 180 to give 4r steradian
coverage (ideally) when the spacecraft is 3-axis stalilizen practice, part of the FOV is
blocked by the spacecraft body. All electrical interfacéthe instrument with the spacecraft
are made through the scanner.

IMA is an improved version of the ion mass spectrographsgArelS, Mars-96ASPE-
RA-C/IMIS and Planet-BMI (Norberg et al, 1998). IMA is a stand alone instrument with
its own DPU and high voltage (HV) power supplies. Since IMA®& accommodated on the
scanner, electrostatic sweeping is used to achig\® elevation coverage. Electrically, IMA
interfaces only the Main unit.

Total mass of the ASPERA-4 instrument is 9.00 kg; the Main flight model mass with-
out thermal hardware is 6.63 kg, while the mass of the IMA fligiodel is 2.37 kg without
thermal hardware. The maximum power consumption is 18 W. Nlh& unit envelope is
350x% 263x 288 mm; for IMA it is 287x 187x 165 mm.

Total mass of the ASPERA-3 instrument is 8.2 kg, the powesgaomption is 13.5 W, and
the envelopes are 358234x 393 mm and 25% 150x 150 mm for the Main unit and IMA,
respectively.

The ENA sensors (NPI, NPD) of the ASPERA-ASPERA-4 instruments complement
each other. The NPI is designed to provide ENA measuremeitthsrelatively high angular
resolution, but no mass and energy discrimination, whigeNIPD performs mass and energy
analysis of the incoming ENAs, but the angular resolutioarigle. This approach also gives
the necessary redundancy as well as the independent ¢reskitg that is necessary for such
measurements in a new environment. The charged partickoigenot only provide charac-
terisation of the local plasma environment, but also supR®&A measurements in terms of
charged particle background and inter-calibrations. Th® Eensor represents a new genera-
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NPD2

NPD1

scanner DPU

Figure 3.3: ASPERA-3 main unit. The NPD and ELS apertures are covereu pvittective covers
(red). The NPI protective cover has been removed to show BieaNd ELS sensors.

tion of ultra-light, low-power electron sensors. It is amstard top-hat electrostatic analyzer in
a very compact design and with high energy resolution.

The ASPERA-3/ ASPERA-4 instrument design, while based on a modular strect
demonstrates a high degree of packaging and sharing oftéraah resources. The instrument
DC/DC converters are shared between all 5 units, including wheidentical NPD sensors.
The DPU mechanical structure also serves as a carrying guppomounting the NPD sensors
and the NPI, which in turn is carrying the ELS. The internallsvenat separate the DPU, NPI
and both NPD sensors have been replaced by conductive kigitoto minimise mass, while
maintaining séficient electromagnetic shielding.

Table 3.2 summarizes the ASPERA-BSPERA-4 instrument performance.

The ditferences between the ASPERA-3 and the ASPERA-4 instrumentaainly due to
the environments they are designed to be immersed in. As ilésated more than twice as
far from the Sun as Venus, the solar thermal flux deliveretiédMars Express spacecraft orbit-
ing Mars as well as all on board instruments is much lower thanfor Venus Express orbiting
Venus. The thermal design is thereforéelient: the ASPERA-3 multi-layer insulation (MLI)
outermost layer is black kapton, while for ASPERA-4 it is tehkapton. ASPERA-4 is also
equipped with a radiator covered by optical secondary rEdle¢OSR) mirrors (Figure 3.2).
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Parameter NPI NPD ELS IMA
Particles to be measured ENA ENA Electrons lons
Energy range, keXg ~0.1-60 0.1-10 0.01-20 0.01-30
Energy resolutionAE/E - 0.5 0.08 0.07
Resolved masses, amu - 1,16 - 1,2,4,8,16>32
Intrinsic field-of-view 9° x 344 9°%x 180 | 1°x360° 90° x 36C°
Angular resolutionfwHM) | 4.6°x115° | 5 x30° | 10°x225° 45°x225°
G-factor/ pixel, cnsr 25%x103 | 62x10°3 | 7x10° 1.6x10°°
(enotincl.) | (enotincl)
Efficiency,e, % ~1 1-15 Inc. in G Inc. in G
Time resolution (full 3D), s 32 32 32 192
Mas$, kg 0.7 1.9 0.3 2.37
Power, W 0.8 1.5 0.6 35
aASPERA-4
b2 sensors

Table 3.2: The baseline performance of the NPI, NPD, ELS and IMA sendevgHM stands for full
width at half maximum, G-factor a geometrical factor.

Open surface treatment is alsdfdient. Those ASPERA-4 surfaces, not covered by MLI,
are covered with PCBE white paint. The radiation requireierere also dierent for the two
missions, 5 kRad for Mars Express and 30 kRad for Venus Esphe®rder not to change the
component selection, the point shielding (tantalum) wasius protect ASPERA-4 compo-
nents which were not s$ficiently radiation hard. To protect the ASPERA-ELS electronics
an aluminum protecting skirt was introduced around theeisgnsor.

Figure 3.4: The ASPERA-4 overall configuration with the Main unit (leéthd IMA (right). The
NPI protective cover has been removed to show both the NPE&Sdsensors. FrorBarabash et al.
(2007b).

3.2.1 The lon Mass Analyzer (IMA)

IMA is a top-hat electrostatic analyzer (Figure 3.5a) reisgl H*, He"*, Het, O* and mole-
cular ions in the energy range 10 &\ 30 keV/g. Being located separately from the scanner, it
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Figure 3.5: Photograph (a) and a cross-section (b) of the IMA sensor.pfedbfromBarabash et al.
(2007b).

is equipped with an electrostatic deflector to scan overaéilav. The principal diagram of the
instrument is shown in Figure 3.5h. lons first pass througioargled grid and enter the deflec-
tion system comprising two curved electrodes that deflext ariving in the instrument over
elevation range:45° (shown as trajectories 1, 2 and 3) and over°3&imuthal FOV into the
entrance of the top-hat analyzer. The latter selects omly veith a given energy according to
the interplate voltage of the analyzer's hemispheres. dhg, ipassed through the electrostatic
analyzer, exit the annular space separating the hemispheack travel through the magnetic
velocity analyzer section (magnetic separator). The ctiisfsection in the azimuthal plane
is shown on the right side of Figure 3.5b. The magnets are stamiblue wedges. Sixteen
gaps between the magnets correspond to 16 azimuthal settbesinstrument of 2%° each.

In the magnetic mass analyser, the ions pass through a stdiierical magnetic field, which
deflects them outward, away from the central axis of the aealyystem. The lighter the ions,
the stronger its trajectory bending. As the ions leave thgnatic mass analyzer, they are reg-
istered at the MCP detector with a position sensitive anddsystem of 32 concentric rings
measures the radial impact position, which correspondset@oin mass, and 16 sector anodes
measure azimuthal impact position, which correspondseadh azimuth entrance angle. To
measure light ions, such &', at low energies, which have too small gyro-radius to releh t
MCP, the ions can be post-accelerated in the gap betweefettieostatic analyzer exit and the
magnet assembly entrance. Varying the post-acceleratibage allows one to select the mass
range and to adjust the mass resolution.

The IMA sensor also includes an IMA DPU and a HV unit, provigdihe MCP bias and
sweep voltages for all electrodes. Energy range sweeps3tbkeV down to 10 eV over 96
logarithmically equidistant steps. The polar angle is seanfrom—-45° up to +45° over 16
steps. The time to complete a full 3D spectrum is 192 s.
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Figure 3.6: Photograph (a) and cutfoview (b) of the ELS sensor. Adapted froBarabash et al.
(2006).

3.2.2 The Electron Spectrometer (ELS)

ELS is a top-hat electrostatic analyzer to measure elexirothne energy range 10 eV - 20 keV
entering over 360FOV (Figure 3.6a). It comprises a collimator system and &spél top-hat
electrostatic analyzer with the radii of the inner and otemispheres equal to 14.9 mm and
15.9 mm respectively (Figure 3.6b).

Entering electrons are deflected into the spectrometer msiiye potential on the inner
hemisphere. A spectral measurement is achieved by stefh@nmate voltage. The time of one
energy sweep, consisting of 128 steps, is four seconds. [8estweep is fully programmable
within the constraint of the maximum decay rate of 32 g&epBhe electrons, filtered by energy,
are detected by an MCP detector. There are 16 anodes bekilIGR defining 16 azimuthal
sectors of 25° each.

ELS was designed to be sun blind, so that it may operate dexpgsure to direct sunlight.
EUV/UV photon flux is minimized through the use of a series of lig#tles in the collimator
and a series of light traps at the entrance to the spherid¢ldction plates. Photo-electrons
are reduced by use of a special coating, based on a modifietbEGgrocess, applied to the
deflection surface, light trap and the collimator systdwh(stone et a1.1997). To eliminate
the photo-electron flux, a retarding grid is introduced lestwthe MCP and the analyzer exit.
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3.2.3 The Neutral Particle Imager (NPI)

NPI (Figure 3.7a) is designed to measure ENAs with a relgtikiggh angular resolution. All
incoming particles, entering over 3680V, pass between two 150 mm diameter disks sepa-
rated by a 3 mm gap. The disks and radial spokes in-betweem ¢o#limate the incoming
beam over the elevation and azimuth angle to give a pixe! gf18° FOV and 45° x 11.5° full
width at half maximum (FWHM). The 5 kV potential between theunded and biased disks
results in a strong electric field, which sweeps away chapgeticles with energy less than 60
keV.

Solar sensor aperture

b) — = Deflector

5.0 kV (max)
™ ov

Target block
MCP-+anod

Figure 3.7: Photograph (a) and cutfview (b) of the NP1 sensor. Adapted fraBarabash et al(2006).

Neutrals that pass through the deflector system hit a 32tsideical target at a grazing
angle of incidence of30°. On impact with the target block the incident neutral cahegit
be reflected in positive, negative or neutral charge statpramluce secondary particles. The
secondaries can be both ions and electrons. The partielang the target, are then detected
by an MCP detector followed by a 32 sector anode. The MCP tggia an ion mode with
a negative bias of -2.3 kV applied to the front side and thusale both positive and neutral
particles reflected as well as sputterdfitbe target, while electrons are repelled. The internal
view of the NPI sensor is shown in Figure 3.7b. The UV supjoesis based on the target
material selection, blackening of the internal surfacas,the MCP mode operation. The NPI
is located on the scanner platform. Ideally it can covesdin a 180 scan, whereas approxi-
mately a half of its FOV is blocked by the spacecraft body.oAlso sectors are mechanically
blocked to accommodate the ELS cable.
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3.2.4 The Digital Processing Unit (DPU) and the scanner

The DPU includes two boards: the DPU board itself and a Haeggkg (HK) board. These
are connected together with the sensor control electr@ridsa power supply via a common
bus system with 8 address- and 16 data lines. The bus alamdé@wicontrol-, analog- and
power supply lines. The software is built around a real-tsystem with a scheduler and an
interrupt handler. All executable routines are defineddi@s routing table, which resides in
an Electrically Erasable Programmable Read Only MemoryPEEM) and can be modified
during the flight. In this way new or modified software rousnzan be stored inside a free
area of the EEPROM, verified and added to the operating sadtlvg including their start
address into this routing table. A macro feature of the tel@wand (TC) handlerfters the
possibility to generate sequences of standard TCs auttatiptaccording to a pre-defined list,
reducing the need for complex TC groups to be up-linked ondraver again. Besides detector
activation and parameter control, compression and avegafi measurement data allow the
reduction of the amount of telemetry generated.

The scanner platform (Figure 3.8) was originally desigredlie ASPERA-C experiment
on the Russian Mars-96 mission. Some modifications were rfaddSPERA-3 on Mars
Express as well as for ASPERA-4 on Venus Express, most of togirerned with optimization
of the performance during long-term operations and rednaif its mass.

scanning platform

Figure 3.8: The ASPERA-3 scanner. Adapted fr@arabash et al(2006).

The scanner serves as a bearing structure for the ELS, NF, 9¢Rsors and the DPU,
as well as providing all electrical interfaces with the sggaaft. It constitutes the°to 180
rotating platform on which the sensors as well as the DPU, Biweay supply (HV PS), HK and
DC/DC bhoards are situated. Rotation is accomplished by meaasvafrm gear mechanism.
The scan platform is made as a plug-in unit for the sensondsge



Chapter 4

The Neutral Particle Detector (NPD)

The Neutral Particle Detector (Figure 4.1) developed ferElSA Mars Express and Venus Ex-
press missions is a compact, low weigh660 g), high &iciency TOF sensor to image low and
medium energy ENAs that result from the solar wind inteactvith the Martiary Venusian
exospheres. The ASPERAASPERA-4 packages each contain two identical NPD detectors
NPD is a pinhole camera with 2990 intrinsic field-of-view. The measurement principle is
based on a surface interaction technique. The sensor ibleapfaresolving hydrogenH) and
oxygen Q) atoms and provides measurements of an EN#&rintial flux over the energy range
of 100 eV - 10 keV with a coarse angular resolution ©k30° and total €iciency of 1-16%.

Figure 4.1: The NPD flight model. The cover has been removed.

41
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4.1 The measurement technique

Figure 4.2 provides a conceptual view of the detector. InogrENA particles pass between
two parallel deflector plates (shown in red), separated byoar8n gap with an inter-plate
electric potential dference of up to 10 kV, and enter a pin-hole d¥:84.5 mn? size. Charged
particles (ions [f] and electrons [f]) with an energy of<70 keV/q are swept away by the
transverse electric field created between the plates. Thmated ENA beam emerging from
the pinhole hits a Start surface (shown in grey) at & d&zing angle, causing secondary
electron emission. The angle between an ENA trajectory hadstart surface is chosen to
provide a maximal ENA reflection from the surface as well agga Becondary electron yield.
Secondary electrons are transported by a system of coliegtids (shown as green boxes) to
one of two Start MCP assembilies (inside the green boxeshggav start event. The incident
ENAs, reflected from the Start surface nearly speculartyg Bitop surface. The emerging beam
contains both neutral and ionized components since thgetsiate equilibrium is established
during the interaction with the surface. No further separmaby charge is made in order to
increase the totalfciency. Therefore particles of any charge state—negaieatral, positive—

a)
TOF
Stop MCP =
Start MCP I— A
ENA 15Ky Pinhole secondary
; electrons
-
| Start Surface Stop Surface
b) Stop MCP secondary

electrons

Start MCP

ENA

Collimator

Start Surface
Start MCP

Stop Surface

Figure 4.2: The principle design of the NPD sensor. a) view from the dijejiew from the top. For
details see the text.
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impact the Stop surface. A black line depicts an ENA trajgct@econdary electrons yielded
from the Stop surface accelerate towards one of three Stop B&Semblies, mapping the
position of the impact, and produce a stop event. The stdrstop signals are then used for
TOF measurements. The particle velocity is defined by the & a fixed distance between
the Start and Stop surfaces of on average about 8 cm. ThreeMBI®s give an angular
resolution of roughly 30 within the 90 azimuth acceptance angle. The secondary electron
yield from the Stop surface depends on the atomic mass nuafl@neutral and, therefore,
is different for ENAs of diferent mass moving with the same velocity. The pulse heighj (P
distribution analysis of the stop signals can be used tonesti the masdH or O) utilizing this
phenomenon. Moreover, thefidirence in the TOF betwedd and O atoms is sfficient for
direct mass identification within the particular energygan UV suppression is provided by
properties of the Start and the Stop surface coatings asawél the coincidence between start
and stop signals within a defined TOF window. Figure 4.3 sh@®B model of NPD with the
main components identified.

4.2 NPD mechanical design

NPD consists of several functional units, namely, a deffe&i@rt unit, Stop unit, Stop surface,
housing, and electronics (Figure 4.4).

The sensor is enclosed in a rectangular chassis with a si280f 140x 60 mm (Figu-
re 4.4e). The top and bottom sides are closed by an aluminata ahdor kapton membranes
with a conductive coating. The deflector housing (FigureaXid a triangular box, located in

Pin-hole

START MCPs

.,

Collecting

electron optics START surface

STOP surface

Figure 4.3: The 3D model of the NPD sensor.
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Figure 4.4: NPD functional units. a - Deflector, b - Start unit, ¢ - Stoptudi- Stop surface with a
holder, e - housing (chassi), f - electronics.

the upper left corner of the chassis. The opening is coveyeal tighly transmitting %90%)
stainless grid. The collimator plates are located parsdlelach other inside the deflector. A
strong transverse electric field is created across the imgpbeam path when plates are biased.
The central deflector plane is inclined°1&way from the Start surface plane.

The Start unit (Figure 4.4b) is located next to the deflectdre entire unit is electrically
insulated from the chassis. The Start surface, two MCP ddgssnelectron optics system and
the pinhole plate are placed on the Start unit frame. Higtagel and signal cables, and the
electron optics system bias cable, are attached to thespameding connectors on one side of
the unit. The connectors and parts of the MCP electronicsdsp@&xposed to the ion beam
emerging from the Start unit, are closed by grounded blaak¢Rbanol-C) shields.

The Stop unit (Figure 4.4c) is located next to the Start ubhitomprises a frame holding
three MCP detectors. The frame is electrically coupled éoctassis. High voltage- and signal
cables are attached to the connector on the back side ofatime fr

The Stop surface (Figure 4.4d) is located next to the Stop Tihie Stop surface is part of
a sphere of 108 mm radius to cover all possible particledtajes from the Start unit.

All sensor elements are fixed to the outer shell of the mechhsiructure (chassis). This
configuration provides easy access to all elements, memdiastitness, and minimizes the
structural mass.

Four signal cables are guided from the Start and Stop unitaigih the sensor and con-
nected to the electronics package (Figure 4.4f) locateeéropposite corner to the deflector.
All high voltage cables as well as the electron optics bidsechypass the sensor and connect
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to the Main unit HV board. The Start and Stop MCP detectorbmsed separately. The digital
electronics connection with the Main unit DPU is performéalar MDM-37 connector.

The sensor has a quite large empty space between the Stamdrihe Stop surface as well
as in the electronics compartment, and is therefore vehi.lighe high voltage is generated
externally, in the Main unit HV PS.

Pointing of the NPD sectors FOVs (Dir0, Dirl, Dir2) is shownRigure 4.5, depicted by
black arrows.

Figure 4.5: Engineering drawing of NPD. The black arrows depict the fiogof the NPD sectors.

The NPD package is comprised of two identical sensors, NRIIINPD2. It covers a
hemisphere (half a hemisphere per sensor) when placed aanaisg platform, which per-
forms 180 sweeps (see Figure 3.3). A conductive kapton film providesleetrical screening
between the units mounted together.

Main unit HV PS. The ASPERA-3 ASPERA-4 Main unit HV PS provides high voltages
for the NPD1 and NPD2 sensors as well as for NPI. Each NPD séssmnnected to an
individual HV PS which is built around two base supplies. Base supply uses a conventional
coil transformer followed by a custom-made doubler. The $irsgle polarity HV PS provides
base voltage from 0 te3 kV regulated further by two AMPTEK HV601B optocouplers tat
the Start and Stop MCP assemblies individually. The secamndblé polarity HV PS provides
two voltages from 0 ta-5 kV for the NPD deflector electrodes. The regulation acguig256
steps for each range, which isfBaient for this application.

Assembled NPD sensor. Figure 4.6 shows a cross-section of a 3D model of NPD with the
main units depicted by arrows, and an incoming ENA trajgcfas a pink line). Figure 4.7
shows the NPD flight model with covers removed to exhibit tlemelements.

4.2.1 Deflector

The NPD deflection system is an electrostatic deflector,isting of a pair of parallel plates
located inside the grounded deflector housing. Commangmitentials of up ta:5 kV are
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Figure 4.6: Cross-section of a 3D model of NPD. Main units are depictedripgws.

applied to the plates to sweep charged particles with ezetgiO keV/q into the plates (ex-
cluding them from the detector). Each deflection electredeblackened aluminum plate of a
trapezoidal shape with serrations to inhibit forward sratt of incident particles. Figure 4.8
shows a cross-section of a 3D model of the NPD deflector wihdtver half cut away. The
deflector electrodes are visible inside the housing. Theeoe slit has dimensions of 3.0 mm
x 70.0 mm. It is covered by a stainless steel grid in order togireelectric field leakage
outside the deflector housing.

Charged patrticles with energy below the ctitanergyke will be rejected.E¢ of an electro-
static deflector, consisting of two parallel plates of thegla L and a ga in-between, can be
estimated roughly by Equation 2.2. The lengths of the defteziectrodes (along the incoming
beam path) are 30.0 and 31.0 mm. The gap between the electso8® mm. The maximum
potential supplied by the Main unit HV PS on the deflectiongdas+5 kV. Therefore, all
charged particles with energy up4@0 keV/q, will be swept away, while passing through the
deflector. Energetic charged particles with energy alifaean pass through the deflector, but
they are not registered as valid events due to their veryt 3l@f. Detailed investigation of the
sensor response to high energy particles is given in Sedtitn

4.2.2 Start unit

The Start unit consists of the pinhole plate, the Start sar{fsee Section 4.2.4), the electron
optics system to collect and guide secondary electronsrtbtiie Start MCPs, and two Start
MCP detectors. The Start unit is shown in Figure 4.9. Thepaftel is a 3D model of the
Start unit. All key elements are depicted by arrows. ThetStarface is not shown. By a
system of collecting grids (shown in blue), secondary ebast emitted from the Start surface
are transported to one of two MCP assemblies (inside blued)pxgiving a start event. The
right panel shows a photo of a completely integrated Staitt Ufigure 4.10 shows the key
elements of the Start unit during integration. Panel (ajwshitne Start unit from above. Two
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Figure 4.7: NPD flight model with the main elements shown.

MCP assemblies are located aside the trapezoidal StagcsurfThe pinhole is attached in
front of the latter. Panel (b) shows parts of the electronicetystem. Panel (c) shows a view
of the completed Start unit from below. The electronics @f BCP detectors is depicted by
arrows. In the center of the Start unit frame can be seen azoggal aluminum plate with
a temperature sensor and a heater attached (see detaiésfolltiwing section). The plate is
attached to the bottom side of the Start surface. Panel @ssthis plate on its own.
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Figure 4.8: Cross-section of a 3D model of the deflector.
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Figure 4.9: The Start unit assembly. (a) 3D model of the Start unit witii EEements depicted by
arrows. The Start surface is not shown. (b) a photo of thgrated Start unit.

Electron optics system

The main purpose of the Start unit electron optics (FiguéaAcolored blue) is to provide an
effective transport of secondary electrons yielded from tlaet Stirface to Start MCPs located
inside the cages, preventing direct exposure of the MCRtieteto UV photons coming into
the sensor. Figure 4.11 shows an electrical model of therefeoptics system. The cages,
main elements of the optics, have openings toward the Sitdisice closed by highly transparent
(91%) golden grids. The grids are biased w#h0 V. All inner sides of the cages have the
same potential as the Start unit framel? V). Small electrodes, biasedftdirently ¢20 V),
are embedded into the inner back sides of the cages. The t@oiial plate of the electron
optics, located above the Start surface, has a negativatjatef -12 V to repel electrons
towards the cages. All potentials are set with respect toathidne Start unit frame. The entire
Start unit is biased positively-(2 V), to prevent secondary and photo-electrons yieldeah fro
the Start surface from reaching the Stop unit. The front sfdee MCP detectors is biased by
+300 V.
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MCP detectors electronics

Figure 4.10: (a) the Start unit from above; (b) electron optics systenesagc) the Start unit from
below; (d) an aluminum plate with a heater and a temperagnss attached.

As proven by ion ray-tracing, the Start electron opticsddtrces minor disturbance to the
reflected ions leaving the Start surface with an energy aBOveV. Figure 4.12 shows the
results of the electron and ion ray-tracing in the Starttedecoptics assembly. The electron
collection dficiency of the optics varies from 80% to 95% depending on thawth angle of
incident ENAs.

The heater and the temperature sensor

The heater is intended for Start surface pre-conditionirgpace. The surface performance was
investigated during thermal vacuum testing performed &t Moscow. The thermal cycling
included five heating cycles from15° to +90° and back to+15° and five cooling cycles
from +15° to -60° and back to+15° with a temperature gradient of@/min. The surface
performance was measured before and after the telgs beams of dierent incident energy
were used. Figure 4.13 show TOF spectra before (panel a) feerd(panel b) the thermal
cycling. The black, yellow, and green curves show the TOEspabtained during the tests
using ion beams of energies of 500 eV, 1500 eV, and 2500 epectsely. The vertical red
lines show the position of the corresponding peaks obtdieéore the test. The energy loss at
the surface was found to reduce by several per cent aftenémmal vacuum test. A hydrogen
recoil peak (a small bump on the 500 ¢i&* TOF spectrum a+210 ns) decreased as well
as the electron event peak (@50 ns, it is caused by secondary electrons yielded from the
Start surface reaching the Stop unit). These improvemeatsetated to the cleaning during
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Figure 4.11: An electrical model of the Start unit electron optics system
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Figure 4.12: The ray-tracing of the trajectories of secondary elect(pasel a) and 80 eV ions (panel
b) in the Start unit electron optics system.

heating cycles.

