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1 INTRODUCTION
The document provides the information on the ASPERA-4 experiment (Analyzer of Space Plasma and
Energetic Atoms) on the ESA Venus Express mission necessary for the data archiving.

2 DOCUMENT STRUCTURE AND REFERENCES

The document consists of the reference part and Appendixes. The appendixes contain the documents referred
in the reference part. The list of provided documents, references to Appendixes, and respective references are
given in Table 1.

Section Appendix No. Reference

ASPERA-4 calibration report VE-ASP-CR-050530, Issue 1.1

Team structure 1 VE-ASP-TN-020312, Issue 1.3
ASPERA-4 instrument description 2 N/A
ASPERA-4 scanner 3 N/A
Main Unit TM / TC description 4 VE-ASP-MA-0005, Issue 1.0
NPD raw data structure 5 NPD descriptionl 0
HK channel conversion factors 6 N/A
ASPERA-4 sensor numbering 7 N/A
8
9

IMA TM / TC description ICA-IMA-VIA TC/TM data
formats and related software aspects

Issue 1.8, 2004-10-28

IMA: conversion to physics units 10 Venus Express ASPERA-4 IMA
(IMA “bible”) BIBLE V.1.0 January 26, 2006
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Venus MHD Fieldlines and Pickup O+, possible VEX orbit Pickup O+-small scale height

x (Rv) x (Rv)
FIG. 4 (a) lllustration of the expected Venus Express orliihvis periapsis at- 65° N latitude, relative to
O™ ion test particle trajectories for a particular interplearg field orientation. The sampling of the pickup
ion population is advantageous for near-planet pickupistudb) The comparable illustration for a PVO

orbit that in contrast sampled the deep ion wake.

images of the Venus-solar wind interaction region. Suchgiesehave been simulated through the
integration of the ENA production along lines of sight to atwal ENA instrument ok et al,
2004;Gunell et al, 2005c¢). Some of the results from these simulation studessviewed here.
Venus Express arrives at Venus during solar minimum cooaiti Due to the scarcity of in situ
measurements the ionopause altitude at Venus is not welvkiior solar minimum conditions
(Luhmann 1992) It is thought to vary with the solar cycle, but sinderakitu measurements were
made during solar maximum conditions this variation id stiiconfirmed.Gunell et al.(2005c)
have investigated the ENA emissions as a function of ionsgdistance by scaling the ionopause
altitude in the plasma model. The ENA flux from the local emmssnaximum near the planet
decreases with increasing ionopause altitude, since wihtiglzer ionopause altitude the protons
pass through a region with lower neutral density. This afeects the ENA production and escape
rates. The ionopause is thought to be close to the lower erntdabfrange at solar minimum
because of the lower ionospheric presslughinann 1992). The ENA images are then generated
by evaluating line of sight integrals in the same way as itgrasiously been done to simulate ENA

images of the Martian environmer®(nell et al, 2005b;Holmstidm et al, 2002). Gunell et al.
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SZA = 100 x 10" SZA = 140 x 10" SZA = 180 x 10°
3

-50 0 50 0 -50 0 50 0 -50 0 50 0
FIG. 5 ENA images of Venus from vantage pointe,3rom Venus (planetocentric distance) and solar
zenith angle® = 100, 140, and 180. The ENA flux is shown in units of sSfm~2s~1, and the axes show

the polar angle in degrees.

(2005c) have used a semi-analytical