The heater is a 0.4 W flexible Termofoll MINCO heater (see Figure 4.10d) without tem-
perature regulation to heat the Start surface when poweithd-dV. It allows an increase of the
Start surface temperature b0 above the ambient. The heater operation is commandable.

The temperature sensor AD590J is used to monitor the Stdigiceutemperature continu-
ously. It reflects the Start surface temperature and candzktasnonitor the NPD temperature
when the heater, located close to it, is switché&d Both the heater and the temperature sensor
are attached to a thin aluminum plate (Figure 4.10d), wisdiogated in a pocket inside the
Start surface and is pressed tightly to a bottom side of ttberlaUsing the intermediate alu-
minum plate between the Start surface and the heater hedis laot spot heating as well as
making the heater easy to replace.

4.2.3 Stop unit

The Stop unit registers secondary electrons yielded fraStop surface (Section 4.2.4), pro-
duces stop signals and provides a coarse analysis of thetidireof an incoming ENA. It
comprises an aluminum frame (Figure 4.14) to hold MCP detsand three identical MCP
detectors with some passive HV components.



4.2. NPD MECHANICAL DESIGN 51

TOF of He of varying Enegry

2500eV 1500eV 500eV

a) E [eV] AE/E]] E [eV] AE/E]]
osl 500 0.92|] 500 0.8 ||
2500 1.12|] 2500 0.82]

Q.6 1

0.4 .

Eleyation =12 deg
Azimuth = -26 deg

0 100 200 300

Figure 4.13: TOF analysis of dferent energy beams made a) before and b) after the thermalwac
test. The vertical red lines show the position of the comesiing peaks obtained before the test.

The frame is fixed right above the Stop surface in such a wayp ashieve the highest
secondary electron collectiorffieiency. Every MCP detector is shielded by a grounded gold-
plated cover to inhibit electric field leakage outward frdme biased MCPs through the MCP
assembly holders. The electric potential of all of the MGixfisurfaces is kept the same and is
about+300 V in order to &ectively collect secondary electrons released from thp Sicface.
Each MCP detector produces a stop pulse with a magnitudeogtimpal to the amount of
secondary electrons reaching the MCP detector simultahedthe MCP bias is commandable
and is nominally in the range of 2750 to 3100 V.

Figure 4.15 shows ftierent views of the assembled Stop unit. The MCP detectorstipg
electronics and connectors are located at the back of theuiio (left panel). The Stop unit
MCP detectors are shown in the right panel. The frame is blaed to inhibit UV reflections
and photo-electron yield.

Figure 4.14: The Stop unit frame.
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Figure 4.15: The Stop unit assembly: a) back side with the MCP detectatreleics and connectors
depicted by arrows, b) front side of the Stop unit with fac\i@P detectors.

4.2.4 Surfaces

The selection of the Start and Stop surfaces was the mo$e¢rbag part of the NPD develop-
ment. Extensive studies have been performed at UniverEBgm, Switzerland Jans 2000),
and Brigham Young University, USA, to optimize the perfomoa of the surfaces, which must
satisfy a number of requirements, namely, high secondactreh yield, high UV absorption
even at grazing incident angles, high particle reflectiogfftment (Start surface), low angular
scattering (Start surface) and low photo-electron yield.

A multi-layer coating composed of a thin layer ©f,O3, covered by a thicker layer of
MgF and topped with a thin layer &V O,, was used for the Start surface (Figure 4.16). The
coating was optimized for the absorption of the 121.6 nm Lysadine at an incident angle of
~15°. It was applied on a titanium substrate polished down to 106ulyhness. The reflection
codficient was about 30%. The Start surface is of a trapezoidgleshapocket in the surface
substrate is used to accommodate the temperature sensibtreameiter.

Figure 4.16: The NPD Start surface, view from the top (a) and bottom (b).

The Stop surface (Figure 4.17) is part of a graphite sphenggfmess around 100 nm)
covered by a MgO layer 0£500 nm thickness. This combination has a very high secondary
electron yield, low photo-electron yield, and high UV alggmn. Much dfort has been ex-
pended into increasing the stability of the MgO coating agfamoisture absorption. It was
established that polishing the graphite down to the roughmé about 100 nm improves the
surface stability, so no problems related to surface perdoice were encountered during as-
sembly, integration, and verification (AlV) activitiesdi, due to absorption of air humidity).
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Thus, the Stop surfaces did not require special maintertarregain their stability and preserve
the surface properties unchanged from their calibrated.sta

UNIVERSITY OF BERN
0 1 2 3 4 5cn  SWTZERLAD

Figure 4.17: The Stop surface in a NPD chassi (right panel). The left pahels a batch of Stop
surfaces in a transport container.

4.3 Electronics

Each NPD sensor is an "intelligent" device and its eleca®mierform a substantial portion
of the data pre-processing. The NPD electronics consist@bbards: Front-end electronics
(FEE, Figure 4.18a) and digital TOF electronics (DigTOgufe 4.18b). All high voltages are
provided and controlled externally.

The FEE block diagram and typical signal shapes are showigind-4.19. Pulses from
four MCP anodes (one Start and three Stops) are fed to discheirge sensitive preamplifiers
based on fast MOS FET (frequency cuif-at 6 GHz) and followed by operational amplifiers.
The wave shaper generates a fast logic pulse for the Tinbagfival converter (TDC) of the
DigTOF board, and fast Texas TLV1562 video Analog-to-Gipitonverters (ADC) perform
a pulse height analysis. The signals are up-shifted by 08 réach the ADC working range
of 0.8 — 3.8 V. Four Digital-to-Analog converters (DAC) pide input threshold control. The
thresholds are commandable. The FEE provides a theor&t@ialresolution of 0.1 ns that is
well within the limits of what is required for this measuremé&chnique (1 ns).

DigTOF electronics serve a number of tasks, including:

TOF measurement from one start to one out of three stoplsigna

serving FEE and initiating analog-to-digital conversimfrstop pulses,
coincidence check and selection of valid TOF — pulse hepgis,

events counting,

three diferent data types Ifiiering in Static Random Access Memory (SRAM),
interfacing DigTOF to DPU.

DigTOF is realized in two Field Programmable Gate ArraysG@RP Actel 54SX32. Figu-
re 4.20 shows the DigTOF block diagram focused on the funatity of the difirent com-
ponets and FPGA subroutines.
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b)

Figure 4.18: Technological models of a) Front-end electronics (FEE) andigital TOF electronics
(DigTOF) are shown.

1 of four Prearnps Digital chain

TOF Pulse out

Waveforn shaper
Fast Integrator Threshold control

i

MCP out t !

& . !
Preamp IN Analog Test point i o e e e e .
| it :
E ' Motherboard :
i i !
i " i :
i Level shifter 'chi . :
. Fast video A/D !
[ Hi-speed buff i chz i : i
i
] — Tehs MSamplesfs max l l i
i ' cha 4 inputs with S/H i
: Texas TLV1562 :
............................................................ < i !
i . ; i :
i Typical waveforms H ! :
' i ! H
! MCP pulse i ! :
i [ ' : Scale ajustment
; .
i i i ;
i Analog output I\\\_ H ! :
i On the i ! :
' Analog test point \ ! ;

i : i

; : i chi i
! TOF Pulse out 1, 5u$ ' ! :
E I_, i : chz | DAC i
; : . ha | 4 outputs & bit H i
i - —_— i
: ch 1 inputts AD r\\ ' ; cha i
: For e e ; [ !
i Pulse Height Analisys H ' 5
i i i
H i

Figure 4.19: Front-end electronics block diagram.

The occurrence of a start signal followed by a stop signaldda a TOF measurement in
the TDC and generation of a data item with uncorrected TO&tin&tion. The time obtained
is then corrected to compensate for a possible temperatifte the TDC calibration is per-
formed continuously using a 6 MHz clock supplied by the DPt{] the calibration constants
are continuously updated at DigTOF. The TDC control and TOffection are performed by
a TDC Management unit, a part of FPGA. The final time data itea TOF value with 12-bit
binary time information. Parallel to this, a sampling preeéy FEE ADC follows the occur-
rence of a stop signal, thus generating a 10-bit data iteminfibrmation of both direction and
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Figure 4.20: Digital TOF electronics block diagram.

8-bit stop pulse height. The coincidence control checka the a valid coincidence of these
two data items and additionally flags an occurrence of mae tine start or stop signal during
the TOF measurements. NPD registers a 'valid event’ whegreakirom one (and only one)
Stop detector corresponds to one start event within thengih@F window. This now leads
to a 25-bit raw data item formation that is used for the pegditoring process. The memory
control has to handle threeftirent memory areas in the SRAM. For the binning array, the raw
data is compressed into 10-bit data that represents theubiber inside the array. The respec-
tive bin is incremented by one up to the bin depth of 65535 ()6 Bor the raw data array,
incoming raw data items are successively stored until thissyds filled completely (512 en-
tries). The PH array is filled in the same way as the binningyaibut with the compressed stop
pulse height data together with the respective directiol.déta arrays are filled in parallel.
The binning array is excluded, if the coincidence (1 StartStdp event) does not fit. Readout
and the following initialization of these arrays are pemied by using burst read access from
the DPU. Several 16-bit event counters and two registemsddbe preamplifier board are also
implemented in FPGAs. One of these registers is used to am@EE DACS, the other one
for directly commanding FEE. All control, counter and megndata are accessible from the
DPU over 16-bit registers; physically the connection tolfJ is a 16-bit bus.

4.4 MCP assembly

There are five MCP detectors in each NPD: two Start and threp BCP assemblies. Fi-
gure 4.21 shows the Start (panel a) and the Stop (panel b) M&&hdblies. Micro-channel
plates are known as high gain, low noise, two-dimensiontdaders of charged particles and
electromagnetic radiation. MCP is an array of solid stagetebn multipliers \\Vizg 1979)
consisting of millions of microscopic electron multipe¢1® - 10’ channelgn?) all fused
together in a solid array. Typical channel diameter is 6 u26 The operational principle of
the MCP detector is shown in Figure 4.22 (panel a). Paneli@ys a cross-section of a 3D
model of a Stop MCP assembly.
Each NPD MCP assembly comprises a pair of standard 'Photougsom cut rectangu-
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Figure 4.21: (a) Start and (b) Stop MCP assemblies.
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Figure 4.22: (a) MCP detector operation principle. Arrows depict majengents. (b) Cross-section of
a 3D model of a Stop MCP assembly.

lar MCP plates of 1.0 mm thickness. MCPs operate in a chewafiguration to avoid an ion
feedback. Secondary electrons reaching the MCP deteetattaacted by the 300 V potential

of the front surface of the first MCP. As soon as an electrotex ¢éime MCP channels, it collides
with the channel wall resulting in secondary electrons. fidseiltant secondary electrons are
accelerated down the channel by the electric field of the ligis voltage applied across the
plates. Further collisions with the channel walls produagersecondary electrons. Finally, an
electron cloud is formed and extracted from the output sideeoMCP and accumulates by an
anode, separated from the rear side of MCP by a gap of 1 mm. Addegotential is-100 V
higher than that of the back of the MCP and is abeR800 V. The collected charge is trans-
ferred to FEE through a decoupling capacitor. The typical ghthe MCP detectors is in the
range of (6 - 8)x1(P.

The size of the Start and Stop MCP detectorsfigedent. The Start MCP is812 mm, and
the Stop MCP is 1612 mm. Also, Start and Stop MCP detectors are connectéerelntly.
Both Start MCP detectors possess a common anodgitieatly collect secondary electrons
yielded from diferent regions of the Start surface. Stop MCP detectors gosspial potential
on the front MCP surfaces providing an evenly distributesteic field over the Stop surface
in order to allow an angular response. MCP resistanfferdibetween Stop MCP assemblies.
Therefore, a certain resist®& was chosen for each Stop MCP assembly to provide the same
MCP voltage across the plates in all three Stop MCP assesnblie
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Start MCP detectors (two assemblies) and Stop MCP detethme assemblies) are con-
trolled by two tele-commands independently.

4.5 Data formats

The sensor hardware mode is always the same but DigTOF ges@ngarallel two data flows
(formats), namely, raw event data (RAW) and binned matrita &IN). Depending on the
settings, the DPU reads out one of the flows. Thus, the seqmraies either in the RAW
mode or in the BIN mode.

The RAW mode. The data bffer contains 512 data entries. Each 32-bit depth item corre-
sponds to one recorded event. Incoming raw data items amedssequentially until the data
buffer is filled completely. Each data entry contains uncompa§F values with a 0.5 ns
resolution as well as information about the direction, nitagie (pulse height) of a stop signal,
and a coincidence flag (see Table A.1). The TOF spectralutsiolis reduced by the DPU
from 0.5 ns to 1 ns. The TOF window of 1 ns to 2048 ns is definedd&id values are scaled
to 255 levels.

The BIN mode. Both TOF and PH data are accumulated for each of three directiTOF
of valid events (one Start — one Stop) is stored in 16 logaiithlly divided TOF bins. The
size of the TOF bins and their location in the TOF space arevshio Table A.1. A stop
signal magnitude value is stored in 16 linearly divided PHsbiThe data Kier is an array
of 16x 16x 3 16-bit counters. TOF is measured in the range of 50 to 1900The lower
TOF limit allows for a cut & of electron events ('Start’ electrons reaching the Stop)ufihe
higher TOF limit defines the upper energy of the range in gusie., no significant fluxes of
O ENAs of an energy above 10 keV are expected in the region wkeRERA-3/ ASPERA-4
performs measurements. The matrix oiX1B5x 3 can be reduced to 362 x 3 comprising 16
TOF steps and two PH steps for three directions (see Appéndix

The TOF mode. The RAW event data is post-processed by the DPU in TOF modeler to
reduce the bit-rate. The NPD sampling is fixed to 0.5 s. Thextion and TOF of the correlated
signals is extracted from the RAW data 32-bit words by DPUe TRF spectrum resolution is
downgraded to 8 ns, resulting in 256 linearly divided 8-BH bins for every direction. Each
of 256x 3 16-bit counters is increased by one when addressed byT®Witand 2-bit direction.
After accumulation, 16-bit counter values are log-comgedgo 8 bits (Appendix A.2).

The PH mode. There is also an engineering data flow. The datéoun PH mode contains
16x 3 16-bit counters addressed by pulse height values.

Each of the NPD sensors (NPD1 amdNPD2) can be set independently to any operation
mode or be disabled (masked out). Data is not received by #ld om the masked-out
sensor. The NPD sampling time is commandable and eql&l§25 ms, wheren=1, 2,... 7,
but nominally is 1 sec. The basic sampling periods are 0(p,2L0 sec (8, 16, 32 sampling
periods of 62.5 ms), which correspond to three scanneliaatperiods, 32, 64, and 128 s.

The NPD electronics also include linear counters to moniterperformance. Every start
and stop event is counted by a corresponding 16-bit couftere are four counters available
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in every mode to count start events (Start counter) and stepte (Stop0, Stopl, Stop2 coun-
ters). In RAW mode two additional counters are used. The ®dahter is used to count valid
events. Again, a 'valid event’ is produced when a signal fooma (and only one) Stop detector
corresponds to one start event within the given TOF winddve Raw counter is used to count
ADC conversion events.

4.6 Instrument level qualification

The NPD sensors were flight qualified on the instrument leselall as on the sensor level
(vibration test). The environment tests on the instrumesell included a mechanical test,
electromagetic compatibility (EMC) test, and thermal waou(TVAC) test. The protoflight
approach was used, meaning the hardware was tested to tlifecgtian levels. The quali-
fication level is usually 1.4 times the highest load the congmbd should ever experience in
operation (for mechanical test).

Mechanical test. Mechanical test is called sometimes a vibration test. It da@se in order
to simulate vibration caused by the rocket engine durindahech. Vibration was simulated
in three transverse directions. The standard testing duveencluded: sine vibrations over a
specified frequency range to search for resonances, andmaviirations simulating the real
mechanical environment during the launch.

Figure 4.23 shows ASPERA-4 mounted on a vibration tabld) adtcelerometers depicted
by arrows. Mechanical tests of ASPERA-4 were performed onB964LS electro-dynamic
vibrator with LDS 1200x 1200 sliding table. An electrical functional test of thetingnent
was performed every time a given vibration test was over.

Figure 4.23: ASPERA-4 mounted on a vibration table. Arrows depict acoeteters. GMN purging
tubes are connected between the test sessions.
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EMC test.

was running in dterent modes defined by the given EMC test.

TVAC test.

(-30° to +50° centigrade) for a temperature variation 6friiin (Figure 4.25).

a)

b)

Temperature [*C]

Figure 4.24: TVAC test of ASPERA-4. The measured (a) and predefined (bpézature profiles are

shown.
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The purpose of the EMC test was to verify the electromagrsetsceptibility and
emissive properties of the ASPERAASPERA-4 instruments. It was done in order to prove
an electromagnetic compatibility of devices with the spaaf systems as well as other sen-
sors on board the spacecraft. The testing sequence inclundagurements of electromagnetic
radiation of the instrument and identification of whethdsitesistant to external electromag-
netic radiation in a certain frequency and magnitude rabgeing the EMC test the instrument

The purpose of the TVAC test was to verify the capability af 'SPERA-3/
ASPERA-4 instruments to withstand the thermal load to whihunits were to be exposed
during their operational lifetime. This test mostlffexts electrical components and movable
parts. The ambient temperature varied cyclically over thinéd temperature interval. Fig-
ure 4.24 show the temperature cyclogram (panel a) and neshtemperature profiles (panel
b). The instrument functionality was verified in vacuum otlez required temperature range
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Figure 4.25: The ASPERA-4 instrument mounted in a vacuum chamber duhagiivAC test. The
small ion guns to simulate particle flux are also visible.

4.7 NPD response to high energy particles

The NPD deflection system cuffoenergy is~70/q keV, hence particles of higher energy
(>100 keV) can pass through the deflector and produce scafpamntidles of lower energy
that could be detected by the NPD. We performed simulatidtiseoscattering of high energy
protons on a mono-crystal tungsten (W) surface coveredavitin layer of WQ (simulating
the Start surface). The simulations were based on the 'Topp8tg and Range of lons in
Matter’ (SRIM) code Ziegler et al.(1985); www.srim.org).

The NPD geometry was used in the simulation process. As mary6a@30 projectile
particles of energy of 100 keV were injected at a grazing emngl15 to the surface plane.
Scattered particles were collected and both angular- aadygrdistributions were analyzed.
Figure 4.26 shows the energy distribution of the partictesafl scattering angles.

Figure 4.27 shows the energy distribution of particles Wwtgan reach the Stop surface.
Note that particles scattered approximately specularsy,(towards the Stop surface) lose
more than half of their initial 100 keV energy. A number of gdes in the energy range
of 0.1 — 10 keV (the NPD energy band) that reached the StopiMias~170. Hence, the
amount of high energy protons that can be detected by the lR&bsis<1% of the incoming
flux.

If the typical diferential flux of 100 keVH™ ions is 1Gcm2sr1stkeV-? (such particles
can be born at a distant shock, travel along magnetic fieds land reach the sensor), then we
estimate that the detected integral flux number will be lass t10 — 18 cm™2sr1s. This
flux is several orders of magnitude lower than the expected Edk in the energy range of
0.1 — 10 keV. The ENA flux in the Martian environment is in thega of 1¢ —10° cm2sr st
as reported byrutaana et al(2006b);Galli et al. (2006b) (see Chapter 6). Moreover, the sim-
ulated energy spectrum of high eneigy differs from that of the detected ENA signaG4(li
et al, 2006a). Therefore, we conclude that high endtgycan be disregarded as a source of
intense ENA signal at Mars.
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Figure 4.26: Simulated energy distribution &f particles with an inital energy of 100 keV, scattered on
the Start surface in all directions.
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Figure 4.27: Simulated energy distribution of 100 keV H, scattered onSkert surface, which can
reach the Stop surface.
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Chapter 5

The NPD calibrations

5.1 Introduction

The calibration of NPD is performed in order to define the itkdiecharacteristics of the sen-
sors, such as the angular response functifiiciency, geometric factor of each of the sensor’s
sectors. The NPD sensors were calibrated using ion beatfitiésci The ion beam is easily
to operate and its absolute intensity is easier to monitan #n ENA beam. ENAs or ions
interacting with the Start surface, lose their initial destate within a few A of the material
and achieve a charge equilibrium which does not depend oimitied charge. Therefore, an
ENA instrument calibration can be performed using an incgmdn beam. The results of the
sensor calibrations using the ion beam can be directly eghpdl ENASs (except deflector system
calibrations, which in any case were out of scope of the catiitns).

5.1.1 Calibration facilities

The NPD sensors were calibrated at the Swedish Institutpadé&Physics (IRF, Kiruna) using
its ion beam facilities. The calibration facility includesgo ion sources with energies of 0.4 — 25
keV and 0.02 — 50 keV that provide large diametetQ cm) parallel beams of selected energy
and mass and with variable intensity. The systems are alsipgeg with turn-tables having
four degrees of freedom. The system used for the NPD padidieration is the PSX-2751 50
keV lon Source from Peabody Scientific. It is capable of ponuly a parallel ion beam of a
flat profile with an energy of up to 50 kef. The system can be run in thredfdient energy
ranges, namely 0.05 — 1.3 k&) 1.0 — 15 keYqg, and 15 — 50 ke)d. lons are produced in a
duoplasmatron in discharge between an anode and a filansatedcwith BaCOy to increase
electron emission. The ion species are defined throughtiofeof the corresponding gas into
the duaplasmatron. To increase the ionizatiiitiency, a strong magnetic field is applied in
the axial direction of the duoplasmatron. Emitted elecrgpiral along the magnetic field lines
towards the anode and produce long ionization paths. Thelasmatron is kept under positive
HV potential defining the ion beam energy. lons are extrafttad the duoplasmatrofsource
through an extraction electrode and pass through a theseesilt Einzel focusing lens, which
collimates the diverging ion beam into a parallel beam. Tdwlf length of the lens can be
optimized by adjusting the voltage of the lens. The ions theter anE x B Wien filter. The
Wien filter is based on transverse magnetic and electricstifitle electric field can be varied to
balance the magnetic force so that only ions of the desirlatite (mass) can pass through the
filter. Exiting the Wien filter, the ions are accelerated iragneleration gap to achieve the final

63



64 CHAPTER 5. THE NPD CALIBRATIONS

beam energy. The beam is then guided througlft &B&trostatic analyzer, with a central radius
of 12.7 cm, in order to select ions within a narrow energy bemdireject a neutralized fraction
of the beam. The electrostatic analyzer in the system haseag\eresolution of 1%. To permit
broadening of the ion beam that emerges from the electiostadlyzer £10 mm in diameter),
a defocus lens first diverges the beam and then a focus ldiestsahe diverging beam into a
parallel beam used for calibrations (Figure 5.1). Bothdsrare three-element Einzel lenses of
different sizes. A retractable Faraday cup provides measutgmgthne ion beam intensity as
well as, indirectly, the beam location. It is mounted indide vacuum tank. The Faraday cup
closes the beam outlet completely during the current measemts. A fraction of the outgoing
beam is neutralized by charge exchange between the iongsiddal gas in the drift tube. The
neutral part of the beam does not exceed 3% of the total betmsity.

The maximally achievable beam divergence is derived frargdometry of the ion source
(see Figure 5.1). The distance between the electrostatlgzar exit and the aperture44..7 m,
the electrostatic analyzer exit diamete0 mm, the aperture diameter 36 mm, and the distance
between the exit aperture and the turn-table8 m, the maximal divergence of the ion beam
is thus estimated to be less thah Zhe ion beam spot at the center of the vacuum chamber,
where the instrument is located, can thus vary between 10nr60n diameter.

The system produces quite stable and homogeneous ovee[§dfii%) ion beam. During
the calibrations no direct beam profiling was performed.

5.1.2 Calibration setup

Each of the NPD units was calibrated on a sensor level. Thieragbn setup and coordinate
system are shown in Figure 5.1. The sensor, mounted on thedhble inside the vacuum
chamber, was subjected to parallel ion beams déént energies and masses. The turn-table
allows the sensor to sweep in the azimuthal plane ovéb7,45°] and in the elevation plane
over [-7.5°,7.5°], with 1° steps. The turn-table can also be translated across tleiridon
beam in both vertical and horizontal directions.

Anglesa, g denote the azimuth angle and elevation angle, respectiVéky angular posi-
tion, & = ag andB=By, shown in Figure 5.1, corresponds to the sector Dirl payatin such
a way the deflector plates are placed horizontally, i.e jadly to the turn-table rotation axis.
Definition of the NPD sectors (Dir0, Dirl, and Dir2) pointiig) shown in Figure 4.5. The
geometrical pin-hole area of the sensoAis= 3.0x 4.5x cos 15 = 13.04 mni, where 18 is
the inclination of the pin-hole with respect to the enteffirgam (see Figure 5.2).

Figure 5.2 shows the cross-section of the sensor througpirthieole and sector Dirl. All
key elements are identified. A thin black line shows an incanbeam trajectory through the
collimator, the pin-hole, towards the Start surface and tbehe Stop surface. The azimuthal
rotation axis of the sensor is co-aligned with the rotatiais @f the turn-table and passes
through the pin-hole geometrical center. It is normal todk#élector plane of NPD. In such a
configuration the NPD pin-hole is kept well inside the ionfeduring the azimuthal scanning,
i.e., no translation of the sensor across the ion beam isregtjurhe vertical shift of the sensor
aperture during elevation scanning is also small with ¢@athe ion beam spot size.

The sensor calibrations were performed with the followiatup:

- Deflector electrodes were grounded because the sensorlil@sied using ions,
- lon beam intensity was set to keep the Start MCP count<&is 10° s71,
- Pressure in the vacuum chamber waéx 10~" mbar.

The calibration objectives together with the ion beam sggeand energy settings are given in
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Figure 5.1: NPD calibration mechanical set up and coordinate systeaw fiiom the top (the upper
part) and from aside (the lower part).
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Figure 5.2: The instrument cross section, showing the azimuthal miatkis.

Tables 5.1 and 5.20 respectively for the ASPERANPD and ASPERA-4 NPD.

5.2 Theoretical principles

5.2.1 MCP characterization

Before the calibration of the NPD sensor, MCP charactaomatias performed. MCP detector
characterization and tests included:

- HV test. MCP detector should withstand the bias voltageatl 10% above the nominal.

- Analysis of MCP count in dependency on the bias voltage areshold level, and de-
termination of the working point, i.e., the nominal biastagle at which MCP count
saturates.

- Dark noise determination under the nominal bias.

- Pulse height distribution analysis of MCP output signaliider to identify the sensitivity
threshold level for FEE. The nominal bias is applied.

5.2.2 Beam characterization

The ion beam characterization is performed in order to piewccurate calibrations of the
sensor #iciency. Beam monitoring in the system is provided by a réditzle Faraday cup. It
is not possible to monitor the ion beam continuously durlmgrmeasurements. Therefore, the
ion beam should be stable, and parallel. Its spatial digidh should be homogeneous.

The ion source provides aféigiently stable beam (Section 5.1.1). The stability wasfesti
before each calibration run. The average value of the iombaarent measured before and
after the run was obtained and used in calculations.

To avoid the possible errors in the absolute calibrationth@fensor ficiency associated
with the beam intensity variations over the spot, a specasiverse scan was implemented
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for the dficiency calibration (see Section 5.3.3). Also errors due éasarements with a non-
parallel ion beam are taken into account by this scan proeedDefocused ion beams can
otherwise lead to wrong estimation of the ion current dgradithe Faraday cup and the sensor.

5.2.3 Geometrical Factor calculation
The geometrical factor, (G), of a sensor is the integral ef dffiective areaAeff(ﬁ) in the

directionQ of the sensor’s aperture over the sensor field-of-view

Gif%n@mﬂ

From simple spherical trigonometry the elementary soligl@dQ will be given in thea, B8
coordinates adQ = cosa dadB. We thus obtain the geometrical factor expression for NPD as

GZLLAQH(O/,,B) cosa dadg, (5.1)

where the integrals are over the sensor field-of-view. WarasghatA¢ ¢ can be presented by
the expression

Aetf(a.p) = &(E)- f(a.B)- Ao (5.2)

wheree is the dficiency and depends only on energy (see Section 5.2(4)3) is a function
which defines the shape of the angular response and @g®)|,s=1, andA, is the pin-hole
area at the maximur(a,B), i.e., Ag=A(ao, Bo)- @o,Bo are the azimuth and elevation at which
f(ao,B0)=1. Therefore,

G:j;fﬁg(E)-Ao-f(a,ﬁ)COSadad,B

By defining a pure geometrical fact@, (with the eficiency excluded) as

GO:Aofff(a,,B) cosa dadB (5.3)
aJp

we obtain the total geometrical factor as
G =¢(E)-Go (5.4)

The dficiency can thus be measured separately from the angulam®spwhich avoids pos-
sible errors due to beam intensity variations over the spbe calibration principle becomes
simple. We sweep the sensor over the beam over elevationzimdita and normalize the
recorded count rate to the maximum value. Defining the azimantd elevation of the maxi-
mum count rate,d, Bo), we also define thefkective area at these angles. We assume

f
Actf(@.f) = Aeti(ao,Bo) %
= Actf(ao,Bo) - f(a.B)
= &(E)-Ao- f(a.p) (5.5)
f(a.p) = 2B (5.6)

C(@o,80)
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whereC(a,p) is the count rate at the azimuthand elevatiorB. G can be calculated finally as

G

Aot 1(o.Bo) f fﬁ f(r.) cosa da dg

C(a.p)
s(E)-AofaLC(%’ﬂo) cosa dadB (5.7)

5.2.4 Htficiency

The sensorféiciencye depends on a number of factors such as particle mass ang/ el g
bias voltage, surface properties and conditions, etc. M@acterization was performed and
the working point was defined prior to the tests. All testsenymerformed at this working point,
i.e., MCP bias was fixed: is measured for dierent incident ion species affi@rent energies.

If the calibrating ion beam has the current densjtywhich is constant over theffective
pin-hole area, the following expression can be written

C(a/’ﬂ) ' Aeff(a/’ﬂ)

8A0 f(a/’ﬂ)

dl ¢
= ﬁ a Ao f(a,p) (5.8)

whereq is the elementary chargé,is the beam currengA the area element over the beam

spot. Note thaf = daA may vary over the beam spot (not homogenous beam). Rewtitiang
expression in the form

- Clp)
Ao- f(a.p)
q

—— -dC(e, 5.9

g dC@h) (5.9

whered C(a,p) is the count rate over an elementary area over the beamvgpaan integrate

both sides and get the expression for therncy

e-dl = @ dA

_ Crotal(@.f) q

whereCrqial(a, B) is the total count rate integrated over the whole beam Apgt,
Craafep) = 7 [ dolap)

¥ Cij(e.p) (5.11)
i

wherei, j - the indexes over coordinates in the plane perpendiculdretbeam.

_ Apixel

’)/ =
Ageom

(5.12)
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where Apixel = 4.5 x 3.0 mm — a characteristics of the swe@geomis a projection of the
pin-hole on the plane normal to the beam direction and dependsensor direction. If the
measurement performeda@t a, andg = By,

) Crotal(@o,0)
I

This expression does not depend on the area and thus canligel @wen for non-homogenuos
beams. In practice, it implies that it isffigient to cover the beam spot fully with th&ective
pin-hole size pixels and record the total number of coumtgrinciple, it is not even necessary
to make the measurements at the maximum of the angular sspanction. If the ficiency
emWas measured at the azimuth and elevatioB,, the sensorféiciency ata,, B, is given by
the obvious relation

e=(

(5.13)

Em

= Tlampn) (5-14)

g

5.2.5 Energy resolution

Dependency of the particle time-of-flightiy on the initial particle energ¥ and massM can
be expressed as

VM
LM
VEVI-K

720-L(cm)-

T = L-

VM(amy

\/E(eV) - AE|055(€‘V)

VM(amy
VE(EV) V1-K
wherel is the TOF distanceAE|yss the energy loss when a particle interacts with the Start
surface,Ty in ns,K = AEjpss/E the relative energy loss.

TOF measurements are performed for hydrogen and oxygerespea@ range of particle
energies from 0.1 keV to 10 keV. TOF spectra are shown in @exth.4.6, 5.5.6. Using the

position of the maximum of the TOF spectra, we can obtain tBe @ependence on the particle
initial energy and define the energy loss.

720-L(cm)- (5.15)

5.2.6 Mass resolution

Hydrogen and oxygen atoms are assumed to be the most praipadiies to be detected in the
Martian and Venusian plasma environments.

Because of the large fiierence in velocity (for the same energy) and relatively avarr
TOF window (50 ns - 1900 ns), TOF measurements alone can bifarsmass identification.
Indeed, TOF below 240 ns corresponds to either hydrogen avitenergy above 580 eV or
oxygen above 10 keV. The oxygen ENA fluxes with such high eesrare very low because
planetary ions do not have enough room to get acceleratdw isnhall region with dticiently
high exospheric densities. Therefore, TOFs below 240 ngcare only from hydrogen. TOF
above 650 ns can only come from oxygen because the instrugfferiéncy is very low for
100 eV hydrogen and such slow atoms cannot be detected by KBibe the TOF range of
240 - 650 ns other mass resolving techniques are requiredx&mple pulse height analysis.
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PH analysis

PH analysis is based on the secondary electron yield depeypds the ENA atomic number
for different species with the same velocity. Particles @fedent mass and the same velocity
yield different amounts of secondary electrons from the Stop sunfeloieh was optimized
for high secondary electron yield. The heavier the ions,higher the secondary electron
yield. The more secondary electrons reach the Stop MCP sinadusly, the higher the output
signal, because electrons hiffdrent MCP channels. The higher the secondary electron, yield
the higher the magnitude of the analog stop signal produdedmvis analyzed by a fast 8-bit
ADC. Hydrogen atoms yield fewer secondary electrons from $top surface than equally
fast oxygen atoms. Each 8-bit pulse height value is reducethit resolution (16 levels or
channels) in the BIN mode.

Figure 5.3 shows pulse height distributions fréh{the red curve) of an energy of 0.3 keV
andO (the black curve) of an energy of 5.0 keV (both species psssggroximately the same
velocity) measured in the BIN mode. Both distributions avenmalized to have the same area
of 1.

0.100

H+O0

Probability

0.010

0.001

o
)
~
(=)}
o

10 12 14
channel number

Figure 5.3: Pulse height distributions froi (the red line) an® (the black line) with the same velocity
are shown. Both distributions are normalized to have theesam@a of 1. The green line shows a pulse
height distribution from a mixture dft andO normalized to have the area equal to 1 as well. The dashed
line is set to the chann® = 9. O gives a larger count in the range of channels 9 - 15.

As can be seen, areas of the tail parts of the pulse heightbdigtns (integrated over the
channels from an arbitrary chosen chanNelo 15) are diferent. H atoms produce signals
of lower amplitude and consequently give shorter tails i plulse height distribution than
heavierO. Hence, the ratio of the tail to the total area of the distidyuis larger forO than

for H. In the case of a mixture df andO atoms, the pulse height distribution is a sum of the
distribution fromH andO. The green line in Figure 5.3 shows a pulse height distiibufiiom

a mixture of 50%H and 50%0. The distribution is normalized to have an area of 1. The tail
part of this distribution comprises partly and partlyO counts. If a measured pulse height
distribution has no counts in the tail part while the coume ia reasonably high-(1 kHz), the
incoming particles are hydrogen. However, if the tail doastain some counts, the incoming
flux may contain a mixture dfl andO. Let us show how one can deduce the mass composition
of the incoming flux during in-flight measurements from théspuheight distribution foH and

O obtained in the calibrations. The probability for hydrogem oxygen to produce counts in
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the tail part are, respectively,

P == (5.16)

Po = = (5.17)

WhereCiH andCiO are the respective amount of counts in ithk bin of the pulse height distri-
bution forH andO. NumbersPy, Po, andN are defined in the calibrations. The total number
of countsNg;j from each specie in the tail region thus becomes

Nizi = P - N (5.18)

NO

tai

1 =Po-NPy (5.19)

whereNTHOtal and N?Otal are the total amount of counts fbrandO, respectively. In the case of

measuring a mixture dfl andO, we know the numbeX"+C and the relative amount of counts

. . . Total
in the tail regionR,
CiH+O (CiH +C|O)
H (@]
_i=N __i=N Ntail + NtaiI
- - H+O - H+O
i C-H +0 NT (-)'—tal NT 0+tal
i
i=0
Ph - N'|I'—|otal +Po- N1(')otal
= NP0 (5.20)
Total
Keeping in mindNH__ + NS = NFHO we arrive at
R-P
(0] H H+O
NTotar = Po- P ) NT(;rtaI (5.21)
Po—-R
NH = O NH+O (5.22)

Total — Po— Py Total

ChannelN is defined in such a way as to minimize the valuegg)f The values oN, Pg, Py
are defined for every NPD sector during calibrations. Ndte,mhethod works only for good
statistics. This PH analysis is used in the BIN mode (due tmlgignal statistics achievable in
this mode) for the on board data reduction (see Appendix.A.1)
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Example. Let a total count of valid eventsl"*9=1000 be detected by sector Dirl of the

sensor during the sampling time. P=0.1210"2 andPo=1.2510"2 as calculated during the
calibrations. Let the ratio R be calculated as 0.01.
Hence, the fraction isN®__ = (0.01-0.12-102)/(1.25-102-0.12-10°2) -1000= ~779.

Total —
The counts fronH are:NY = 1000 — 779= 221.

5.3 Measurement principles

5.3.1 MCP characterization

Figure 5.4 shows the characterization setup of the MCP tietec

flange
T
, , LHV
electron gun
> MCA
°HV

Figure 5.4: MCP characterization was done in the following configumati®CA - multi-channel ana-
lyzer, PC - computer.

First the Start MCP assembly was inserted into a vacuum cearttien it was changed
for the Stop MCP assembly. A small electron gun was used tdyge an electron beam
to stimulate MCP detectors. MCP output signal was analyzethéans of a multi-channel
analyzer MCA8000. Bias of Start MCBS' and of Stop MCRUS®™Pwere changed in the
range of 2300 - 2900 V.

5.3.2 Angular response measurements

During the angular response measurements the sensor wiorkkd BIN mode, i.e., valid
events (1 Start and 1 Stop) were counted. NPD modes are loesdri Section 4.5. The
angular response was measured féifedent energies for botH andO species.

The sensor was translated to the center of the ion beam spatetto a default position,
shown in Figure 5.1. An azimuthal scan was performed in thgeafa = [-45°,+45°], with
stepsAa=5°. An elevation scan was performed in the rang@ ef [-7.5°, +7.5°], with steps
AB=15° for the ASPERA-3 NPD, and in the range ¢ = [-6°,+6°], with stepsAB=1.0°
for the ASPERA-4/ NPD. Accumulation time was set to 1 s per pixel. The angles, B
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were calculated afterwards by finding the angular posit@mesponding to the maximum of
the angular response function.

5.3.3 Hficiency

During the éficiency measurements, the sensor worked in the BIN mode. ldtesdficiency
measurements were performed for fixed angigsBn» which may be dierent froma,, So, for
various energies and species (see Tables 5.1 and 5.20)nsthament response was integrated
over the beam spot, performing a scan of an area larger tlaioithbeam spot at the NPD
location. No beam intensity variation over a small area .6/.5 mn? (pin-hole size) is
assumed.

a)
* " A
v ' |
‘ A
Y ! |
\ \
v N A
b)
of| a=0 a=40 a= a=40
o | B=0 B=0 =15 =15
a5

Figure 5.5: a) Scan sequence of the NPD sensor durifigiency test. Arrows depict direction of shift
of the sensor aperture; b) a pin-holéeetive area (shown in grey) forfierent azimuthal and elevation
angles.

Scan procedure The ion beam spot location was found by scanning along thacyeaxis.
Then the sensor was translated to the center of the spot. &kean sequence was initiated
(shown in Figure 5.5(a)). The very first and last measuresnarg made in the center of the
scanning matrix, i.e., in the center of the ion beam spot. dihkole zigzagged as shown in
Figure 5.5(a) over the area= 60x 63 mnt covering the ion beam spot entirely (its size is
estimated to b&60 mn? in diameter at the position of the NPD). The turn-table tiatien
steps are chosen to correspond to the pin-hole size as 3.0ndmM.& mm in vertical and
horizontal planes, respectively. The integrated couetCatai(am,Bm) is calculated according
to equation 5.11. The pin-holéfective area\(«,8) dependency on the azimuth and elevation
angles is shown schematically in Figure 5.5(b).

5.3.4 Energy resolution

Measurements are made in the RAW mode. TOF spectra are alatathduring the #iciency
calibration scans. The long exposure time allows us to plsjaéctra with good statistics.
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5.3.5 Mass resolution

Pulse height spectra accumulated during tfieiency measurements are used. The NPD elec-
tronics worked in the BIN mode (Section 4.5) and producedh A@F and pulse height data.
A long exposure time allows us to obtain spectra with gootissizs.

5.4 ASPERA-3/ NPD calibration results

5.4.1 Calibration objectives

The ASPERA-3 NPD calibration objectives are given in Table 5.1.

N | Calibrated lon beam Comment
parametgrfunction Energy, keV | Species
1 | MCP characterization 5.0 (@] Determine nominal bias of the Start

Stop MCP detectors.

2 | Efficiency measurements 5.0, 3.0, 1.3,/ H, O | Energy/ mass dependenfiiiencye for
0.7,0.5,0.3 sectors Dir@Dirl/Dir2

3 | Angular response 03,13 H, O | Azimuthal and elevation resolution
The geometrical constant,@stimation
4 | Geometrical factor G 5.0, 3.0, 1.3,/ H,O | Derived from:

0.7,0.5,0.3 1. the angular response,

2. the dficiency measurements

5 | Energy and mass resoly-5.0, 3.0, 1.3, H, O | TOF and PH distribution functions
tion 0.7,0.5,0.3
6 | Heater and temperatur
sensor characterization
7 | EMC related disturbances Functional test on the ASPERA-3 level

Start surface heating

[©)

Table 5.1: The ASPERA-3 NPD calibration objectives.

5.4.2 MCP characterization

The MCP assemblies were tested up to 3100 V bias. The worlkimg,p.e., a nominal MCP
bias, was defined. Figure 5.6 shows the Start, Stop0, Stopd2 MCP detectors count versus
MCP bias for the NPD1 (left panel) and NPD2 (right panel) sens

The working point of NPD1 is defined as 2750 V for both Start &tap MCP detectors.
Calibration of NPD1 was performed at this MCP bias.

The working point of NPD2 is defined as 2750 V for both Start &bop MCP detectors.
Calibration of NPD2 was performed at this MCP bias.

Though the saturation was not reached, the nominal bias lwes®n at the point where the
curve derivative decreased. The lower bias was chosen teaeearisk of discharge.

5.4.3 Hficiency measurements

Accumulation timet was set to 1.0 s. ficiency measurements are performed for azimuthal
am, and elevatiorB, angles. Tables 5.2 and 5.3 shows the angigsand 3, the pin-hole
effective area, and the values of the angular response furattibese angles for the NPD1 and
NPD2 sensors, respectively.
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Figure 5.6: The Start, Stop0, Stopl, Stop2 MCP detector count versus i M&s for the NPD1 (left
panel) and NPD2 (right panel) sensors. The dashed linestdgpiworking points.

Sensor| Sector| am, deg| Bm, deg| A(@m,Bm), mn? f(am.Bm)
0.3 keVH | 0.3 keVO
Dir0 40.0 0.0 100 0.43 0.69
NPD1 | Dirl 0.0 0.0 130 0.77 0.73
Dir2 -40.0 0.0 100 0.39 0.72

Table 5.2: Azimuth and elevation anglaes,, Sm at which the @iciency was measuredA(am,Bm)

the pin-hole &ective area at these angle§(am,Bm) is a value of the function defining the shape of
the angular response. It is calculated for the anglgs8m from the angular response measurements
for 0.3 keVH and 0.3 ke\VO for NPD1 (Section 5.4.4).

Efficiencyem was calculated according to Equations 5.11 and 5.13:

Cr otal(a m,ﬂm)

E&m = Q- |
= |9 Y ZZCij (@m,Bm)
i

wherei, j - the indexes over coordinates in the plane perpendiculdretdoeamyy is defined
by Equation 5.12Ageom= A(@m,Sm)-
Then the éiciency was recomputed for angles, 8o, by Equation 5.14. Tables 5.4 and 5.5
show the éiciencye(ao,B,) of NPD1 and NPD2, respectively.
Figures 5.7 and 5.8 show the NPD sensoftieency profiles together with the best fittings
by the function
In(y) =ag+a1-X+ax-In(X) (5.23)

wherex = In(E), y = 10*- &, andE an incident ion energy in units of eV.

The plots presented are valid for the energy range of 0.3 k&W0for bothH and O.
Tables 5.6 and 5.7 show the ¢heients for the #iciency fittings for NPD1 and NPD2, respec-
tively.
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Sensor| Sector| am, deg| Bm, deg | A(@m,Bm), mn? | f(am,Bm)
1.3 keVH
Dir0 40.0 0.0 100 0.67
NPD2 | Dirl 0.0 0.0 130 0.84
Dir2 -40.0 0.0 100 0.60

Table 5.3: The format is the same as in Table 5f2am,3n) is calculated from the angular response for
1.3 keVH of NPD2 (Section 5.4.4).

ASPERA-3/NPD1
Efficiencye (ao,B0), x1072

E,kevV | 50| 3.0 1.3 | 0.7 | 05| 0.3
Dir0 - 886 | 317|067 | - | 0.02

@] Dirl - 789 | 212 073| - | 0.03
Dir2 - 857 | 363|079 - | 0.03

Dir0 - 9.07 | 767 | 270 | - | 044

H Dirl - 526 | 369|170 - | 040
Dir2 — 11010 | 954|344 | - | 059

Table 5.4: Absolute gficiency of the ASPERA-3NPDL1 versus ion mass and energy.

5.4.4 Angular response

Figures 5.9 and 5.11 shows the angular response of the NPxbrséor 0.3 keVH and
0.3 keV O, respectively. Each figure shows the angular response ddettimrs Dir2, Dirl,
Dir0 (from left to right). The upper row is the measured azimelevation response. The sec-
ond row from the top shows the fitting of the measured and dnedlodata, normalized to have
the peak magnitude equal to 1. The contours show the polalditsi based on the function

foey)= ) ki-xy (5.24)

where x andy are azimuth and elevation angles scaledkasa/5+ 10,y =g+6. K; are
codficients.

Functions are valid in the range of[-45, 45], and3 [-4, 6] degrees. The third row shows the
azimuthal responses &3, and the bottom row shows the elevation responses-at,. Dia-
monds show the measured and smoothed data. The fittingsawa &ly thick lines. FWHM

ASPERA-3/ NPD2
Efficiencye (ao, Bo), x1072
E.kev | 50 3.0 1.3 07| 05| 0.3
Dir0 | 1325 | 827 | 275 | 0.19| 0.19 | 0.06
O| Dirl1 | 910 | 675 | 242 | 064 | 0.29 | 0.02
Dir2 | 1780 | 1023 | 3.83 | 0.37 | 0.15| 0.05
Dir0 | 700 | 6.78 | 406 | 236 | 1.25| 0.36
H | Dirit | 488 | 458 | 292 | 1.69 | 0.98 | 0.35
Dir2 | 948 | 948 | 568 | 3.10| 1.63 | 0.57

Table 5.5: Absolute gficiency of the ASPERA-3NPD2 versus ion mass and energy.
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ASPERA-3/ NPD1

H @]
ao a a ao a a
Dir0 | -38.96| -4.31| 38.71| -76.60 | -7.71| 69.81
Dirl | -30.47 | -3.37| 30.67| -66.16 | -6.48 | 59.96
Dir2 | -36.62 | -4.10| 36.85| -73.10| -7.43| 67.09

Table 5.6: Codficients for the NPD1ficiency fitting (Equation 5.23).

ASPERA-3/ NPD2

H @)
2 a [ 2 a [
Dir0 | -33.57 | -3.76 | 33.77 | -57.66 | -5.11 | 50.56
Dirl | -26.62 | -2.87 | 26.80 | -65.54 | -6.62 | 60.13
Dir2 | -32.24| -3.65| 32.87 | -72.71| -7.04 | 65.39

Table 5.7: Codficients for the NPD2féiciency fitting (Equation 5.23).

is given for each profile. The values kjff for the fit in Figure 5.9 are given in Table 5.8. The
values ofkj; for the fitin Figure 5.11 are given in Table 5.9.

Figures 5.10 and 5.12 show the azimuthal profiles for resmdgt0.3 keVH and 0.3 keV
O of all three sectors of the NPD1 sensor plotted altogethbe dashed lines show the total
angular coverage of the NPD1 sensor in the azimuthal plalgegponses are normalized to
have the peak maximum equal to 1.
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Figure 5.7: The NPD1 absolutefciencys(ao, Bo) as a function of the ion energy and mass fdératent
sectors. Least-square fittings are shown by lines.
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80 CHAPTER 5. THE NPD CALIBRATIONS

| ASPERA-3 NPD1

Dir 2 Dir 1
T T T T
5F 5F
e g
° 0 © 0r
[SY <
-5 -5r -5
N I BT IR P M EPEE EPEPEP EPEEP IR FEFE PRI EPEPEPI ENEEPE A P
-40 -20 O 20 40 -40 -20 O 20 40 -40 -20 O 20 40
«, deg a, deg a, deg
.|...:|...|...|...&.) L L B B o e LB L e B o
L . ] L 0.1 ] L X ]
03 G 6 X 6 -
L ] s ] s
2f oF
o o o
o o Q
o © 0- o O
< < <
—2F oL
-4 -4
-6 -6
| | | || i | | | | |
40 -40 -20 0 20 40 -40 -20 0 20 40
a, deg «, deg
1.2 T T T T T 12T T T T T 12T T T T T
<
1.0 AN 1.0f s 1.0 3,
& 0.8 & 0.8 & 08}
806 , ° . ° .
= 0. 43 = 06 52 = 06 42
=} =} =}
(o] o o
o 0.4} o { © 04f S 04f
o
0.2 b 0.2 b 0.21
(o)) /A PPN I B PP P "4 ool b 1 g [eR o] &°< NN RN RPN R |
-40 =20 0 20 40 -40 =20 0 20 40 -40 -20 0 20 40
«, deg «, deg «, deg
1.2 [T T T 1.2 [T T T 1.0 [T T T T T
o
1.0f o ] 1.0f 2 ] 1.0f p
s 0.8f s 0.8f 5 0.8
° B K]
~ 0.6 6° ~ 0.6 6 ~ 0.6 6°
c C C
3 3 3
8 04f 8 04f 8 04t
o
0.2 b 0.2 b 0.2
[oXe] 7o SN I/ T I PP T T P A [oXe] 7o VN 2N T T T I T A A W [eXe] 4 VN AU T T T I P\
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
B, deg B, deg B, deg
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i=0 i=1 i=2 i=3 i=4 i=5 i=6
1.55e-03| -2.62e-02| 3.02e-02| -1.22e-02| 2.27e-03| -1.99e-04| 6.59e-06
-6.42e-03| 1.11e-01| -1.26e-01| 4.90e-02| -8.74e-03| 7.30e-04| -2.31e-05
3.08e-03| -4.07e-02| 4.12e-02| -1.44e-02| 2.60e-03| -2.33e-04| 8.07e-06
-5.80e-04| 5.89e-03| -5.11e-03| 1.46e-03| -2.58e-04| 2.58e-05| -1.00e-06
5.09e-05| -3.68e-04| 2.21e-04| -1.98e-05| 2.64e-06| -6.68e-07| 4.17e-08
-2.14e-06| 1.06e-05| -1.80e-06| -2.86e-06| 6.01e-07| -3.18e-08| 9.48e-11
3.50e-08| -1.28e-07| -4.37e-08| 8.50e-08| -1.79e-08| 1.26e-09| -2.69e-11
7.91e-04| -1.80e-02| 2.35e-02| -1.05e-02| 1.99e-03| -1.72e-04| 5.54e-06
-3.97e-03| 1.10e-01| -1.46e-01| 6.41e-02| -1.17e-02| 9.56e-04| -2.91e-05
1.75e-03| -4.86e-02| 6.61e-02| -3.02e-02| 5.89e-03| -5.20e-04| 1.71e-05
-3.75e-04| 1.12e-02| -1.54e-02| 7.09e-03| -1.37e-03| 1.19e-04| -3.87e-06
3.71e-05| -1.15e-03| 1.59e-03| -7.29e-04| 1.40e-04| -1.20e-05| 3.86e-07
-1.68e-06| 5.24e-05| -7.24e-05| 3.32e-05| -6.35e-06| 5.43e-07| -1.73e-08
2.83e-08| -8.81e-07| 1.22e-06| -5.56e-07| 1.06e-07| -9.08e-09| 2.89e-10
3.60e-02| -6.98e-02| 5.14e-02| -1.87e-02| 3.40e-03| -2.94e-04| 9.58e-06
-4.28e-02| 2.21e-01| -2.56e-01| 1.11le-01| -2.06e-02| 1.70e-03| -5.10e-05
1.42e-02| -4.03e-02| 4.13e-02| -2.04e-02| 4.86e-03| -5.06e-04| 1.87e-05
-2.16e-03| 1.89e-03| -6.06e-04| 8.42e-04| -4.11e-04| 5.90e-05| -2.59e-06
1.67e-04| 1.01e-04| -2.97e-04| 8.07e-05| 7.43e-06| -2.84e-06| 1.58e-07
-6.35e-06| -1.12e-05| 2.18e-05| -7.82e-06| 5.87e-07| 3.83e-08| -3.95e-09
9.45e-08| 2.53e-07| -4.54e-07| 1.77e-07| -2.05e-08| 4.44e-10| 2.69e-11

ey
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Table 5.8: k‘i codficients for the polynomial fit (Equation 5.24) for the anguksponse of NPD1 for
0.3 keVH.
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Figure 5.10: The azimuthal responses of each sector of NPD1 measured3&e® H. The dashed
line shows the total angular coverage of the NPD1 sensordraimuthal plane. All responses are
normalized to have the peak maximum equal to 1.
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Figure 5.11: Angular response of the NPD1 sensor for 0.3 K&given for the sectors Dir2, Dirl, DirO
(from left to right). The format is the same as in Figure 5.9.
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i=0 i=1 i=2 i=3 i=4 i=5 i=6
2.32e-03| -3.85e-02| 4.05e-02| -1.38e-02| 2.11e-03| -1.51e-04| 4.06e-06
-6.13e-03| 6.23e-02| -5.17e-02| 1.22e-02| -7.30e-04| -4.74e-05| 4.41e-06
3.14e-03| -3.25e-02| 2.87e-02| -8.23e-03| 1.01e-03| -5.50e-05| 1.10e-06
-6.27e-04| 7.29e-03| -7.25e-03| 2.54e-03| -4.19e-04| 3.36e-05| -1.07e-06
5.83e-05| -7.38e-04| 7.84e-04| -3.00e-04| 5.48e-05| -4.81e-06| 1.63e-07
-2.56e-06| 3.56e-05| -4.00e-05| 1.63e-05| -3.14e-06| 2.86e-07| -9.87e-09
4.27e-08| -6.62e-07| 7.84e-07| -3.36e-07| 6.65e-08| -6.12e-09| 2.12e-10
3.13e-04| 1.75e-02| -2.84e-02| 1.39e-02| -2.85e-03| 2.58e-04| -8.49e-06
3.34e-04| -1.24e-01| 1.85e-01| -8.65e-02| 1.72e-02| -1.51e-03| 4.87e-05
-6.05e-04| 8.94e-02| -1.32e-01| 6.10e-02| -1.19e-02| 1.04e-03| -3.28e-05
6.65e-05| -1.67e-02| 2.51e-02| -1.18e-02| 2.39e-03| -2.13e-04| 6.95e-06
9.86e-07| 1.33e-03| -2.05e-03| 9.92e-04| -2.06e-04| 1.89e-05| -6.30e-07
-3.37e-07| -4.79e-05| 7.65e-05| -3.80e-05| 8.10e-06| -7.59e-07| 2.58e-08
9.74e-09| 6.38e-07| -1.07e-06| 5.48e-07| -1.20e-07| 1.14e-08| -3.93e-10
-1.14e-02| 3.52e-02| -3.49e-02| 1.41e-02| -2.76e-03| 2.56e-04| -8.92e-06
5.55e-02| 2.21e-01| -4.88e-01| 2.79e-01| -6.05e-02| 5.62e-03| -1.89e-04
-3.73e-02| -2.60e-02| 1.35e-01| -9.23e-02| 2.25e-02| -2.27e-03| 8.19e-05
8.67e-03| -3.18e-03| -1.61e-02| 1.35e-02| -3.61e-03| 3.87e-04| -1.45e-05
-8.95e-04| 6.67e-04| 1.03e-03| -1.04e-03| 2.94e-04| -3.26e-05| 1.25e-06
4.20e-05| -3.70e-05| -3.54e-05| 4.07e-05| -1.19e-05| 1.33e-06| -5.15e-08
-7.31e-07| 6.69e-07| 5.16e-07| -6.33e-07| 1.86e-07| -2.10e-08| 8.16e-10

=
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Table 5.9: k“ codficients for the polynomial fit (Equation 5.24) for the anguksponse of NPD1 for
0.3 keVO.
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Figure 5.12: The azimuthal responses of each sector of NPD1 measured3f&e® O. The dashed
line shows the total angular coverage of the NPD1 sensordraimuthal plane. All responses are
normalized to have the peak maximum equal to 1.
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Figure 5.13: Angular response of the NPD2 sensor for 1.3 ké\given for the sectors Dir2, Dirl, DirO
(from left to right). The format is the same as in Figure 5.9.

Figure 5.13 shows the angular response of the NPD2 sens@t3deV H. The format
is the same as in Figure 5.9. The values offtoentsk; for the fit in Figure 5.13 are in
Table 5.10.

Figure 5.14 shows the azimuthal profiles for 1.3 kid\of all three sectors of the NPD2
sensor plotted altogether. The dashed line shows the tigala coverage of the NPD2 sensor
in the azimuthal plane. All responses are normalized to ta@eak maximum equal to 1.
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i=0 i=1 i=2 i=3 i=4 i=5 i=6
-3.06e-03| 6.42e-02| -1.06e-02| -7.82e-03| 2.70e-03| -2.98e-04| 1.11le-05
3.28e-04| 5.36e-02| -9.67e-02| 4.60e-02| -9.01e-03| 7.86e-04| -2.53e-05
3.56e-04| -2.15e-02| 3.04e-02| -1.23e-02| 2.24e-03| -1.93e-04| 6.31e-06
-1.79e-04| 4.70e-03| -5.00e-03| 1.70e-03| -2.88e-04| 2.45e-05| -8.25e-07
2.84e-05| -4.93e-04| 4.33e-04| -1.27e-04| 2.01e-05| -1.71e-06| 5.99e-08
-1.77e-06| 2.53e-05| -2.09e-05| 5.95e-06| -9.09e-07| 7.56e-08| -2.60e-09
3.80e-08| -5.03e-07| 4.28e-07| -1.29e-07| 2.00e-08| -1.60e-09| 5.18e-11
6.58e-03| -3.82e-02| 4.64e-02| -2.02e-02| 3.90e-03| -3.44e-04| 1.14e-05
-3.53e-02| 8.96e-02| -9.31e-02| 3.02e-02| -3.41e-03| 1.04e-04| 1.94e-06
2.16e-02| -1.63e-02| 3.04e-03| 8.13e-03| -3.27e-03| 4.06e-04| -1.62e-05
-4.50e-03| 3.00e-03| -7.68e-05| -2.03e-03| 7.75e-04| -9.53e-05| 3.80e-06
4.21e-04| -3.33e-04| 8.40e-05| 1.54e-04| -6.60e-05| 8.40e-06| -3.40e-07
-1.83e-05| 1.72e-05| -7.70e-06| -4.64e-06| 2.43e-06| -3.24e-07| 1.33e-08
3.02e-07| -3.30e-07| 1.96e-07| 3.99e-08| -3.17e-08| 4.51e-09| -1.90e-10
3.04e-04| -3.35e-02| 4.69e-02| -2.25e-02| 4.48e-03| -3.94e-04| 1.27e-05
-5.25e-03| 2.51e-01| -3.45e-01| 1.59e-01| -2.97e-02| 2.44e-03| -7.40e-05
2.96e-03| -4.39e-02| 5.07e-02| -2.24e-02| 4.43e-03| -4.06e-04| 1.40e-05
-4.03e-04| 2.25e-03| -4.33e-04| -2.76e-05| -6.96e-05| 1.74e-05| -9.95e-07
1.67e-05| 7.88e-07| -2.65e-04| 1.43e-04| -1.88e-05| 3.30e-07| 3.85e-08
1.05e-07| -2.36e-06| 1.46e-05| -7.64e-06| 1.06e-06| -3.19e-08| -1.24e-09
-1.31e-08| 3.05e-08| -2.23e-07| 1.18e-07| -1.58e-08| 3.70e-10| 2.57e-11

ey
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Table 5.10: kJ| codficients for the polynomial fit (Equation 5.24) for the angulesponse of NPD2
for 1.3 keVH.
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Figure 5.14: The azimuthal responses of each sector of NPD2 measured3#&e¥ H. The dashed
line shows the total angular coverage of the NPD2 sensordraimuthal plane. All responses are
normalized to have the peak maximum equal to 1.
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H O
Sensor| Sector| ao, deg| Bo, deg]| Ao, MY | ao, deg| Bo, deg| Ao, mn¥
Dir0 25.0 1.9 11.80 27.0 0.9 1166
NPD1 | Dirl 0.0 2.0 13.03 -10 2.1 13.03
Dir2 -220 2.0 12.10 -290 1.3 1146

Table 5.11: Anglesao, Bo for different sectors, and correspondirfigetive aperture area for these
angles are giveru,, B, are calculated from the angular response for 0.3 ke@hd 0.3 keVO of the
NPD1 sensor.

H
Sensor| Sector| ao, deg| Bo, deg| Ao, mn?
Dir0 300 15 1125
NPD2 | Dirl 30 17 1302
Dir2 -27.0 13 1161

Table 5.12: Anglesao, Bo for different sectors, and correspondirfteetive aperture area for these
angles are given,, B, are calculated from the angular response for 1.3 kiedf the NPD2 sensor.

Table 5.11 shows the angles, 8, which correspond to the maximum of the angular re-
sponse function of the NPD1 sensor for 0.3 Ke\and 0.3 keVO. The dfective aperture area
at these angles is also shown.

Table 5.12 shows the angleg, 8, which correspond to the maximum of the angular re-
sponse function of the NPD2 sensor for 1.3 KdVThe dfective aperture area at these angles
is also shown.

Tables 5.13 and 5.14 show the pure geometrical con&giof the NPD1 and NPD2 sen-
sors, respectively, calculated according to Equation 5.3.

Go, X103, crmésr

H 0]
Sensor| Dir0O | Dirl | Dir2 | DirO | Dirl | Dir2
NPD1 | 8.76 | 11.45| 9.34 | 8.94 | 10.45| 7.13

Table 5.13: Pure geometrical fact@, computed from the angular response for 0.3 ké€¥nd 0.3 keV
O of the NPD1 sensor. fEciencye is not included.

Go, x1073, crmésr
H
Sensor| DirO | Dirl | Dir2
NPD2 | 8.98 | 12.77| 9.06

Table 5.14:Pure geometrical fact@, computed from the angular response for 1.3 ké9f the NPD2
sensor. Hiciencye is not included.
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5.4.5 Geometrical factor

The total geometrical factofs = G, - £(E) (in units ofcn?sr) of the NPD1 and NPD2 sensors
are shown in Tables 5.15 and 5.16, respectively.

NPD1/ ASPERA-3
Geometrical factoG, x10~4
E, kev | 5.0 3.0 1.3 | 0.7 | 05| 0.3
Dir0 - 905 | 258 | 056 | - | 0.02
O | Dirl - 829 | 251|062 | - | 0.04
Dir2 - 735 | 225|053 | - | 0.03
Dir0 — 11043534 | 233 | — | 042
H | Dirl - 6.76 | 383 | 193 | - | 0.48
Dir2 - 11303 (687|311 - | 061

Table 5.15: The absolute geometrical factor of the ASPERANPD1 sensor, computed from the fit
function of the diciency of NPD1 and pure geometrical factors (Table 5.13).

NPD2/ ASPERA-3
Geometrical factor fi5, x10™4
E kev | 5.0 30| 1.3 | 0.7 05| 0.3
Dir0 | 1146 | 6.82 | 1.85 | 0.45| 0.18 | 0.03
O | Dirl1 | 1264|901 | 300 | 0.79| 0.31 | 0.05
Dir2 | 1511|964 | 255 | 054 | 0.19 | 0.03
Dir0 765 | 646 | 361 | 175| 1.05| 0.39
H | Dirl 754 |1 621 355|186 | 1.19 | 0.52
Dir2 | 1036 | 877 | 496 | 245 | 1.48 | 0.57

Table 5.16: The absolute geometrical factor of the ASPERANPD2 sensor, computed from the fit
function of the diciency of NPD2 and pure geometrical factors (Table 5.14).

5.4.6 Energy resolution

Figures 5.15, 5.16 show TOF spectra obtained by the NPDbsémsH and O ion beams,
respectively, for dterent energies. Figures 5.17, 5.18 show TOF spectra obthinthe NPD2
sensor foH andO ion beams, respectively, forfiérent energies.
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Figure 5.15: The NPD1 TOF spectra fad beams of dierent energies.
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Figure 5.16: The NPD1 TOF spectra f@ beams of dierent energies.
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Figure 5.17: The NPD2 TOF spectra fdi beams of dferent energies. The reason for the structure in
the 0.3 keV TOF spectrum (aB00 ns) is as yet unclear. It can perhaps be due to electrimticiolnces.
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Figure 5.18: The NPD2 TOF spectra f@dD beams of dierent energies.
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Figures 5.19 and 5.20 show the TOF spectrum maximum as aduaraft the incident ion
beam energy for the NPD1 and NPD2 sensors, respectivelyerfbebars show FWHM of the
TOF spectra. The dashed lines show ideal theoretical deperesTy, = f(E) (Equation 5.15)
with no energy loss, i.eAE ss=0. The solid lines show the best fits assuming the TOF distance
L equal to 80 mm. These curves can be expressed by Equatian 5.15

ASPERA-3 NPD1

® O, raw data

AE
— AE

/

loss ™

oss=1.766xE,>""

1000

T, ns

O H, raw data

-7 AEoss= 0
Emr=0.132xE,""**

1OO I 1 1 1 1 1 11 I
0.1 1.0 10.0
E, keV

Figure 5.19: The NPD1 TOF spectrum maximum as a function of the initiargp&,. Open squares
and solid circles show experimental data fbandO beams, respectively. The dashed lines depict the
dependences with no energy l0A&,ss= 0. The solid lines show the best fit.

Table 5.17 showdaE|yss as a function of the initial particle enerdy, for both NPD sensors.
The incident ion energy loss during interaction with therStarface is clearly energy depen-
dent.

Figures 5.21 and 5.22 show the energy 10&%ss (panels a) and the relative energy loss
K = AEjpss/ E (panels b) of the NPD1 respectively NPD2 sensor graphically

Figure 5.23 shows the estimation of the energy resoluticheNPD1 and NPD2 sensors.
The energy resolution is defined as double FWHM of the TOFtspetormalized to the TOF
peaks.

m AEjoss m AEjpss
O | 1.766E2777 O | 1.365E2820
NPD1 [ H | 0.132E1%% | NPD2 [ H | 0.112ELT54

Table 5.17:Energy loss\E|qss as a function of the initial enerdy, and ion species.
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Figure 5.20: The NPD2 TOF spectrum maximum as a function of the initiakrgn&,. Open squares
and solid circles show experimental data FbandO beam, respectively. The dashed lines depict the
dependences with no energy o4 ,ss = 0. The solid lines show the best fit.
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Figure 5.21: (a) Energy losa\Ejpssand (b) relative energy losé = AE|oss/E are plotted as a function
of the initial energyEe, for NPD1.
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Figure 5.22: (a) Energy losa\Ejpssand (b) relative energy loss = AEjpss/ E are plotted as a function
of the initial energyE, for NPD2.
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Figure 5.23: Energy resolutiomM\E/E as a function of the initial enerdy, is plotted for diferent ion
species; for a) the NPD1 and b) the NPD2 sensors. The dasHetb#ied lines are to guide the eye.
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5.4.7 Mass resolution

As seen in Figures 5.19 and 5.20, TOF FbrandO overlap in the range 0f260 - 650 ns for
the energy range of 100 eV - 10 keV. Particles with TOF in tmgesof>650 ns are assumed to
be O. Particles with TOF less than 260 ns are assumed td.bEable 5.18 shows TOF ranges
in which O andH species can be identified directly from TOF measurementsaritysis is
required to distinguish between the species inside this ieDge.

ASPERA-3
NPD1 NPD2
TM(RAW) | Ty (BIN) | Tm (RAW) | Ty (BIN)
H| <261ns <7ch <268 ns <7ch
O| >663ns | >10ch > 665 ns >10ch

Table 5.18: Identification ofO andH species from TOF measurements. TOF values are shown for two
modes, RAW and BINTy shows the TOF in ns in the RAW mode and the channel number iBlike
mode.

Table 5.19 shows the values Nfindicating the channel number above which mo€ly
atoms give a considerable tail in the pulse height distigiandPo, Py indicating probability
for O andH atoms respectively to produce stop signals of a magnitugleehithan leveN.
ChannelN is defined in such a way as to minimize the valu%g—)f

ASPERA-3
NPD1 NPD2
Dir0 | Dirl | Dir2 | DirO | Dirl | Dir2
N 9 11 10 12 9 11

Py, x102 | 0.03| 0.00 | 0.38| 0.93 | 0.12| 0.33
Po, x102 | 0.63| 0.08 | 5.42| 6.11 | 1.25| 7.62

Table 5.19: Value N indicates a number of a channel above which mdStbtoms give a considerable
tail in pulse height distributionPy andPg are the probabilities foH andO, respectively, to produce
stop signals of a magnitude higher than leMel

Figures 5.24 and 5.25 show pulse height distributions fragrk@V H (the red curve) and
3.0 keVO (the black curve) for NPD1 and that from 0.3 kéV/(the red curve) and 5.0 ke®
(the black curve) for the NPD2 sensor, respectively, in tgatithmic scale.

5.4.8 Heater and temperature sensor characterization

The heater is for the Start surface conditioning (Secti@?24. The heater increases tempe-
rature of the Start surface by 5@ver the ambient temperature. It take® hours to reach
the equilibrium maximum temperature of the Start surfaeamperature sensors were verified
after the NPD integration with the ASPERA-3 package durivT test (Section 4.6).

5.4.9 Dark noise

Electromagnetic disturbances during communication obXtRe& with the spacecraft were mea-
sured after the NPD integration with the ASPERA-3 packagkctEbmagnetically induced
noise at biased MCP detectors<g20 ¢s for non-correlated counts. TOF coincidence totally
removes this noise.
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Figure 5.24: Pulse height distributions from 0.3 kel¥ (the red curve) and 3.0 ke (the black curve)

are shown for sectors Dir0, Dirl, Dir2 (from top to bottom}loé ASPERA-3 NPD1. Plots are shown

in the logarithmic scale. Both distributions are normalize have the same area equal to 1. The dashed
lines show channéll values. The threshold for the NPD1 Dirl was erroneouslysehannel 11.
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Figure 5.25: Pulse height distributions frordl and O of about the same velocity are shown for all
sectors of the ASPERA-BNPD2. The format is the same as in Figure 5.24.
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5.5 ASPERA-4/ NPD calibration results

5.5.1 Calibration objectives

The ASPERA-4 NPD calibration objectives are given in Table 5.20.

N | Calibrated lon beam Comment

parametégrfunction Energy, keV Species

1 | MCP characterization 5.0 (@] Determine nominal bias of the Start

Stop MCP detectors.

2 | Efficiency measurementg (10.0), 5.0, 3.0, H, O | Energy/ mass dependentffiiency
1.3, 0.7, 0.5, for sectors Dir(Dir1/Dir2
0.3, (0.1)

3 | Angular response (10.0), 5.0, 3.0, H,O | Azimuthal and elevation resolution
1.3, 0.7, 0.5, The geometrical constant Gestima-
0.3,(0.1) tion

4 | Geometrical factor G (10.0), 5.0, 3.0, H,O | Derived from:

1.3, 0.7, 0.5 1. the angular response
0.3,(0.1) 2. the dficiency measurements

5 | Energy and mass resoly-5.0, 3.0, 1.3, H,O | TOF and PH distribution functions

tion 0.7,0.5,0.3

6 | Heater and temperature Start surface heating

sensor characterization
7 | EMC related disturbances Functional test on the ASPERA-4 lev|

o

Table 5.20: The ASPERA-4 NPD calibration objectives.

5.5.2 MCP characterization

The MCP assemblies were tested up to 3100 V bias. The worlaig,p.e., nominal MCP
bias, was defined. Figure 5.26 shows the Start, Stop0, SEbpp2 MCP detectors count versus
MCP bias for the NPD1 (left panel) and NPD2 (right panel) sesis

stop count rate
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start c/r
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Figure 5.26: The Start, Stop0, Stop1, Stop2 MCP detector count versus M&Pfor the NPD1 (left
panel) and NPD2 (right panel) sensors. The dashed linestdbapiworking points.

The working point of NPD1 is defined as 2750 V for both Start &btojpp MCP detectors.
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Calibration of NPD1 was performed at this MCP bias.

The working point of NPD2 is defined as 2800 V for both Start &hopp MCP detectors.
Calibration of NPD2 was performed at this MCP bias.

Though the saturation was not reached, the nominal bias hesen at the point where the
curve derivative decreased. The lower bias was chosen ticeealrisk of discharge.

5.5.3 Hficiency measurements

Accumulation timet was set to 1.0 s. fiiciency measurements are performed for azimuthal
am, and elevatiorB,, angles. Table 5.21 shows the anglgs andBy, the pin-hole &ective
area, and the values of the angular response function a treges for both the NPD1 and
NPD2 sensors.

Sensor| Sector| am, deg| Bm, deg | Alem,Bm), m? | f(am.Bm)
Dir0 40.0 0.0 100 0.64
NPD1 | Dirl 0.0 0.0 130 0.88
Dir2 -40.0 0.0 100 0.58
Dir0 35.0 0.0 107 0.86
NPD2 | Dirl 0.0 0.0 130 0.93
Dir2 -35.0 0.0 107 0.87

Table 5.21: Azimuth and elevation angles;,, Bm at which the &iciency was measured\(am,Bm) the
pin-hole dfective area at these angle§(am,Bm) is a value of the function defining the shape of the
angular response, calculated from the angular responssunegaents for 1.3 ke¥ for both the NPD1
and NPD2 sensors (Section 5.5.4).

Efficiencyem was calculated according to Equations 5.11 and 5.13:

Cr otal(a m,/gm)

q.
I
Ig'?"zzcij (@m,Bm)
i

wherei, j - the indexes over coordinates in the plane perpendiculdretdoeam;y is defined
by Equation 5.12Ageom= A(@m.Bm).

Then the éiciency was recomputed for angles, 3, by Equation 5.14. Tables 5.22 and
5.23 show the ficiencye (ao,8,) of NPD1 and NPD2, respectively.

Em =

ASPERA-4/ NPD1
Efficiencye (ao, Bo), x1072
E, keV | 10.0 5.0 3.0 1.3/ 07} 05| 03| 0.1
Dir0 1839 | 1049 | 1394 | 460 | 057 | 033 | -
@] Dirl 1229 | 1004 | 577 | 1.82| 050 | 0.18 | 0.04 | -
Dir2 1388 | 756 | 577 | 1.54| 026 | 013 | - -

Dir0 - 754 | 1627|580 | 358 | 227 | 048 | -
H Dirl - 445 | 6.61 | 331|169 | 1.19| 044 | 0.04
Dir2 - 524 | 683 | 293|143|102|039| -

Table 5.22: Absolute éficiency of the ASPERA-4NPD1 versus ion mass and energy.
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ASPERA-4/ NPD2
Efficiencye (ao, Bo), x1072
E.kev| 50 3.0 13| 07| 05| 03] 0.1
Dir0 | 941 | 644 | 119|021 0.03| 001| -
O | Dirl | 645 | 483 | 1.24| 026 | 0.04 | 0.03 | -
Dir2 | 1502 | 1189 | 472 | 0.69 | 0.08 | 0.03 | -
Dir0 | 527 | 489 | 238 | 237 | 047 | 018 | -
H | Dirk | 389 | 399 | 231 | 153 | 054 | 0.17 | 0.01
Dir2 | 917 | 862 | 495|138 | 1.20| 047 | -

Table 5.23: Absolute dficiency of the ASPERA-4NPD2 versus ion mass and energy.

Figures 5.27 and 5.28 show the NPD sensofBtiency profiles together with the best
fittings by the function

In(y) =ag+a1-X+ax-In(X) (5.25)

wherex = In(E), y = 10*- &, andE an incident ion energy in units of eV.
The plots presented are valid for the energy range of 0.3 ké&\0for H, and the energy

range of 0.3 - 10.0 keV fo®. Tables 5.24 and 5.25 show the fiogents for the ficiency
fit-function for NPD1 and NPD2, respectively.

NPD1/ ASPERA-4

H @)
2 & [ 2 & a
Dir0 | -35.27| -4.02 | 35.81| -68.98 | -7.01 | 63.49
Dirl | -29.37| -3.42| 30.29| -57.65| -5.36 | 51.43
Dir2 | -27.05| -2.81| 26.87 | -63.18 | -5.68 | 55.23

Table 5.24: Codficients for the NPD1 féiciency fitting (Equation 5.25).

NPD2/ ASPERA-4

H @)
2 & [ 2 & a
Dir0 | -36.60| -3.83 | 35.33| -95.06 | -9.18 | 84.09
Dirl | -27.67 | -2.58 | 26.15| -61.80 | -5.55 | 53.98
Dir2 | -32.29| -3.44 | 31.96 | -87.42 | -8.83 | 79.46

Table 5.25: Codficients for the NPD2ficiency fitting (Equation 5.25).

5.5.4 Angular response

Examples of the angular responses for 1.3 ké¢\and 1.3 keVO are shown only. The an-

gular responses have been also measured for several othrgiesn(see Table 5.20) for both
NPD sensors. The values of dheientskj for the respective fits are collected in the file
vex_npdl _npd2_angular response.dat available on the ASPERAfRASPERA-4 server.
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Figure 5.27: Absolute dficiencys(ao, Bo) 0f NPDL1 is plotted in dependency on the ion mass and energy
for different sectors. Least-square fitting functions are showmbs.|

Figures 5.29 and 5.31 show the angular responses of the N&i3brsfor 1.3 keVH and
1.3 keVO, respectively. Each figure shows the angular response skttters Dir2, Dirl, DirO
(from left to right). The upper row is the measured azimu#vation response. The second
row from the top shows the fitting of the measured and smoatlaéal normalized to have the
peak magnitude equal to 1. The contours show the polynonsadbdised on the function

f(xy) = > kj-X-yl (5.26)

where x andy are azimuth and elevation angles scaledxasa/5+10,y = g + 6. Kj are
codficients.
Functions are valid in the range @f-45, 45], and3 [-4, 6]. The third row shows the azimuthal
response g8=3, and the bottom row shows the elevation response=at, . Diamonds show
the measured and smoothed data. The fittings are shown Iylites. FWHM is given for
each profile. The values &j; for the fit in Figure 5.29 are in Table 5.26. The valuekgpfor
the fitin Figure 5.31 are in Table 5.27.

Figures 5.30 and 5.32 show the azimuthal profiles for resmdetl.3 keVH and 1.3 keV
O of all three sectors of the NPD1 sensor plotted altogethbe dashed lines show the total
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Figure 5.28: Absolute dficiencys(ao, Bo) of NPD2 is plotted in dependency on the ion mass and energy
for different sectors. Least-square fitting functions are showmbs.|

angular coverage of the NPD1 sensor in the azimuthal plafigegponses are normalized to
have the peak maximum equal to 1.
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Figure 5.29: Angular response of the NPD1 sensor for 1.3 Kd\given for the sectors Dir2, Dirl,
Dir0 (from left to right). The upper row shows the measureidnath-elevation response. The second
row from the top shows the fitting of the measured and smootta¢d. The third and fourth rows
show the cross-sections of the angular response functiegatds,, respectively. FWHM is given for
each profile. Two red dots depict the angular positions spording to the position, Bn at which
the dficiency measurements have been performed, and to the pasiti@, of the maximum of the
azimuth-elevation response function.
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-4.87e-07
3.11e-08
-8.32e-10
7.09e-12
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1.18e-03
-1.38e-02
4.67e-03
-6.44e-04
4.41e-05
-1.50e-06
2.01e-08

-1.91e-02
2.30e-01
-7.04e-02
8.72e-03
-5.36e-04
1.64e-05
-2.03e-07

1.91e-02
-2.37e-01
6.80e-02
-7.87e-03
4.48e-04
-1.26e-05
1.43e-07

-6.10e-03
7.65e-02
-2.08e-02
2.30e-03
-1.24e-04
3.30e-06
-3.52e-08

7.41e-04
-9.40e-03
2.58e-03
-2.98e-04
1.73e-05
-5.07e-07
6.22e-09

-3.51e-05
4.51e-04
-1.33e-04
1.74e-05
-1.18e-06
4.08e-08
-5.86e-10

4.64e-07
-6.12e-06
2.22e-06
-3.71e-07
3.07e-08
-1.24e-09
1.99%e-11

Table 5.26: kji codficients for the polynomial fit (Equation 5.26) for the angulesponse of NPD1
for 1.3 keVH.
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Figure 5.30: The azimuthal responses of each sector of NPD1 measured3d&e¥ H. The dashed
line shows the total angular coverage of the NPD1 sensoreraimuthal plane. All responses are
normalized to have the peak maximum equal to 1.
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Figure 5.31: Angular response of the NPD1 sensor for 1.3 k&given for the sectors Dir2, Dirl, DirO
(from left to right). The format is the same as in Figure 5.29.
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Dir

i=0

i=1

i=2

i=3

i=4

i=5

i=6

-1.47e-03
6.26e-03
-4.02e-03
8.70e-04
-8.25e-05
3.47e-06
-5.32e-08

2.34e-02
-9.75e-02
6.75e-02
-1.51e-02
1.45e-03
-6.22e-05
9.64e-07

-2.54e-02
1.03e-01
-7.36e-02
1.67e-02
-1.63e-03
7.08e-05
-1.11e-06

9.26e-03
-3.57e-02
2.63e-02
-6.03e-03
6.02e-04
-2.66e-05
4.28e-07

-1.40e-03
5.08e-03
-3.81e-03
8.79e-04
-8.86e-05
3.96e-06
-6.42e-08

9.36e-05
-3.14e-04
2.39e-04
-5.53e-05
5.60e-06
-2.51e-07
4.08e-09

-2.29e-06
6.96e-06
-5.38e-06
1.25e-06
-1.26e-07
5.68e-09
-9.21e-11

-9.63e-05
8.90e-04
-1.34e-03
3.19e-04
-3.20e-05
1.45e-06
-2.42e-08

1.58e-03
3.46e-03
2.30e-02
-6.60e-03
7.11e-04
-3.33e-05
5.67e-07

-1.99e-03
-1.25e-02
-2.44e-02

7.37e-03
-8.10e-04

3.84e-05
-6.60e-07

8.26e-04
7.76e-03
7.96e-03
-2.44e-03
2.71e-04
-1.30e-05
2.28e-07

-1.82e-04
-1.23e-03
-1.23e-03

3.77e-04
-4.21e-05

2.04e-06
-3.59e-08

1.78e-05
6.90e-05
9.11e-05
-2.76e-05
3.10e-06
-1.50e-07
2.64e-09

-6.10e-07
-1.12e-06
-2.57e-06

7.71e-07
-8.64e-08

4.19e-09
-7.35e-11
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1.06e-03
-1.55e-02
4.94e-03
-6.60e-04
4.48e-05
-1.53e-06
2.07e-08

-3.14e-02
3.32e-01
-8.51e-02
7.89e-03
-2.85e-04
1.50e-06
8.16e-08

3.98e-02
-3.73e-01
8.42e-02
-5.66e-03
-1.22e-05
1.34e-05
-3.43e-07

-1.62e-02
1.36e-01
-2.64e-02
9.33e-04
1.19e-04
-1.00e-05
2.10e-07

2.71e-03
-2.02e-02
3.45e-03
-1.15e-05
-3.07e-05
2.08e-06
-4.13e-08

-2.00e-04
1.31e-03
-1.96e-04
-6.77e-06
2.78e-06
-1.72e-07
3.30e-09

5.44e-06
-3.08e-05
3.97e-06
3.46e-07
-8.55e-08
4.98e-09
-9.37e-11

Table 5.27: kji codficients for the polynomial fit (Equation 5.26) for the angulesponse of NPD1
for 1.3 keVO.
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Figure 5.32: The azimuthal responses of each sector of NPD1 measured3d&e¥ O. The dashed
line shows the total angular coverage of the NPD1 sensoreratfimuthal plane. All responses are
normalized to have the peak maximum equal to 1.
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Figure 5.33: Angular response of the NPD2 sensor for 1.3 ké\given for the sectors Dir2, Dirl, DirO
(from left to right). The format is the same as in Figure 5.29.

Figures 5.33 and 5.35 show the angular responses of the N&i32rsfor 1.3 keVH and
1.3 keVO, respectively. The format is the same as in Figure 5.29. &heeg of cofficientsk;
for the fit in Figure 5.33 are in Table 5.28. The values offioentsk;; for the fitin Figure 5.35
are in Table 5.29.

Figures 5.34 and 5.36 show the normalized azimuthal prdfilesespectively 1.3 ke\H
and 1.3 keVO of all three sectors of the NPD2 sensor plotted altogethée dashed lines
show the total angular coverage of the NPD2 sensor in thewaahplane.
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Dir

i=0

i=1

i=2

i=3

i=4

i=5

i=6

-4.66e-03
2.11e-02
-1.39e-02
3.24e-03
-3.37e-04
1.60e-05
-2.81e-07

2.52e-02
-3.65e-02
2.10e-02
-3.84e-03
3.08e-04
-1.03e-05
1.03e-07

-2.62e-02
1.35e-02
-4.68e-03
-1.74e-04
1.13e-04
-9.79e-06
2.53e-07

1.00e-02
-1.49e-03
-2.39e-04
5.81e-04
-9.79e-05
6.29e-06
-1.40e-07

-1.65e-03
-1.82e-04
3.30e-04
-1.69e-04
2.37e-05
-1.37e-06
2.84e-08

1.22e-04
3.84e-05
-4.48e-05
1.76e-05
-2.27e-06
1.23e-07
-2.42e-09

-3.32e-06
-1.59e-06
1.73e-06
-6.06e-07
7.44e-08
-3.88e-09
7.36e-11

-4.74e-03
1.70e-04
9.07e-03

-2.53e-03
2.60e-04

-1.17e-05
1.93e-07

-1.19e-02
3.69e-02
-1.09e-02
3.25e-03
-3.97e-04
2.02e-05
-3.68e-07

1.34e-02
-4.81e-02
6.16e-03
-8.32e-04
6.19e-05
-1.77e-06
1.39e-08

-3.53e-03
2.51e-02
-2.75e-03
5.46e-05
2.57e-05
-2.39e-06
5.80e-08

3.72e-04
-4.80e-03
5.25e-04
1.57e-05
-9.21e-06
7.01e-07
-1.58e-08

-1.43e-05
3.82e-04
-4.23e-05
-2.73e-06
9.77e-07
-6.94e-08
1.51e-09

5.98e-08
-1.08e-05
1.22e-06
1.14e-07
-3.38e-08
2.30e-09
-4.93e-11
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5.97e-04
-4.61e-03
9.79e-09
1.90e-04
-2.40e-05
1.12e-06
-1.83e-08

-8.31e-03
1.57e-01
-2.02e-02
-6.09e-04
2.05e-04
-1.06e-05
1.72e-07

1.12e-02
-2.26e-01
4.47e-02
-3.44e-03
1.37e-04
-3.52e-06
5.33e-08

-4.47e-03
9.99e-02
-2.19e-02
2.18e-03
-1.32e-04
4.84e-06
-7.82e-08

6.53e-04
-1.68e-02
3.98e-03
-4.59e-04
3.24e-05
-1.29e-06
2.12e-08

-3.90e-05
1.21e-03
-3.09e-04
3.98e-05
-3.07e-06
1.27e-07
-2.11e-09

8.01e-07
-3.15e-05
8.62e-06
-1.22e-06
9.96e-08
-4.24e-09
7.08e-11

Table 5.28: kji codficients for the polynomial fit (Equation 5.26) for the angulesponse of NPD2
for 1.3 keVH.
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Figure 5.34: The azimuthal responses of each sector of NPD2 measured3d&e¥ H. The dashed
line shows the total angular coverage of the NPD2 sensorerafimuthal plane. All responses are
normalized to have the peak maximum equal to 1.
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Figure 5.35: Angular response of the NPD2 sensor for 1.3 kKagiven for the sectors Dir2, Dirl, DirO
(from left to right). The format is the same as in Figure 5.29.
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Dir

i=0

i=1

i=2

i=3

i=4

i=5

i=6

-5.76e-03
5.66e-03
-1.81e-03
2.21e-04
-8.94e-06
-1.01e-07
9.40e-09

9.96e-02
-9.95e-02
3.03e-02
-2.80e-03
-2.22e-05
1.31e-05
-4.07e-07

-1.03e-01
7.12e-02
-7.54e-03
-2.96e-03
6.55e-04
-4.44e-05
9.80e-07

3.83e-02
-2.30e-02
3.67e-04
1.74e-03
-3.14e-04
2.00e-05
-4.27e-07

-6.36e-03
4.03e-03
-1.22e-04
-2.82e-04
5.13e-05
-3.25e-06
6.94e-08

4.87e-04
-3.45e-04
2.65e-05
1.78e-05
-3.48e-06
2.25e-07
-4.82e-09

-1.39e-05
1.10e-05
-1.34e-06
-3.72e-07
8.40e-08
-5.59e-09
1.21e-10

1.10e-02
2.01e-02
-5.95e-03
7.19e-04
-4.08e-05
1.02e-06
-7.96e-09

4.33e-01
-4.19e-01
1.15e-01
-1.20e-02
5.41e-04
-9.09e-06
-6.74e-10

-3.64e-01
3.26e-01
-7.92e-02
5.16e-03
1.00e-04
-1.96e-05
4.84e-07

1.10e-01
-8.89e-02
1.78e-02
2.01e-04
-2.29e-04
1.55e-05
-3.15e-07

-1.56e-02
1.12e-02
-1.61e-03
-2.62e-04
5.72e-05
-3.36e-06
6.45e-08

1.04e-03
-6.68e-04
5.23e-05
3.07e-05
-5.18e-06
2.86e-07
-5.35e-09

-2.67e-05
1.54e-05
-1.34e-07
-1.06e-06
1.59e-07
-8.52e-09
1.57e-10
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3.77e-02
-5.19e-02
1.91e-02
-3.25e-03
2.80e-04
-1.17e-05
1.87e-07

-1.00e-01
3.85e-01
-1.21e-01
1.74e-02
-1.34e-03
5.27e-05
-8.23e-07

9.23e-02
-4.18e-01
1.19e-01
-1.53e-02
1.08e-03
-4.08e-05
6.29e-07

-3.25e-02
1.53e-01
-3.67e-02
3.79e-03
-2.19e-04
7.29e-06
-1.08e-07

5.14e-03
-2.43e-02
5.28e-03
-4.54e-04
2.02e-05
-5.18e-07
6.74e-09

-3.73e-04
1.74e-03
-3.63e-04
2.83e-05
-1.00e-06
1.70e-08
-1.49e-10

1.01e-05
-4.65e-05
9.62e-06
-7.29e-07
2.35e-08
-2.81e-10
7.94e-13

Table 5.29: kji codficients for the polynomial fit (Equation 5.26) for the angulesponse of NPD2
for 1.3 keVO.
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Figure 5.36: The azimuthal responses of each sector of NPD2 measured3d&e¥ O. The dashed
line shows the total angular coverage of the NPD2 sensorarafimuthal plane. All responses are
normalized to have the peak maximum equal to 1.
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H @]

Sensor| Sector| ao, deg]| Bo, deg| Ay, mnY | ao, deg| Bo, deg| Ao, mn?
Dir0 27.0 0.9 1162 23.0 0.6 12.00
NPD1 | Dirl 0.0 1.1 13.04 0.0 0.7 13.04
Dir2 -290 1.5 1140 -30.0 0.8 1129
Dir0 320 1.1 1106 36.0 0.7 10.55
NPD2 | Dirl 5.0 0.9 1299 -10 0.4 13.04
Dir2 -270 0.6 1162 -250 0.2 1182

Table 5.30: Anglesay, B, for different sectors, and correspondirfigetive aperture area for these
angles are giveny,, 3, are calculated from the angular response for 1.3 keahd 1.3 keVO for both
NPD1 and NPD2 sensors.

Table 5.30 shows the anglesg, 8, which correspond to the maximum of the angular re-
sponse functions of both NPD sensors for 1.3 ké\And 1.3 keVO. The dfective aperture
area at these angles is also shown.

Table 5.31 shows the pure geometrical constagtof both the NPD1 and NPD2 sensors,
calculated according to Equation 5.3.

Go, x1073, cmésr

H 0]
Sensor| DirO | Dirl | Dir2 | DirO | Dirl | Dir2
NPDL | 6.94 | 10.33| 6.71| 6.98 | 10.10| 6.01
NPD2 | 6.79| 12.10| 7.56 | 6.43 | 11.36| 6.25

Table 5.31: Pure geometrical factdg, computed from the angular response for 1.3 ké\or both
NPD1 and NPD2 sensorsfiteiencye is not included.

5.5.5 Geometrical factor

The total geometrical factofs = G, - £(E) (in units ofcn?sr) of the NPD1 and NPD2 sensors
are shown in Tables 5.32 and 5.33, respectively.

NPD1/ ASPERA-4
Geometrical factoG, x10~4
E kev | 10.0 5.0 30| 13| 07] 05| 03| 01
Dir0O | 1182 | 1020 | 742 | 230| 049 | 0.10| - -
O | Dir1 | 1379 980 | 6.65| 1.85| 051 | 0.20 | 0.03 -
Dir2 801 | 587 | 3.83| 083 | 0.20 | 0.07 - -

Dir0 - 918 | 7.79 | 447 | 213 | 1.27 | 049 | -
H | Dirl - 6.47 | 533 | 334|190 | 1.13 | 0.50 | 0.03
Dir2 - 440 | 380|201|108|069|031| -

Table 5.32: The absolute geometrical factors of the ASPERANPD1 sensor, computed from the fit
functions of the #iciency of NPD1 and pure geometrical factors of NPD1 derivednhfthe angular
responses for respective energies.



110 CHAPTER 5. THE NPD CALIBRATIONS

NPD2/ ASPERA-4
Geometrical factofs, x10~4
E,kev | 5.0 30| 1.3 | 0.7 | 05 0.3 | 0.1
Dir0 799 | 4371 084|014 | 0.05| 0.003| -
O | Dir1 9.17 | 540 1.28 | 0.32 | 0.13| 0.02 -
Dir2 | 1419 | 873|206 | 0.35| 0.11| 0.01 -
Dir0 467 | 379|184 | 090 | 056 | 021 -
H | Dirl 742 | 564 | 257|126 | 0.70| 0.28 -
Dir2 729 | 629 314|140 079| 030 | —

Table 5.33: The absolute geometrical factor of the ASPERAMPD2 sensor, computed from the fit
function of the d#iciency of NPD2 and pure geometrical factors of NPD2 derivednfthe angular
responses for respective energies.

5.5.6 Energy resolution

Figures 5.37, 5.38 show the TOF spectra obtained by the NBisbs forH andO ion beams,
respectively, for dferent energies. Figures 5.39, 5.40 show the TOF spectrinetithy the
NPD2 sensor foH andO ion beams, respectively, forféerent energies.
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Figure 5.37: The NPD1 TOF spectra fdad beams of dierent energies. The reason for the structures in
the 0.3 keV TOF spectrum (a250 ns) and in the 0.5 keV TOF spectrumA&00 ns) is as yet unclear.
It can perhaps be due to electronic disturbances.
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ASPERA—4 NPD—2 (RAW mode)
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Figure 5.39: The NPD2 TOF spectra fad beams of dierent energies.
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Figure 5.40: The NPD2 TOF spectra f@ beams of dferent energies.
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Figures 5.41 and 5.42 show the TOF spectrum maximum as adaraitthe incident ion
beam energy for the NPD1 and NPD2 sensors, respectivelyerfbebars show FWHM of the
TOF spectra. The dashed lines show ideal theoretical deperetT)y = f(E) (Equation 5.15)
with no energy loss, i.eAEss=0. The solid lines show the best fits, assuming the TOF
distancel equal to 80 mm. These curves can be expressed by Equatian 5.15

ASPERA—-4 NPD1

1000

T, ns

AEloss
E

loss

O H, raw data

=0.082xE,""*

100 &l

@® O, raw data

loss ™
loss

AE
AE

=1.781xE,>7%

0.1

1.0

E, keV

10.0

Figure 5.41: NPD1 TOF spectrum maximum as a function of the initial endegy Open squares
and solid circles show experimental data FbandO beam, respectively. The dashed lines depict the
dependence with no energy loa%,ss = 0. The solid lines show the best fit.

Table 5.34 showdE|yss as a function of the initial particle enerdy, for both NPD sensors.
The incident ion energy loss during interaction with therStarface is clearly energy depen-

dent.

Figures 5.43 and 5.44 show the energy 1a&%ss (panels a) and the relative energy loss
K = AEjpss/E (panels b) of the NPD1 respectively NPD2 sensor graphically

Figure 5.45 shows the estimation of the energy resoluticheNPD1 and NPD2 sensors.
The energy resolution is defined as double FWHM of the TOFtspeaormalized to the TOF

peaks.

m AEjoss m AEjoss
O | 1.781E9763 O | 0.8430873
NPD1 | H | 0.082E1™ | NPD2 [ H | 0.124EL1%®

Table 5.34: The energy losaEjpssas a function of the initial enerdy, and ion species.
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Figure 5.42: NPD2 TOF spectrum maximum as a function of the initial enefgy Open squares
and solid circles show experimental data fbandO beams, respectively. The dashed lines depict the
dependence with no energy loadsss = 0. The solid lines show the best fit.
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Figure 5.43: (a) Energy losa\Ejsssand (b) relative energy l0s§ = AEjpss/ E are plotted as a function
of the initial energyg, for NPD1.
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Figure 5.44: (a) Energy losa\Ejpss and (b) relative energy lods = AE|qss/E are plotted as a function
of the initial energyE, for NPD2.
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Figure 5.45: Energy resolutiom\E/E as a function of the initial enerdy, is plotted for diferent ion
species; for a) the NPD1 and b) the NPD2 sensors. The dasheatb#ted lines are to guide the eye.
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5.5.7 Mass resolution

As seen in Figures 5.41 and 5.42, TOF FbiandO overlaps in the range 6260 - 650 ns for
the energy range of 100 eV - 10 keV. Particles with TOF in timgesof>650 ns are assumed to
be O. Particles with TOF less than 260 ns are assumed td.bEable 5.35 shows TOF ranges
in which O andH species can be identified directly from TOF measurementsarity/sis is
required to distinguish between the species inside this EDge.

ASPERA-4
NPD1 NPD2
TmM(RAW) | Ty (BIN) | Ty (RAW) | Tw (BIN)
H| <258ns <7ch <268 ns <7ch
O| >629ns| >10ch > 654 ns >10ch

Table 5.35: Identification ofO andH species from TOF measurements. TOF values are shown for two
modes, RAW and BINTy shows the TOF in ns in the RAW mode and the channel number iBlike
mode.

Table 5.36 shows the values Nfindicating the channel number above which mo€ly
atoms give a considerable tail in the pulse height distioiniiandPy, Po indicating probability
for H and O atoms respectively to produce stop signals of a magnitugleehithan leveN.
ChannelN is defined in such a way as to minimize the vaIu%g)f

ASPERA-4
NPD1 NPD2
Dir0O | Dirl | Dir2 | DirO | Dirl | Dir2
N 7 11 10 11 10 5

Py, x102 | 1.16 | 8.34 | 1.27 | 4.00 | 0.26 | 0.06
Po, x1072 | 3.18 | 10.70| 5.99 | 6.00 | 4.45| 2.10

Table 5.36: Value N indicates a number of a channel above which maSthtoms give a considerable
tail in pulse height distributionPy andPg are the probabilities foH andO, respectively, to produce
stop signals of a magnitude higher than leMel

Figures 5.46 and 5.47 show pulse height distributions fragrk@V H (the red curve) and
5.0 keV O (the black curve) for the NPD1 and NPD2 sensors, respegtivethe logarithmic
scale.

5.5.8 Heater and temperature sensor characterization

The heater is for the Start surface conditioning (Secti@?2}. The heater increases tempe-
rature of the Start surface by S0ver the ambient temperature. It take® hours to reach
the equilibrium maximum temperature of the Start surfa@mferature sensors were verified
after the NPD integration with the ASPERA-4 package durivg\C test (Section 4.6).

5.5.9 Dark noise

Electromagnetic disturbances during communication oEXRe& with the spacecraft were mea-
sured after the NPD integration with the ASPERA-4 packagkctEbmagnetically induced
noise at biased MCP detectors<g20 ¢'s for non-correlated counts. TOF coincidence totally
removes this noise.
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Figure 5.46: Pulse height distributions from 0.3 ke¥ (the red curve) and 5.0 keW® (the black curve)

are shown for sectors Dir0, Dirl, Dir2 (from top to bottom}loé ASPERA-4 NPD1. Plots are shown

in the logarithmic scale. Both distributions are normalize have the same area equal to 1. The dashed
lines show channé\l values.
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Figure 5.47: Pulse height distributions froll and O of about the same velocity are shown for the
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ASPERA-4/ NPD2 sensor. The format is the same as in Figure 5.46.



Chapter 6

Scientific results. The NPD
measurements at Mars.

The ASPERA-3/ NPD is the first ENA sensor flown to Mars. In the meantime, theAEN
environment of Mars was described using numerical sinadatand models, based on Mars —
solar wind interaction (see Section 1.3). In this chapteraibservations and scientific findings
by the ASPERA-3 NPD are reviewed. One of the most important results from tRDN
measurements is an observation of the ENA jet (cone) angrizsndics Futaana et al, 2006a;
Grigoriev et al, 2006), discussed in Sections 6.1, 6.2. In Section 6.3 atientific results
from the ASPERA-3 NPD are briefly overviewed.

6.1 Subsolar ENA jet

6.1.1 Introduction

Futaana, Barabash, Grigoriev et gR006a) reported on the intensive ENA emission from the
subsolar region of Mars, so-called ENA/mine, detected by the NPD instrument.

This study uses data recorded between May 24 and July 1, 20@&h the orbit and the
attitude of Mars Express were optimal for investigating E&Aissions from the subsolar re-
gion. The NPD operations laste®0 minutes, starting20 minutes after the periapsis. During
these time intervals, the Mars Express was nadir pointirbtlae ASPERA-3 scanner rotation
axis pointed towards the center of Mars. NPD was runninger&hN mode. The TOF spectra
observed by the NPD1 are used in this study since the subsgm was out of the NPD2
field-of-view.

The NPD sensor is an open system, and thus UV photons entbgnigstrument result
in non-correlated counts on the Start and Stop units. Thecoorlated count rate on Start is
~10 kHz and on each Stop300 Hz. These non-correlated signals result in random ledeict
TOF signals as a background level. Since the TOF distributicthis signal is basically con-
stant over the entire TOF window of NPD, we can estimate tlo&draund level from the TOF
spectrum obtained. To recover absolute flux, this randomeladed signal must be subtracted
from the recorded signal.

Figure 6.1 shows a schematic view of the NPD configuratiorvéawling directions relative
to the spacecraft body.

119
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Mars (nadir pointing) Mars (nadir pointing)
Satellite \élocity Satellite \élocit
NPD-1 NPD-2 - -
Dir-0 Dir-0 NPD-2 NPD-1

Dir-1 Dir-1
Dir-2 Dir-2
b / zb
»Xb Yb<—T

Figure 6.1: The configuration of the NPD instruments on board Mars Exgpsegn from (left) the-Yy
direction and (right) the-X, direction. The satellite coordinate system is used. Two NRuments
are mounted on th&, plane and each has &890° FOV. The FOV inclines:15° in the Yy, direction for
the NPD1 and NPD2 respectively. The attitude mode of thdlisatéuring the observations discussed
in this paper was nadir pointing, i.& pointed toward the center of Mars. Frdtataana et al(2006a).

6.1.2 Observations

Figure 6.2 shows the Mars Express trajectory on June 2, 2004it(466) in the cylindrical
coordinate system, based on the Mars-Sun orbit (MSO) coatelisystem, in which theaxis

is aligned from Mars to the Sun, tlzeaxis is perpendicular to the Martian orbital plane toward
ecliptic north and the-axis completes the right-handed system. In the cylintidoardinate
system, the horizontal axis corresponds to thdirection of the MSO coordinates, and the
vertical axis is the distance from the Mars-Sun line:(1/y2 + ).

2004/06/02
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€ r \ — ]
g L i
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Figure 6.2: The Mars Express trajectory on June 2, 2004, (Orbit-466hédylindrical coordinate
system: the horizontal axis corresponds tostkdirection of the MSO coordinates and the vertical axis
is the distance from the Mars-Sun line. The dashed linesherenbdeled BS and MPB/{gnes et al.
2000). FronfFutaana et al(2006a).

The pericenter height is 265 km (05:40 UT). NPD operated beinw06:03 and 06:31 UT.
Mars Express was located in the magnetosheath region agtthefsthe operations and moved
to the solar wind region after a BS crossing at 06:05 UT as cedlfrom data recorded by the
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ASPERA-3 IMA and ELS sensors. The BS was located closer tpldneet than the modeled
BS (shown in Figure 6.2).

Figure 6.3: The viewing geometry of the NPD1 on June 2, 2004. The first andred columns are 3-D
representations of the NPD1 FOV affdrent times seen fromfiiérent view points. The green and blue
fans are the Dirl and Dir2 FOVs, respectively. The third omius a fish-eye projection of the same
geometry (see text). The red sphere represents Mars andebe gnd blue rectangles show the Dirl
and Dir2 FOVs, respectively. The yellow dots are the dimwitoward points of 200 km, 500 km, 1000
km and 3397 km£1Ry) above the subsolar point. Frdfutaana et al(2006a).

The viewing geometry of the NPD1 is shown in Figure 6.3. Th& find second columns
are 3-D representations of the NPD1 FOV dlatient times along the Mars Express orbit (white
ellipse) seen from dierent view points. The green and blue fans are the Dirl angl IBOVs
and the yellow dots correspond to the subsolar point. Thd ttwlumn is a fish-eye projection
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of the same geometry, i.e. an image as it would be seen by amnelosocated on the spacecraft
with the boresight direction aligned toward the nadir. Tee sphere represents Mars and the
green and blue rectangles show the Dirl and Dir2 FOVs, réspic The yellow dots indicate
the directions toward points of 200 km, 500 km, 1000 km and73&® (=1Ry) above the
subsolar point.

Figure 6.4 shows measurements from the NPD1 sensor. Thariilstecond panels from
top are TOF spectrograms of Dirl and Dir2, respectively. fidiet axis gives the correspond-
ing energy per atomic mass 1 amu. Intense ENA signals with[€&8than 400 ns, correspond-
ing to >200 eV, are seen. The third panel shows the count rate of ttiealdd Dir2 integrated
over the TOF from 124.5 to 387 ns, which corresponds to theggmange 0.34-3.2 keldmu.
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Figure 6.4: The NPD measurements between 06:03 and 06:31 UT on June2, Pd@first and second

panels are TOF spectrograms of the Dirl and Dir2, respégtiVhe right axis gives the corresponding
energy per mass. The third panel shows the count rates ofitheabd Dir2 integrated over the TOF
range of 124.5-387 ns (0.34-3.2 kigvhu). FromFutaana et al(2006a).

Figure 6.5 shows the TOF spectra of the NPDIfA1 averaged over the time periods 06:10-
06:15 and 06:25-06:30 UT on June 2, 2004. The peak appeansaeeagy of~1.5 ke\jamu.

The total ENA count rate decreased as the spacecraft mowegdfeovn Mars (Figure 6.4).
As seen in Figure 6.3, the FOVs of the NPDik1 and Dir2 covered the subsolar region during
the observations.

The typical integrated count rate wa200 countg (Figure 6.4). The random correlated
count (a background level), is estimated to4@48 countgs per 1-ns bin from the spectrum
(dashed line in Figure 6.5), which corresponds-iB0 countg in TOF range 124.5-387 ns.
The dfective ENA signal is ther 70 countgs. Using the geometrical factor of the instrument
(Go- € ~ (9.78—17.1)x10°° cnPsr for 0.7-1.3 keV hydrogen atoms, Chapter 5), the ENA dif-
ferential flux, J, is calculated ag =(4-7)x10° cm2sr1s71, assuming the observed ENAs are
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Figure 6.5: TOF spectra of the NPDDIirl obtained during the time period 06:10-06:15 and 06:25-
06:30 on June 2, 2004. The dashed line, 0.48 cgsiper 1-ns bin, depicts the background level of the
period 06:10-06:15. FroRutaana et al(2006a).
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Figure 6.6: The trajectory of Mars Express (Orbit 456) in the same forasain Figure 6.2. Frorfu-
taana et al.(2006a).

hydrogen.

Another example of a similar NPD observation is discusséovbeThe observation was
conducted on May 30, 2004. The orbit and the FOVs geometrglamen in Figures 6.6 and
6.7, respectively. They are almost the same as in the preagample from June 2. Figure
6.8 shows the NPD1 measurement. Instead of a gradual deavééize count rate as in the
previous example, NPD observed a sharp decrease in the @enat~11:03 UT within a
time scale of the order of 1 minute. Figure 6.9 shows the TGdetsa at 10:56-11:00 (before
the decrease) and at 11:12-11:16 (after the decrease)r Sitapes are very similar to those
obtained on June 2 (Figure 6.5).

Another characteristic signature is a short enhancemethieifcNA count rate, observed
at around 11:10 UT. Since the FOV pointed at the subsolaomegind the TOF spectrum of
these enhanced ENAs was almost the same as that observed thefesharp decrease, they
probably originated from the same source and reflect a récmtion of the interaction region
(see Section 6.1.3).
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Figure 6.7: The viewing geometry of the NPD1 on May 30, 2004. The form#hiéssame as in Figure
6.3. FromFutaana et al(2006a).

We searched through all of the TOF spectrograms obtainedeoPD1 between May 24,
2004, and July 1, 2004, when the trajectories and the attitdidhe Mars Express were nearly
the same, which means almost the same vantage points andaitisedirections. A total of 38
orbits were available, and the NPD observed an intense ENArfl@6 cases. We used all the
TOF spectrograms such as Figures 6.4 and 6.8 to divide trerva@bi®ns into two categories.
The sharp changes in an ENA flux were observed in 23 orbits 6486 the gradual decreases
(i.e., no sudden change of an ENA flux) were seen in 13 orb@%o}3

6.1.3 Discussion

The ENA flux depends strongly on the position of the sateliteen though the FOVs of the
NPD were always viewing toward the subsolar region. Thieolagional fact can be explained
in terms of a highly directional ENA emission around the sildosregion, i.e. a subsolar ENA
jet (or cone). Figure 6.10 is a schematic representationcoinaept of the subsolar ENA jet.
Such an ENA flux can be detected when the sensor is within tNi& Jet (case (a) in the



6.1. SUBSOLAR ENAJET 125

0.0 0.2 0.4 0.6 0.8 1.0
| M|
Count rate [Counts/sec/nsec] 2004/05/30
§ NPD-1 DIR-1
| | }I i b \‘\‘\l | “\‘ \‘H“H\‘Rw‘l‘:‘l‘\ﬂ\”‘H}V\”Il“u’lwmlll‘\‘wlH\‘II \“ \ I } T
1000—] H
T § ‘ i (e “ \/\‘ H‘\WH“H\ ” ”‘(W “‘\‘ \\ °§
: - 1 I R I | \‘\ Wil w | H i H\H””H I IH H“ ‘NH‘IH g gg»
7 ‘\ m‘ \‘I i "*|M‘n‘um'\M\\h‘ W\ i H‘l”Wm‘l‘u'l'\muﬂH I”I‘I'\‘IH”II‘H IH‘ T \I\HH‘\\H e IHHI\‘\H dn I o
I HIIH‘H [ ‘IIIHI\HHI\ LI ’ LRI H\’ H\f Il I\HH LU HHH (NIRRT TN HH AT HH\II\H i ||| I\HI\IIHJ\I‘HH 1]
10010_:50:00 10:55:00 11:00:00 11:05:00 11:10:00 11:15:00 11:20:00
NPD-1 DIR-2
1000—] 5
- 3 100 £
: 1000§
1 H’I\I I\II\IIHII\II\I’\‘\ IIHIIH“HMIIH \I\I\ I ‘\ \‘ ‘\ll\ ‘IHI\ H ‘I‘ Il
1DC'IC!_‘SEI:OD 10:55:00 11:00:00 11:05:00 11:10:00 11:15:00 11:20:00
7 g Time of Flight [124.5 - 387 ns]g
0 WWWWWWM i WM 3
£2 1507 DIR 1 E
N 1 g
3= w00 M‘W Mww AW! MNW% wy% %W‘W W‘M =
3 ﬂ =
- WWWMWWMW =

Figure 6.8: The NPD measurements recorded between 10:51 and 11:18 UTagr8®] 2004. The
format is the same as in Figure 6.4. Fréuntaana et al(2006a).

figure). As soon as the spacecraft leaves the jet (case (bgifigure), the ENAs cannot be
detected even though the instrument FOV covers the souggate

The region of the ENA generation and direction of ENA movetr@int to three possi-
ble origins, namely solar wind protons and ENAs back-spadtérom the Martian exosphere
(Kallio and Barabash 2001), shocked solar wind protons charge-exchanged oMéngan
hydrogen coronaHolmstrom et al.2002), and planetary hydrogen photo-ionized, accelgrate
and charge-exchanged in the exosphéliehtenegger et al.2002). These processes are all
related to interactions between the solar wind and the Blatpper atmosphere, and the ENA
generation is expected to be large in the subsolar regioausecthe solar wind can penetrate
to much lower altitudes, reaching altitudes with high nalugias density.

Since back-scattered ENAs are expected to be emitted soatty from the Martian upper
atmosphereKallio and Barabash2001;Futaana et al. 2006b), they are unlikely to result in
the ENA jet generation.

We consider now shocked solar wind just above the IMB, whiathefined as an envelope
of the void of the solar windL{undin et al, 2004). There the stream lines of the shocked solar
wind are highly deflected, and an ENA jet can be formed by @asghange with the dense
atmosphere. This scenario is possible because the soldcainactually reach altitudes as low
as 300 km in the subsolar region, as evidenced by the recritsef the ASPERA-3 ion mass
spectrometerl(undin et al, 2004). The size of the source, i.e., a region of the moshage
ENA production by shocked solar wind charge exchanged \witekosphere, must be at least
on the order of the scale height of the hydrogen, i.e., seteradred km. ENA production
from the shocked solar wind is describedallio et al. (1997) andHolmstrém et al(2002) in
more detail. However the proton flux model has a singulatityy@ subsolar point, and cannot
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Figure 6.9: TOF spectra of the NPD)Dirl averaged over the time interval 10:56-11:00 and 11:112-6
on May 30, 2004. Frorkrutaana et al(2006a).

be used to simulate ENA productions there, while the ENA ggtim must be highest in the
subsolar region.

The accelerated planetary protons, originated from exargphydrogen photo-ionization
and then converted to ENAs through the charge exchange g&obave been considered by
Lichtenegger et al(2002). Planetary protons transported to the magnetdslaeataccelerated
by the convection electric field. Such accelerated protanddcform an ENA jet after they
experience charge exchanges in the subsolar region. Sahsivhlar jets of planetary oxygen
ENAs were predicted bBarabash et al(2002). Lichtenegger et ali2002) concluded that the
ENA flux produced by this mechanism would be as high as thekslibsolar wind ENAs.
These authors also compared the energy spectra of thesedwmmisms, and concluded that
careful analysis of the spectra can distinguish the acieléplanetary ENAs from the shocked
solar wind ENAs. In the present instance it iffidult to discuss the spectra in detail because
they are too coarse due to the observation mode employed.

The observation geometry over all 38 events was ratherasimithe MSO coordinate sys-
tem. During the observations, the NPD FOV plane was closkeetliptic plane. Therefore,
only a limited range of angles(30°) relative to the ecliptic plane was sampled, and we cannot
thus conclude whether we are dealing with a jet or a cone.tiBgi$IHD models of the solar
wind — Mars interaction (e.glanaka and Murawskil997) provide a rather cylindrically sym-
metric pattern of the solar wind proton flow around Mars, dngstone would be in favor of
the conical ENA jet. On the other hand hybrid models (6Bgecht 1997b) show asymmetric
features of the proton flow in association with the interptany convection electric field direc-
tion (E = —Vsw X Bimr, whereVsyw and By are the solar wind velocity and the interplanetary
magnetic field, respectively). The analysis has not takenetectromagnetic direction into
account because of the absence of a magnetometer aboardEkaess. However, since the
observations cover a long period40 days), the distribution of the IMF direction can be con-
sidered to be random. Therefore, a conical ENA jet geometrather plausible, and Figure
6.10 is considered as a cross-section of the axi-symmedametry of the conical ENA jet.

The ENA count rate was found to decrease very rapidseferal tens of seconds) in two
thirds of the orbits, as shown in Figure 6.8. This implied tha source of the ENA jatone
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Figure 6.10: Geometry of the subsolar ENA jet. The subsolar jet can bectietevhen the sensor is
within it (case a). As soon as the spacecraft leaves thegse(b) the ENAs cannot be detected even
though the instrument FOV covers the source region. Hfataana et al(2006a).

should be confined in space. We do not have a clear explanasioa what controls its size
and directionality. Existence of such a compact and dweeli ENA jet also raises a question
with regard to the validity of current MHD models. In all MHDadels, the subsolar point is
a stagnation point with almost zero bulk velocity. The agged ENA emissions should be
rather isotropic due to the high temperature of shocked satad. However the observations
indicate highly anisotropic emission with solar wind enerylHD models may not be valid
in describing the Martian subsolar region, because thesysize becomes comparable to the
proton gyro-radius there. Therefore, one needs more dét&ID hybrid models dedicated
particularly to this domain in order to investigate the pby®of the sharp decrease of the ENA
signal.

What causes the short bursty enhancements in the ENA sigoalas were observed at
11:10 UT, May 30 (Figure 6.8)? These ENA bursts cannot beagxgdl by changes in the
observational geometry, which remained the same durin@liservation. The jet dynamics
are discussed in Section 6.2.

6.1.4 Summary

The NPD, an ENA sensor of the ASPERA-3 experiment on boardsMapress, detected in-
tense fluxes of ENAs emitted from the subsolar exosphere. icAyfENA fluxes were

(4-7)x10° cm?srist in the energy range of 0.3-3 kgdmu. These ENAs are likely to be
generated through charge exchange between the shockedvaulaprotons and the Martian
exosphere in the subsolar region, where the solar wind plgmnetrates to its lowest altitude
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and where the neutral gas density is high.

As the satellite moved away from Mars, the observed ENA sigaareased even though
the subsolar region remained within the NPD FOV. These dseseare gradual in one third
of the orbits, while the decreases are very sharp (on a s€aldew tens of seconds) in two
thirds of the orbits in question. This behavior can be ex@diif the spacecraft crossed a
spatially constrained ENA j&tone, as shown in Figure 6.10. Such anisotropic ENAs inglicat
that the solar wind flow around the subsolar region is alsblhignisotropic, and this cannot
be explained in the frame of the existing MHD models.

6.2 Observations of the Martian subsolar ENA jet oscillatios

6.2.1 Introduction

The initial ASPERA-3 NPD observations revealed that an ENA flux is emitted aropitally
from the subsolar region of Margtaana et al(2006a); Section 6.1). This section reports on
observed oscillations of the ENA jeB(igoriev et al, 2006).

The data set, used in this analysis, consists of 38 orbitsrded by the NPD1 detector
during the period May 24 - July 1, 2004 when the orbit and thigude of Mars Express
were optimal to investigate ENA emissions from the subsagion of Mars. During this
observation period the NPD sensor was switched into BIN mbBdé# spectrum accumulation
timewas 1s.

The basic characteristics of the ENA/mine established earlier (see Section 6.1) are as
follows: averaged energyl.5 keVJamu, energy range is from 0.34 to 3.0 Kexu. ENA
differential flux is estimated to be {4-7)x10° cm™?sr'st,

6.2.2 Observation geometry

A typical Mars Express spacecraft orbital position (orl#94on June 11, 2004) during the
measurement cycle is shown in Figure 6.11. The orbital gediaring this time was about
6.5 hr. The NPD operation starte@0 minutes after the periapsis and lasted~80 minutes.
The sensors were operational while Mars Express was movitigeodayside outbound through
the magnetosheath region through the bow shock and thenregiondisturbed solar wind.
Figure 6.11(a) is in the cylindrical coordinate system,cdbégd in Section 6.1.2, scaled in
Martian radii Rv). Dashed curved lines show the MPB and the bow shock locatimrdeled
by Vignes et al(2000). A dotted line shows the Mars Express trajectoryrdptiie observation
period. The orbital part where the NPD sensor was switchgd /50 — 12:17 UT) is depicted
as a thick line; diamonds along this line represent timervials of 10 min. Figure 6.11(b)
shows the spacecraft location projected oiZyso plane. Mars Express crosses the ecliptic
plane, shown by a dot-dashed line, at the beginning of evegsorement session.

Mars Express was nadir-pointing during the observatioas the perigee. The plane where
ASPERA-3 was mounted was perpendicular to the nadir, fatiaglanet (Figure 6.1). In this
configuration, the symmetry axis between the channels DitleoNPD1 and NPD2 detectors
was pointing towards the center of Mars.

The NPD1 FOV was covering the subsolar region of Mars. Figut&(a) shows the sensor
observation geometry. In this plot, the spacecraft-cedtecliptical coordinate system of the
epoch 2000 is employed. The northern hemisphere (positikgtie latitudes) is shown on
the left side of the figure and the southern hemisphere (ivegatliptic latitudes) is shown on
the right side. The vantage point is the origin of the coatinsystem. The Martian limb is
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Figure 6.11:a) Mars Express trajectory on June 11, 2004 (orbit 499). Vhedrical coordinate system
based on the MSO reference frame is used. The thick line tethie measurement interval. Dashed
lines are the modeled bow shock (BS) and magnetic pileupdenyr{MPB,Vignes et al.2000). b) Mars
Express trajectory, projected Mizyso plane (seen from the Sun direction). Adapted frGmigoriev

et al.(2006).
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Figure 6.12: a) NPD sensor observation geometry in the spacecraftieghéeliptical coordinate sys-
tem taken for the epoch 2000. The Martian limb is shown by lpsel. The elongated fans correspond
to both NPD FOVs. The black and dark grey polygons depict wigwlirections Dirl and Dir2, respec-
tively, of the NPD1 sensor. The filled dots show the locatibthe centers of the Sun (black) and Mars
(light grey). b) A sketch (not in scale) emphasizes Mars Egpiocation and the viewing direction of
the NPD1 during the measurements. The black and dark grepenau sectors correspond to the NPD1
channels Dirl and Dir2 FOVs. A sun symbol shows the Sun domecEromGrigoriev et al.(2006).

shown by an ellipse. It is partially visible on both hemisgse The elongated fans show the
NPD1 and NPD2 FOV. The black and dark grey polygons depiatinig directions Dirl and
Dir2, respectively, of the NPD1 sensor. The filled dots shiogvlbcation of the centers of the
Sun (black) and Mars (light grey). Figure 6.12(b) represensketch that clarifies the NPD1
observation geometry, emphasizing the sensor’s locandra#titude during the measurement.
The black and grey sectors correspond to the detector clsabid and Dir2 FOV. These
channels were observing the Martian subsolar region andftive suited for investigation of
subsolar ENA jet emission.
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6.2.3 ENA jet fluctuation observation

The energy-time spectrograms obtained by the sensor clsaDiré and Dir2 are shown in
Figure 6.13(a, b). The data was recorded during 11:50-12T.@n June 11, 2004 (orbit 499).
The count rate is color coded. The color bar, on the right, s&dscaled in counteead-outns

or countgs/ns, assuming 1 ns TOF resolution of the sensor’s electrofies left vertical axis
gives the TOF of particles in ns. The right vertical axis is émergy scale, assuming particles
as hydrogen. The jet peak energy~i2.0 ke\Jamu in this case. One clearly sees oscillations
of the ENA flux.
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Figure 6.13: Panels a,b: TOF spectra of the NPD1 Dirl and Dir2 channels.cbhresponding energy
is shown in the right axis assuming the mass 1 amu. Horizdftel lines specify the TOF windogv
= 99 — 374 ns, which covers the ENA jet energy range. Panelsridghrated over the TOF windogv
correlated count rateFastvariations are identified by red arronSlowvariations are depicted by thin
vertical black lines. Oierent low pass filter window is used: 40 s for panel ¢ and 90 pdoel d. The
peak-to-peak period is marked A%. FromGrigoriev et al.(2006).

In these panels, UV photon induced background noise hasswd#racted from the spec-
tra. As with any ENA instrument, NPD possesses a residualtsgty to UV flux. This causes
a background in the correlated count rate, which does natrdkepn the TOF. Therefore, to
obtain the signal associated with ENAs only, we subtradtedtV-induced background, as-
sumed to be equal to the count rate at the last TOF bin, wheEeN#s are expected due to
low sensitivity of the NPD sensor to low-energy ENA.

In order to investigate signal variations, we defined a TORdaw ¢ as follows: the¢
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consists of 6 TOF bins (99 — 374 ns), entirely covering the Gétfenergy range (0.34 - 5.1
keV/amu). Thef window is marked by a pair of blue horizontal lines in panelsgnd (b).

Two panels, Figure 6.13(c, d), show the correlated counhefchannel Dirl, integrated
overé (grey line). Thick blue lines show the data, smoothed udnegaw-pass filter with 40 s
(panel (c)) and 90 s (panel (d)) running averages.

As a general behaviour, the ENA jet intensity increases entlie spacecraft enters the
ENA jet region and decays as the spacecraft leaves the ENégiein. At the same time, some
periodic fluctuations of the signal appear during the first 1D minutes after the measurements
start. The zoomed-in view of these signal variations is shiowWrigure 6.14. Arrows emphasize
the peaks. The peak-to-peak period is 150 - 180 s with the FWBMs. The FWHM of a peak
is calculated between the peak maximum and a backgrounenetelevel, which is estimated
separately for each peak. The ENA jet long-term intensityatian is thus taken into account.
The variations of the signal reach 30% of the maximum valulees€ are referred to &ast
oscillations.

As the spacecraft moves further, another type of signaatian occurs. Two high-intensity
peaks appear at approximately 12:04 and 12:08, as seenureFigl3. These variations are
different from thefast oscillations described earlier. The peak-to-peak perdd,is ~270 s,
and the FWHM is about 110 - 140 s. The variation depth is ab@¥i.5This type of long-term
signal variation is referred to asséow variation.

|

4/6/11 11:52 11:54 ll:56

11:58 12:00 12:02 Time, UT

Figure 6.14: Typical flux variations due tdast oscillations. The picture is in the same format as
Figure 6.13(c). The black arrows show the peaks ofdistoscillations. FronGrigoriev et al.(2006).

The peak-to-peak times of ttsow variation events do not depend on the window size of
running average taken in a range of 20 to 120 s. That is reBEgrsince a shorter running
window retains statistical fluctuations while a longer tH&20 s window smoothes out the
oscillations. In case of thiastvariations, changes in the steps of the running averagéheng
within a range of 20 to 50 s do noffact the periodicity of the variations.

6.2.4 Statistics on the intensity variations

Criteria for selectingast andslow variation events are as follows: In casefas$t oscillations
signal depth amplitude variation must reach at least 20 -.3D8 number of peaks observed
during an observation period is at least 3, wifhi unchanged. Peak-to-peak peritvdl varies

in the range of 40 - 180 s. In the casesbbw variations, signal depth amplitude change is
~50-80%. The number of peaks detected during an observagiondois 2 or more, andT is
~300 s+15%.

Figure 6.15 shows the statistical distributions of the peageak times for two dierent
groups of ENA jet flux intensity variations. The histogranm Bieps are equal to 20 sec and
60 sec forfastandslowoscillations, respectively. Each distribution is normedl to the maxi-
mum of the occurrence.
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Figure 6.15: The peak-to-peakT period distributions of botfast(dark-grey colored) anslow (light-
grey colored) groups are shown. Fr@nigoriev et al.(2006).

Thefastandslow oscillation distributions are shadowed by dark grey anhtlgyey, res-
pectively. The peak of thiastoscillation distribution is at+50 sec and FWHM is-:30 s. These
variations are periodic and are detected in every orbit. Jigeal peak-to-valley ratio can
reach 20 - 30% of the maximum flux intensity. The peak ofdlosv oscillation distribution is
at~300 s and FWHM is-30-80 s. The variations of the signal reach 60 - 80% of the mami
value. Theslowvariations are found in 15 of 38 orbits.

The distribution of FWHM of the signal peaks in the casesloiw ENA jet variations is
plotted in Figure 6.16. The histogram bin step equals to 4Bvédently, the majority of the
detected peaks has FWHM .60 s. The shape and location of the peaks are highly variable
from orbit to orbit. The number of peaks detected in one ashifenerally two — they occur in
30% of all orbits. Multiple peaks (three or more) appear anl§0% of the orbits.

Figure 6.17 shows the peak occurrence dependence on treetaetgleen the Y-axis and
the position of the Mars Express spacecraft, definegh §sositive if counting clockwise).
There is no preferable direction of the intensified ENA flukeTpeaks are detected with equal
probability from diferent vantage points within the NPD observation region.

6.2.5 Discussion

NPD detected intense ENA fluxes with energies in the rang8 2 ¥eVamu when the FOV

of NPD was pointed toward the subsolar regiGutaana et al. 2006a). In all cases, the ENA
flux intensity variations were detected. These variaticans loe categorized into two modes,
namelyfastandslowvariations. Thdastvariations occur with a typical period of 28.5-200 sec
and are detected on each orbit. ®lew variations have a period of 143-500 sec and occur in
40% of the cases. We now discuss the possible generatioramisofs of the ENA jet intensity
variations.

The MGS magnetometer teafagpley et al.2004) reported low-frequency (perie@5 s)
magnetic field oscillations in thefiierent plasma regions of Mars. One possible interpretation
of the source of oscillations on the dayside of the magnettshis mirror mode instabilities.
The important characteristic of the mirror modes is an antatation between the magnetic
field strength and the plasma density. Therefore, theses kihthagnetic field oscillations can
represent one of the mechanisms of ENAfgt oscillation generation. This is because the
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in case ofslow ENA jet variations. FWHM of  ENA peak detection and its occurrence is shown.
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(2006). Y-axis marks the peak occurrence. Fr@ng-
oriev et al.(2006).

change of plasma density in the magnetosheath is reflectdwelighange in ENA production-
rate through the change in the occurrence of the charge egeharocess. However the pre-
dominant period of the main fluctuation of the magnetic fiedéras to be shorter than the
period of the ENAfast oscillations (28.5-200 sec), derived from the NPD obsé@wat The
mirror-mode instability is thus a less plausible mecharnigsmxplain thefastoscillations.

Another possible mechanism is the global oscillations eflMB. Futaana et al(2006c)
discussed an example of a global response of the Martiamplasvironment to an interplane-
tary shock. They used an ENA jet observation that shows aaraely intensive flux followed
by a sudden decrease of the flux intensity. Using simultanh@tasma data, they concluded
that the decrease is caused by the fast IMB displacemenbdareihterplanetary shock. They
also reported oscillations of the ENA jet flux (peried min) just after the abrupt decrease,
regarded in this study dast oscillations. However, to the best of our knowledge, thereeh
been neither theoretical nor experimental reports on glagallations of the Martian plasma
obstacle.

Two peaks in the ENA jeflastoscillation distribution are apparent in our data se€i0 and
~80 sec (Figure 6.15). Remarkably, these periods coincitletiwe typical time periods of the
electron flux intensity oscillations observed by the FLASPERA-3 instrument (between 50
and 100 sWinningham et a).2006). Such oscillations of electron fluxes have been gbdén
different regions of Mars, but the dayside magnetosheath isfdhe most active regions. The
frequency range encompasses the typialon gyro-frequency in the magnetoshedsgley
et al,, 2004). Cyclotron instability of the newly created plamgt®mn beams generates Alfvén
waves with a frequency close to the local gyro-frequencyh@spacecraft frame of reference).
The associated plasma density variations result in ENA facdlation. While it seems that the
observedastENA oscillations are connected to the detected electrond$eilations (plasma
is quasi-neutral), it is not known whether the wave energyfiscient to cause 20-30% plasma
density variations.

The observedlow variations have a characteristic peak-to-peak t#880 s. As shown
in Section 6.2.4, the number of peaks in the cassl@is ENA flux variations detected in one
orbit is typically 2. It is rare for more peaks to occurs. Sddfierences between the ENA jet
flux fluctuation signatures imply that these two types of flations have dierent production
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mechanisms.

It is important to emphasize that the observed variatiomsrelect either temporal vari-
ations of the generation region or spatial structure of ¢het$elf. Because of the spacecraft
motion we cannot resolve this ambiguity. In the case of theptwal jet variations, such be-
havior can be explained by bursty intensification of the ENArse as a result of the temporal
changes in the upstream conditions, mostly the solar wimguafyc pressure-olmstrom et al.
(2002) investigated the deflected solar wind ENA flux depanden the solar wind and exo-
sphere parameters. They concluded that the exospheriitydisrtie most important parameter
controlling the ENA flux. The IMB position is dependent on #sespheric density. Hence,
if the ENA generation region moves closer to the planet, tiensolar wind ions can reach
denser part of the Martian exosphere, creating higher ENA flu

The waves on the IMB resulting from Kelvin-Helmholtz insta could, in principle,
cause the observed oscillations. HoweRenz et al(2004) considered the development of
the Kelvin-Helmholtz instability on the Martian boundaryane-fluid approximation and con-
cluded that the subsolar ionopause of Mars is stable withersto the Kelvin-Helmholtz
instability.

The vantage points at the moments when the NPD1 sensor elbteedks oslow ENA
jet intensity variations are distributed uniformly oveetihole observation region, as shown
in Figure 6.17. Meanwhile, the observation period is londg( days) and therefore the distri-
bution of IMF direction and magnitude, as well as solar wirdgmeters, can be considered
random. It is very likely that the ENA generation region isywsensitive to the exterior and
is changeable under unsteady solar wind dynamic pressdrévindirection. Unfortunately,
lack of undisturbed solar wind measurements during the NB¥2iwvations (single point mea-
surements) as well as situ IMF measurements prevent us from making such a conclusion.

There is also a certain possibility that thlew variations of the ENA jet represent spatial
structures of the jet itself. The majority of the detectedkzehave the FWHM about 160 s,
corresponding to 4<cof an angular width of the ENA stream, taking into accountsib&cecraft
velocity ~3 knys and the distance to the generation regidiry. If we assume existence of
ENA "sub-jet§ with an angular width of 4-5 the observedlow variations can possibly be
explained. This concept is shown in Figure 6.18. Such ENAjstshare likely to appear
if the ENA generation source under certain conditions bexopatchy. What can cause the
ENA generation source patchiness? Existence of smak-snafnetic field structures called
magnetic flux ropes (e.gRussell and Elphicl979;Elphic and RussellLl983) is one possibility
for such dfects. The existence of these flux ropes at the Martian iorsgphas been reported
by Vignes et al.(2004). The magnetic character of the flux ropes at Mars appd®otic.
At the same time, these magnetic structures are stationaimne relative to the speed of the
spacecraft. The width of the flux ropes is of the order of a femstof kilometers. Most of the
flux ropes have been detected at high solar zenith angles.alesmumber of flux ropes has
been identified for solar zenith angles lower thaf @lgnes et al.2004). Meanwhile, size of
the region of the most intensive ENA generation was estidiatée~6400 km Futaana et al,
2006c), i.e., within solar zenith angles lower thari.480, the existence of magnetic flux ropes
is likely to afect the transport of planetary protons to the magnetostaathconsequently,
the ENA production. Again, the mechanism of ENA formatiorotigh charge exchange of
accelerated protons in the magnetoshekithfenegger et al2002) is one of the most probable
ENA jet generation mechanismBytaana et al. 2006a).

More detailed study of the ENA jet behavior should be theetthjf future investigations.
The next step would be to study the morphology of the ENA jet &sction of the upstream
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Figure 6.18: The schematic illustration of spatially resolved ENA sebsj FromGrigoriev et al.
(2006).

conditions such as the solar wind dynamic pressure and IVEéetitbn. But to resolve the
nature of the ENA jet oscillations and related dynamics eflétartian induced magnetosphere
the key investigation would be multipoint measurements atdvl These would allow us to
make correct correlations @f situ measurements of the local plasma parameters and remote
observations of the ENA flux emerging from the interactiogioa.

6.2.6 Summary

We presented observations of the Martian subsolar ENA jensity oscillations, made by
NPD. We categorized the flux intensity variations into twougs. First group igastoscilla-
tions with a characteristic peak-to-peak titiE ~50 s. These flux variations possess a periodic
structure and are observed in all orbits. The second grosipusvariations, whose time scale
is of the order 0~300 s. These variations appear in 40% of all ENA jet obsermati

Thefastoscillations are possibly formed by low frequency ion wajsiod~50-100 sec)
at the subsolar region. The observed period correlatesaldtiiron oscillation period detected
by ELS which, in turn, is close to the oxygen gyro-period. Hwoer the energetics of the
process is not clear.

The origin of theslowvariations is a mystery. They might be related to temporahtians
of the solar wind dynamic pressure. On the other hand,stbe oscillations can also be
explained by a sub-jet structure as shown in Figure 6.18h Suactures could possibly appear
due to the existence of magnetic flux ropes in the Martiansphere.
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6.3 Other results by the ASPERA-3 NPD

6.3.1 Global response of Martian plasma environment to an iterplanetary struc-
ture: From ENA and plasma observations at Mars

The paper byutaana, Barabash, Grigoriev et al2006c¢) presents a case study of the subsolar
ENA jet (Futaana et al. 2006a). The detailed investigations of the subsolar ENAvuld
advance the understanding of the dynamics involved in ttegantion between the solar wind
and Mars. The event considered was interpreted as a glofiadnse of the Martian plasma
environment (in a time scale 6fL0 s) to a change in the solar wind conditions.

The measurements were conducted by the NPD sensor on Jud@47, The NPD data is
treated together witim situ data of the ELS and IMA spectrometers. Figure 6.19 shows the
NPD TOF spectrum (upper panel) and the ELS electron energgtrspn and fluxes (middle
and lower panels), respectively. Three notable signatofréisis unique event (at 13:58 UT)
are discussed. The ENA flux is5 times higher than the nominal subsolar ENA jet flux of
4-7x10°cm2sris! (Futaana et al. 2006a). The jet outer boundary is very abrupt. It took
~10 s for Mars Express to cross this boundary, while the typices scale is about 1 min. Ad-
ditionally, there are three quasi-perioduc flux enhancésnepserved right after the spacecraft
left the jet region.
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Figure 6.19: The observations from the NPD and ELS. Panel (a) is the catatof the subsolar ENA
flux integrated over the TOF window (50-1900 ns) for the diets Dirl (green) and Dir2 (blue line) of
the NPD1. Panel (b) shows the energy-time spectrogramadxsel the ELS. Panel (c) shows the time
series of counts within the energy range 10-50, 50-130,3(80-500-2000 and 2000-15000 eV from
the ELS. The ENA flux is several times higher than the nominbsslar ENA jet flux. Abrupt depletion
of ENA fluxes occurred at 13:58:40 UT. Following are quagiigetuc variations in flux observed right
after the spacecraft left the jet region. Adapted frieataana et al(2006c).
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This unusually high ENA flux can be interpreted as a resultaafrapressed Martian plasma
obstacle. During this time interval, the Mars Global SunrefMGS) magnetometer recorded
a strong increase of magnetic pressure inside the IMB. Tleian® that the solar wind dy-
namic pressure outside the IMB increased by several timesglthis event, assuming that the
magnetic field pressure in the induced magnetosphere régiances the incident solar wind
dynamic pressure(rider et al, 2003). The BS and IMB locations, derived from the plasma
spectrometers data, were much closer to the planet tharvénage locations\{ignes et al.
2000).

The abrupt flux change is most likely to be caused by a quapiepéicular interplanetary
shock, which led to a reconfiguration of the plasma obstdw@e and location, as illustrated
in Figure 6.20. Consequently, the ENA jet generation regias relocated: it moved closer to
the planet.

It has been suggested that the quasi-periodic ENA jet fluamcdments are due to a global
vibration of the Martian plasma obstacle, caused by theptaaetary shock hit. Such vibra-
tions can result in ENA flux variations as the ENA jet genematiegion displaces back and
forth.

From the time dierence between the changes of the Martian plasma obstattaeaBiNA
jet signal, the Martian subsolar ENA jet generation regi@e $s estimated to be as large
as~2Rwm.

b) After interpl hock i
(a) Before interplanetary shock crossing Rl -e rplanetary shock crossing
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Figure 6.20: lllustration of an interpretation of the interplanetarysk interaction with the Martian
plasma environment: (a) before and (b) after the shock icrpsd the planetary ENA jet source. The
source region of the subsolar ENA jet, which is very closeh IMB, was pushed toward the planet
due to the high dynamic pressure of the interplanetary shdhk spacecraft went out of the subsolar
ENA jet very quickly due to this reconfiguration of the Martiplasma obstacle. Frofutaana et al.
(2006c).

6.3.2 The Hydrogen Exospheric Density Profile Measured with
ASPERA-3/NPD

Galli et al. (2006c) discussed the exobase temperature and densityrefddeng a period of
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low solar activity, derived from the NPD measurements of hyry limb emission from the
exospheric hydrogen of Mars. These parameters are crocitdd models of atmospheric loss
and ENA production (e.gl.ichtenegger et al.2002;Barabash et al.2002). The hydrogen
exobase density and temperature were estimated mp ke101°m=3, and T > 600 K, respec-
tively.

The analysis was based on the Lymatimb emission measurements at high altitudes.
NPD was switched into the TOF mode during the measuremeriis. déta obtained during
the observation period (12:00 — 13:10 UT, on April 25, 2004yevintegrated over 5 minutes
intervals and a height of the UV-induced background in thé&Bpectra for each measurement
was retrieved. The NPD count rates, caused by UV photong wamverted into fluxes of
UV emission of the neutral hydrogen, integrated along the-6f-sight through the Martian
exosphere. The NPD sensor sensitivity to Lynaawas calibrated using the all-sky UV map,
based on the UV measurements by the Solar Wind AnisotroBM&\() experiment on the So-
lar and Heliospheric Observatory (SOHO) (NASA, 2086&p://sohowwwnasconnasagov).
Consequently, the non-planetary UV background was subtidoom the TOF spectra.

The measurements were interpreted by means of a numerioaptesre model, which
yields a hydrogen density profilay(r) for a given exobase density and temperature. It is a
one-dimensional Monte-Carlo modé&\V(rz and Lammer2003), for which the exobase den-
sity and temperature are the two free parameters. The mesgeireed an exobase location at
220 km (ichtenegger et a].2006) above the surface, a fully thermalized hydrogen aiom
ulation at the exobase and a spherically symmetric digtabuof neutral hydrogen with one
single constant temperature. The modeled density profiserglated to UV emission by means
of a radiation transport equation. The UV emission was assluimbe entirely due to resonant
scattering on hydrogen atoms.

The model was verified by evaluating the measurements by tenbt 6 and 7 space-
craft (Anderson and Hord1971). The values of exospheric density and temperatureede
with the Monte-Carlo modeM/urz and Lammer2003) were compared with results obtained
by Anderson and Hord@1971). A good agreement within a factor of 2 was shown.

Afterwards, the model was used to evaluate the data obtaiitedhe NPD sensor. A single
hydrogen component exobase was assumed. The resultingsexdénsity ofiy = 6x 10°m~2
was found to be 5 times lower and the temperature afIlD00 K to be 2 times higher if com-
pared with values derived Bdnderson and Hor@1971). Figure 6.21 shows the measurements
from both the NPD (from 2004) and Mariner 6 and Mariner 7 (frd@69) together with the
modeled profiles. The fierence can be explained either bffelient observation geometry or
by asymmetry in the exobase due to high spatial variabiktglifistrom 2006) or just by a
generally thinner exobase.

So high exospheric temperature derived from the NPD meamsnes appears to be in-
consistent with exospheric temperature2%0 K) inferred from aero-braking maneuvers of
recent spacecraft like Mars Odysseychtenegger et al.2006). This diference can be ex-
plained by the presence of a cold bulk component and a terexiaaded hot population of
atoms that have been heated up in photo-dissociation asalciisive recombination processes
(Lichtenegger et al.2006). If the two-component exobase approach is valiah ithie possible
to assume that the Lymanairglow measurements are mostljexted by the hot component,
while the measurements performed during aero-brakingféeetad by the hydrogen cold com-
ponent of the exobase.

A two-component exobase approach was employed for evatuafi the NPD data; i.e.,
an exobase with two hydrogen components of distinct deasitytemperature was assumed.
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Figure 6.21: Measured column densities of neutral hydrogen (symbatsdgal against tangential height
hi. The thick lines represent modeled temperature and theaseadensity. The most notabldéfdirence
between the NPD measurements from 2004 (triangles) and dnmd&t 6 data (rectangles) and Mariner
7 data (diamonds) is the diminished exosphere density. Baliet al. (2006c).

A linear combination of two one-component models witffatient parameters was used. Re-
sulted hot component remained the same as in the single c@npoase, while a cold com-
ponent was calculated to possess the exobase depgity = 1.2x 101°m~3 and temperature
Teolg = 180 K.

A theoretical modelrasnopolsky 2002) of the Martian exosphere yields exobase densi-
ties ofny = 2x 10 m=2 for a low solar activity, which is more than one order of maggé
away from the NPD observation. It is concluded that the limbssion measurement is do-
minated by a hydrogen component that is considerably hivtter the bulk temperature at the
exobase, and the Martian hydrogen exosphere is consigiéhather than previously modeled
for low solar activity (e.g.Krasnopolsky2002).

6.3.3 Energetic Hydrogen and Oxygen Atoms Observed on
the Nightside of Mars

The paper byGalli et al. (2006a) presents measurements of hydrogen and oxygen EMNAs o
the nightside of Mars, performed by the NPD sensor. A gloli@éupe of the Martian ENA
environment can improve our knowledge of interaction psses between the solar wind and
the Martian atmosphere, as well as allowing us to infer thesiglal properties of the exosphere
and to quantify atmospheric loss. Energy spectradéint H-ENA populations and the maps
of H-ENA outflow are presented. Theffirential flux of H-ENAs can reach 1@m2sris?.
The global atmospheric loss rate of hydrogen and oxygenapeoduction of ENASs is esti-
mated to be<1 g/s.

In this study onlyH and O species are considered due to their abundance and because
the sensor favors detection of them. The study also attetmplistinguish between planetary
and solar wind hydrogen ENAs by comparing the ENAetential intensity energy spectra
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Figure 6.22: The NPD2 measurements (channel Dir2) on the nightside o ldgaihe IMB, with FOV
directed close to the tangential direction to the IMB sugfaGhe measured integral intensity reaches
several 18 cm™?sr!s™!. The measured (thin line) and the reconstructed (bold M@ spectrum is
shown in upper panel. The lower panel shows thiEedential intensity energy spectrum (solid line) that
corresponds to the reconstructed TOF signal, and a two-coer power law distribution fit (dashed
line). FromGalli et al. (2006a).

measured in the region inside the IMB, at the IMB, in the sidrsegion of Mars and in the
magnetosheath region (X-2.5Ry).

Figure 6.22 shows the TOF and energy spectra obtained by Big2Nsensor when the
spacecraft was crossing the IMB. The position of the IMBn®fe the plasma model ¢fallio
et al. (1997). Spectra of the tailward ENAs, obtained inside th& I&hd at the IMB, can be
approximated by two-compoinent power law with a roll-overld keV (dashed line). The
spectrum of the dayside solar wind can be parametrized biylthevell-Boltzmann distribu-
tion. Unfortunately, even though the energy spectrum ofiigatside ENAs is much broader
than that of the solar wind ENAs, it was found to be imposstblalistinguish between the
contributions of the solar wind and planetary protons totyipécal ENA spectrum in general.
The reason is that the ENA energy spectrum is a convolutiochafge exchange processes
along the line-of-sight intersecting several regions oyivey temperature, density and flow di-
rections. In the case of measurements in the magnetoslhiegthe 6.23), the energy spectrum
has a bi-modal structure with a peak at 0.35 keV reproduablslowed down and therma-
lized, neutralized solar wind with a thermal spread of 200 2¥ and bulk velocity< 300
km/s (dotted line in the energy spectrum). The other part idylike be approximated by a
two-component power law fit with a roll-over at 2.8 keV (dadliee). That part of the energy
spectrum is concluded to be due to the planetary pick-umppsot
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Figure 6.23: The NPD1 measurements (channel Dir2) in the magnetosh&aghmeasured (thin line)
and the reconstructed (bold line) TOF spectrum is shown peupanel. The lower panel shows the
reconstructed dlierential intensity energy spectrum that corresponds taebenstructed TOF signal.
The dashed and dotted lines are fit curves for a maxwellia@awd-component power law distribution.
FromGalli et al. (2006a).

The ENA measurements were used to derive global ENA maps ¢orbpared with theo-
retical models of solar wind ENASJunell et al, 2006) and of planetary ENA&.ichtenegger
et al, 2002). The measured fluxes were found to be one or two orfleragnitude lower than
the predicted ones. Such disagreement can result from fileeetice between the present exo-
sphere properties and those assumed for the hydrogen exegpbdels. As input parameters,
the models used the hydrogen exobase density and temgerptedicted byKrasnopolsky
and Gladstong1996) for solar minimum, namelyy = 101°m=3 and T= 200 K. The recent
UV Lyman- limb emission measurements by ASPERASPD indicated much thinner and
hotter hydrogen exospher&4lli et al., 2006c), i.e.ny = 101°m~3 and T> 600 K. The spatial
distribution and the integral intensity of the solar windambfrom Gunell et al.(2006), being
recalculated with hotter and less denser exobase, matdb#esvations. The ENA flux inten-
sity of a few 18 cm=2sr-1s1 is consistent with solar wind ENAs. Therefore, it was codel
that the majority of the ENAs detected inside the IMB are duéhe solar wind protons; the
derived ENA maps give a representative image of the ENA flothatMartian nightside for
solar minimum conditions. Model calculationd.i¢htenegger et al.2002) also indicate that
the ratio of planetary-to-solar wind ENA fluxes should natesd 20% at any time during the
solar cycle.

Simulations predict significant oxygen ENA flow in the Martitil (e.g.,Barabash et al.
2002;Gunell et al, 2006). In contrast to theoretical predictions, no intemsggen ENA signals
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over the integral intensity of 2 10* cm?sr's! (detection limit) have been detected. This is
one-two orders of magnitude lower that the simulations.

Finally, the total ENA production rates for both hydrogen axygen at Mars are computed
to be 2-3x10%*s! and <10%%s™%, respectively. Consequently, the corresponding atmagphe
loss rate is estimated to be less thanf<l ¢f is comparable with an ion escape rate of a fgsy g
as reported recently bgarabash et al(2007a).

6.3.4 First ENA observations at Mars: ENA emissions from theéMartian upper
atmosphere

The paper byrutaana et al(2006b) reports on the observations of backscattered H<HSéx
called ENA albedo), detected for the first time near the sabgmint of Mars. Knowledge
about the particle flux and the energy flux of the backscatt&iAs provides information
concerning energy and momentum transport from the solast imto the Martian upper atmo-
sphere. Basic characteristics of the observed ENA albestoHyENAS are emitted from the
broad region of Martian upper atmosphere, within solartheanigles of 30in the energy range
of 0.2 - 2.3 keV with a peak energy efl.1 keV, diferential flux is~1.5 - 2.0x10°cm2sris1,
energy flux is~9.5x10%V cnT2s7L.

The precipitating particle flux generating this ENA albedasvestimated to be aboubd—
1.26x10°cm=2s7L. The distribution and the energy of the ENA albedo was fooratree well
with the results of a Monte-Carlo simulation BKallio and Barabash(2001). The simulated
flux is, however, lower by a factor of 3-4 than the detected, ¢ikely due to diferent solar
wind conditions, e.g., higher solar wind flux. Solar wind diions were estimated from the
IMA / ASPERA-3in situ measurements in the shocked solar wind as 1.3 - 1.8 timegrhigh
than those used bigallio and Barabash(2001) in simulations. At the same time the derived
value could be overestimated, if the MHD shock theories ansidered. The lower altitude of
the IMB at Mars may also result in higher ENA albedo flux. Fipgbart of the shocked solar
wind protons can penetrate below the IMB due to finite gymditrs, interact with the dense
part of the exosphere and be scattered back as neutralgpating to the ENA albedo. It was
shown that evaluation of thefects of this mechanism (also known as proton—ENA albedo)
requires more precise models of the interaction betweesdlae wind and Mars.

The ENA albedo maps were suggested as a tool to investigatidinibution of the precip-
itating flux. Such maps can provide information concerningrgy and momentum transport
from the solar wind into the Martian upper atmosphere.

6.3.5 Direct Measurements of Energetic Neutral Hydrogen irthe Interplanetary
Medium

Galli et al. (2006b) reports on the NPD sensor observations of integpday ENAs within the
energy range 200 eV to 10 keV over time range of 10 monthsnguhie Mars Express cruise
phase and also in orbit around Mars. Imaging these ENAs andrugtheir energy spectra
would reduce our uncertainties about the interaction ofith®sphere with the local interstellar
medium. The paper also presents and discusses the eneafjsaspiethe non-planetary ENA
signal as well as the ENA flux spatial distribution.

In order to select only measurements of ENAs that have noidadrigin, observations
with the NPD FOV as far as 45away from the Martian limb are considered. Several tens of
energy spectra in the data set were identified to attribubméogetic hydrogen atoms originat-
ing in the inner heliosheath. The spatial flux distributiongeneral supports this conclusion.
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The following analysis showed that these ENAs are obseroedlf ecliptic longitudes with
a typical flow direction between 9@nd 180 away from the direction of the interstellar gas
flow. The integrated ENA fluxes are found to be enhanced bytarfa¢ two in the anti-apex
direction.

The energy spectra of the detected ENAs are all very simildraae best described by a
two-component power law. Figure 6.24 shows a typical enspgpctrum of ENA flux of non-
planetary origin. On average the energy spectra have avefl-ate = 770 eV, a first and a
second slope can be parameterized @ ~ E~1%1 and f(E) ~ E~331, respectively. The ENA
flux integrated over an energy range of 0.2 to 10 keV varies tima scale of months in a
range of 5<10° to 1.5x10° cm2sr's. The lower level of the flux intensity is defined by the
detection threshold.
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Figure 6.24: Typical example of a non-planetary ENA signal, measurednducruise phase. The
top panel shows the original TOF spectrum (averaged overifites of data) and the reconstructed
TOF signal after background removal and noise filtering. rdlarlines at TOF bin 112 and 229 are
spikes introduced by the sensor electronics. They werevedivom the TOF spectrum before further
analysis. The bottom panel shows the energy spectrum esdclifrom the reconstructed TOF signal
above, and a fit to this spectrum (dotted line). Fi@alli et al. (2006b).

Several alternative sources of the observed signal werdemed. Solar wind-induced sig-
nal is ruled out, as the spectra are obtained when the NPD F&3Vaway from the Sun. Also,
similar spectra were observed in the Martian eclipse. Rdaperigin ENAs have a roll-over of
the spectra above 1 keV and fluxes, reaching a few Byc®?sr1s! (see Section 6.3.3) and
are, therefore, disregarded. Neutralized ions of coirgjanteraction regions (CIR) cannot
be taken into account either, as the ion fluxes needed in tRs ©l account for the observed
ENAs fluxes are three orders of magnitude higher than actiaflGxes. Signals related to UV
bright stars cannot be related with these interplanetarfx<£ 8s the background spectra caused
by UV photons are very élierent from the particle signal spectra, and we found no e
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of the ENA signal with nearby UV bright stars coming into th@\Fof the NPD sensor.

The similarity of the energy spectra can be due to smearinbeofemporal variations in
the ENA flux at the location of origin, i.e., the terminationosk, by the time they arrive at
Mars. The traveling time over such distances can be expéateaty from tenths of a year to
several years.

6.3.6 Energetic Neutral Atoms from the Heliosheath

Wurz et al (2006) continues analysis of the interplanetary ENA olmtéwas, reported balli

et al. (2006b), following the idea of heliospheric origin of the ENignal. Figure 6.25 shows
energy spectra obtained by the NPD together with the dasafseh the HENA instrument
on IMAGE (Kallenbach et al.2005) and the High-Energy Suprathermal Time-of-Flight-se
sor (HSTOF) of the Charge Element and Isotope Analysis 8y$@ELIAS) on the SOHO
(Hilchenbach et al.1998). All three data sets showed good agreement in a cisopaof
energy spectra.

The ENA measurements were also compared with the thedreétaspheric modeld\yc-
Comas et al.2004;Fahr and Scherer2004;Chalov et al, 2003), which predict energy spectra
of ENAs produced in the heliospheric interface region amgelling inward to Earth orbit.
Interestingly, all these models predict ENA fluxes which ane — two orders of magnitude
lower than the measured ENA fluxes. So far, none of the cor&idaodels can be chosen to
describe the observed data.
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Figure 6.25: Modeled H-ENA energy spectra together with the measuresnerihe red dashed line
and the dashed-dotted black line are frdfoComas et al(2004) for a strong and a weak termination
shock (TS), respectively; the dotted blue line is data frotwashock model (Zank, private comm.);
the dash-dot-dot-dot green line shows data fieahr and Schere(2004); and the long-dashed orange
curve shows data fror€@halov et al.(2003). Data points are from the NPD sensor of ASPERA-3 on
Mars Express (green triangles), from the HENA instrumentAGE (red dots), and from the HSTOF
sensor of the CELIAS instrument on SOHO (open squares). Mionz et al.(2006).



Chapter 7

Summary and future prospects

The thesis is focused mainly on the development of NPD instntation. In chapter 1 it re-
views the ENA basics including ENA production mechanisn @assification, and the ENA
environments of Mars and Venus. It describeedent ENA sources at Mars, namely neut-
ral solar wind, shocked solar wind, accelerated planetestops, back-scattered ENAs (ENA
albedo), and sputtered atmospheric neutrals. The Venus éNionment resembles that of
Mars, though the dierent masses of the planets result ifietent scale heights. Consequently,
the exospheric density profiles of the planets affedint, making ENA fluxes at Venus gene-
rally lower than at Mars. NPD and NPI are the first instrumeatsonduct investigations of
the ENA environment at Mars and Venus.

Chapter 2 describes the principles of ENA detection alorig ®NA detecting instrumen-
tation. It presents dlierent concepts to measure ENAs ififelient energy ranges. The new
concept developed for NPD utilizes the surface interactemihnique, making it possible to
partially cover MENA and LENA energy ranges. The low energyegtion limit of the sensor
is defined a$100 eV because of the interaction of an incoming ENA with twdaces.

Chapter 3 describes the ASPERA-3 and ASPERA-4 plasma arnithhparticle packages,
comprising the NPD sensors. Each package is a compactyhighbrated instrument inclu-
ding a scanner that allows figient coverage even on a 3-axis stabilized spacecrafophatf
An internal digital processing unit provides data acqigisit preprocessing, compression, and
packaging of telemetry packets.

Chapter 4 presents the NPD development process. Senggnaiia, verification and tes-
ting were performed at IRF, Kiruna, Sweden. The chapter @ésaribes the NPD mechanical
design. It is important to emphasize that the sensor is ofdensity design in comparison
with other sensors with similar characteristics, due to tgnspace in the field-free zone and
especially in the electronics compartment. The latter caruged to accommodate a high
voltage power supply internally, so the sensor can be usea sdiand-alone unit for future
missions. The NPD data is of a new type, requiring developmftedicated software. A quick
look data display 'DVP’ with a graphical user interface mhsa Interactive Data Language
(IDL) was created. It is described in Appendix A.3.

Chapter 5 gives the calibration results for the NPD senshbing. sensors have a compara-
tively large geometrical factor withfigciency reaching 16% for ENAs of an energy of 6 keV.
NPD is capable of distinguishing between low energy oxygehtagh energy hydrogen atoms
by TOF analysis only. The absence of high fluxes of high enés@/keV) O-ENAs at Mars
makes this feature very important. The Start surface ciamiliilg was shown to be not so
critical.
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The sensor possesses an open architecture, hence UV phpmession is based on the
Start surface coating optimization along with the TOF cimlance scheme. Eventually, the
background in TOF spectra induced by UV photons leads toredse in the signal-to-noise ra-
tio. However this feature can be used, and NPD can operat&)¥satector, if it is absolutely
calibrated with an UV source, most promising against hyemogymane. NPD was in-flight
UV calibrated against interstellar sources and well-knayman-« fluxes scattered on inter-
planetary hydrogen. The UV photon rejection factor of thesse was estimated to bel 08,

Chapter 6 shows the first scientific results at Mars. For tisetfine several ENA sources
were diagnosed, i.e., H-ENA jebne, back-scattered ENA (H-ENA albedo), interplanetary H
ENAs. The Martian ENA jgtone dynamics were also investigated and jet oscillatioitis w
two different frequencies were identified. Again, due to single tpoieasurements and the
spacecraft movement, it is not possible to resolve an arnipigdnether the flux has temporal
or spacial variations. To counter this, remote vantagetpaiot dfected by the spacecraft
motion would be the ideal place for planetary ENA imaging wtufe missions. Spectra of the
different ENA populations were obtained in various regions ofdylancluding the subsolar
region, the magnetic pile-up boundary, the magnetosheaith,the eclipse region. Martian
exobase profiling was also performed using NPD as a UV deteCtorrelation of the NPD
measurements with ELS and IMA spectrometers data allowed inwvestigate the dynamics
of the entire Martian plasma environment. We confirmed thatlatter is sensitive to the
upstream solar wind conditions.

Finally, we summarize the main lessons learnt following gD design, development,
operations, and data analysis. The ENA detection conceggidban the surface interaction
processes is well suited for neutral particle detectionnreaergy range partly covering the
LENA and MENA regions, i.e., 100 eV — few keV. There is a verpmising possibility of
distinguishing between hydrogen and oxygen ENAs by meai©éf analysis only (in a cer-
tain energy range), in particular keeping in mind that nceotiechniques (e.g., pulse height
analysis) are required. The UV photon-related count ratelt®in a rise of a background level
in TOF spectra. Direct exposure to the Sun and Venus dayisiteshturates the Start and Stop
counters. Therefore, the Sun and Venus surface avoidacieeigeies must be implemented to
avoid a premature aging of MCPs. The scanner was not opettated) the first several years
of the Mars Express mission due to an unexpectedly cold amvient. The drawback of this
is that NPD — NPI data inter-comparison is somewhfiatilt, as the NPD field-of-view plane
is deflected 150ff the NPI field-of-view plane. In such a configuration both ENhsors only
pointed in the same direction when the spacecraft was chamgiitude. Because offterent
instrument accommodation on Venus Express the ASPERA#hscdad to operate from the
very beginning to avoid exposure to the Sun.

If making priorities for future development of an NPD-basgestrument, we would empha-
size the angular resolution. It can be improved down to0mapping secondary electrons
yielded from the Start surface to a position-sensitive cete



Appendix A

NPD data processing

A.1 Inaddition to the NPD operation modes

The RAW mode. Table A.1 shows a bit allocation in a 32-bit event, generatethe DigTOF
electronics in the RAW mode.

bit position | number of bits| parameter
31:25 7 spare
24 : 22 3 coincidence flag (COIN
21:20 2 direction (DIR)
19:12 8 Pulse Height (PH)
11: 0 12 TOF (0.5 ns resolution)

Table A.1: The RAW mode event bit layout.

Both the DigTOF electronics and the DPU have a 16-bit wide bHach 32-bit event
generated in DIgTOF is stored as two 16-bit values, whichcareposed back to 32-bit value
in the DPU after data are transfered from DigTOF. A disadagmtof having a data size twice
the data bus wide is possible data packet corruption duramgter from DigTOF to DPU. Each
data entry is stored in a data packet sequentially, uppdnitl&wer 16-bit word. Readout of
the RAW data bffer of 512 values is carried out by the DPU through512 read accesses to
the respective 16-bit register of the DigTOF electronicstotal 1024 readouts are performed
to obtain a data packet. There is a small probability for & rgignal to be generated due to
disturbances induced in the data bus, e.g., on a read-lima@dditional fake read access results
in a shift in the sequence of 16-bit words obtained by the DRt#J@nsequently in the wrong
data order, thus making the data packet unusable. DigTOErges a certain hexadecimal
value of '0x5555’ for every read access exceeding 1024. Tépscial attention was paid to
keeping the signal lines between the DPU and DigTOF clean &lectromagnetic noise.

No data reduction is performed in the RAW mode because thidermas intended to be
used for calibration purposes. Telemetry packets can bep@ssed by a lossy-less RICE
algorithm in order to decrease the bit-rate. OptimizatibiRECE conversion during coding
and decoding of telemetry packets is done in the DPU by isigigach 32-bit event into two
16-bit words, extracting certain information from the 32dvent and forming two streams of
data, according to Table A.2.
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stream 1 stream 2
bit position number of bits parametef bit position number of bits parameter
15:14 2 DIR 7:0 8 PH
13:11 3 COIN — — —
10: 0 11 TOF (1 ns) — — —

Table A.2: Structure of data streams in a telemetry packet contain®\y Rata is shown. Data streams
are formed in order to optimize RICE (de-)compression.

The BIN mode. The TOF and pulse height of valid events are stored in corapceform
in the BIN mode. Time-of-flight values are stored in logarithally divided 16 TOF bins.
Figure A.1 shows the size of the TOF bins and their locaticinéenTOF space.

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15  TOFstep

’ 12 | 16 | 20 | 25 | 31 | 40| 5o| 53| 78| 99| 124 1545 19F 2415 3P7 3}36 TOF window size [ns
50 62 78 99 124 156 196 246 309 387 488 610 767 962 1207 1515 190F Insl

Figure A.1: TOF bins definition in the BIN mode

Pulse heights are stored in 16 linearly-divided PH binsyeded from 8-bit values to 4-bit
by a 4 bit shift, i.e., scaled in 16 steps.

The data array consists of ¥86x 3 = 768 16-bit counters addressed by TOF, pulse height,
and direction values, respectively. Each valid event linaecording to its TOF, pulse height
and sector number increases by one a corresponding countee idata array. The 16-bit
counter values can be log-compressed (see Section A.2bitov8lues and RICE compressed
by the DPU.

In order to decrease the bit-rate further, the d6x 16p matrices can be compressed to
XtorX Y py independently for each direction according to Table A.3.

Matrix No. | X | Y | interpretation
0 16 | 16 | no compression of pulse height ddta
1 16 | 2 | on boardH andO discrimination
2 16 | 1 | pulse height information is not used

Table A.3: Reduction matrices in BIN mode

The default matrix is N&s1, corresponding X16, Y=2. In that case discrimination between
H andO ENAs is done on board by the DPU. The reduction of 16 mass $fgps 2 is done
according to the next algorithm.

0 ifTi<7

M = 1 ifTi>10
0 if7<Ti<10,M<P
1 if7<Ti<10,M>P

whereT; is a TOF step numbef\ the threshold, shows the PH channel number defined in
Section 5.2.6. The principle of mass identification is dés®d in Section 5.2.6.

Figure A.2 shows the algorithm graphically. The plot showd x PH matrix obtained
in the BIN mode with 16 TOF steps as columns and 16 PH steps\as ro
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All events outside the TOF interval 7 — 10 are treated acaogrth their TOF values only.
Events with TOF values less than 7 (more energetic) arectietH, events with TOF va-
lues higher than 10 are treated@s To distinguish between species within the TOF window
7 — 10 where bothid andO events may occur, the PH analysis is used (see Section.5Thé)
thresholdN, separating areas where mostlyor O events occur, is commandable and is set
separately for each directioN is defined in on-ground calibrations. The calibrated tho&sh
are shown in Tables 5.19 and 5.36.

TOF
012 3 45 6 7 8 9 1011 12 13 14 15
0
1
2
[H Hi*
5
6
T 7
o g
9 ---N
10
i HrF

=
N

=
w

=
N

=
ol

Figure A.2: PH reduction. TOE PH matrix is shown. The black thick line separates two regjioi
the matrix. Events with TOF values less than 7 are treatéd], @ents with TOF values higher than 10
are treated a®. To distinguish between species within the TOF window 7 —t&éfsthe PH analysis is
used.

A.2 Log-compression algorithm

A 16-bit value can be log-compressed to 8 bits. The compdegseie comprises a 4-bit expo-
nent €) and a 4-bit mantissar{), and can be computed froeandm according to the following
rules:

count=1 ™ if @< 1 (no compression for court32),
| (m+16)- 22, ifex1.
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A.3 NPD data display

| wrote a quick look data displaV P was written by myself in IDL to display the NPD data.
It is object-oriented and has a graphical user interface/ei@éexamples of the data display
window showing the NP ASPERA-4 data obtained infiiérent modes are presented below.
Initially, DV P was used to monitor the NPD status during TVAC tests. Themptbgram was
further developed to display the NPD data obtained duriggtfliDVP can be used to plot not
only housekeeping information (e.g., monitors of the terapge sensors, low voltages, bias
HV, and a number of the NPD status registers) but even scigatze Figure A.3 shows the
TOF spectra and distributions, and linear counter datairwmdaby NPD1 in the TOF mode.
Controlling buttons allow manipulation of the data files.

Figure A.4 shows the TOF and PH spectra as well as non-vatidatent counts (left panel)
obtained by NPD1 in the RAW mode. The right panel shows theesppnding TOF and PH
distributions.

Figure A.5 depicts house-keeping data obtained by NPD2Zdwine of the measurement
sessions. The house-keeping data displayed includesatbies HV monitors, the respective
HV reference settings, and the temperature profile.
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Figure A.3: DVP display. The TOF spectra and distributions obtainedleythree sectors of the NPD1
(from top to bottom) in the TOF mode. The linear counter datshiown in the lower panel.
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Glossary of Acronyms

1D
2D
AV

ADC
ASPERA

AU
BS
CELIAS

CEM
CIR

DAC

DC
DigTOF
DPU
EEPROM

ELS
EMC
ENA
ESA
EUV
FEE
FOV
FPGA
FWHM
HENA
HK
HSTOF

HV
HV PS
IDL
IMA
IMAGE

IMB
IMF
IMI

P
LENA
LOS
MCP
MEMS
MENA
MGS
MHD
MLI

one-dimensional MOS FET
two-dimensional
assembly, integration, and MPB
verification MSO
Analog-to-Digit Converter NPI
Analyzer of Space Plasma NPD

and EneRgetic Atoms NSW
Astronomical Unit OSR

Bow Shock PIPPI

Charge, Element, and Isotope PH

Analysis System SEY
Channel Electron Multiplier SOHO
Co-rotating Interaction Region SRAM
Digit-to-Analog Converter SRIM
Direct current SWAN
Digital Time-of-Flight electronics SZA

Digital Processing Unit TC

Electrically Erasable Program-  TDC
mable Read Only Memory TOF
ELectron Spectrometer TS
Electromagnetic compatibility TVAC
Energetic neutral atom uv
European Space Agency VLENA

Extreme Ultra Violet

Front-end Electronics
Field-of-View

Field Programmable Gate Array
Full Width at Half Maximum
High-energy neutral atoms
Housekeeping

High-Energy Suprathermal
Time-of-Flight

High \Voltage

High Voltage Power Supply
Interactive Data Language
lon Mass Analyzer

Imager for Magnetopause-to-
Aurora Global Exploration
Induced magnetosphere boundary
Interplanetary magnetic field
lon Mass Imager

lonopause

Low-energy neutral atoms
Line-of-Sight

MicroChannel Plate
Micro-Electro-Mechanical System
Medium-energy neutral atoms
Mars Global Surveyor
Magnetohydrodynamics
Multi-layer insulation
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Metal-Oxide-Semiconductor
Field-Effect Transistor

Magnetic Pile-up Boundary
Mars-Sun orbit

Neutral Particle Imager

Neutral Particle Detector

Neutral Solar Wind

Optical secondary reflection
Prelude In Planetary Particle Imaging
Pulse Height

Secondary Electron Yield

Solar and Heliospheric Observatory
Static Random Access memory
Stopping and Range of lons in Matter
Solar Wind Anisotropies

Solar Zenith Angle

Telecommand

Time-to-Digit Converter
Time-of-Flight

Termination Shock

Termo-vacuum

Ultra Violet
Very low-energy neutral atoms
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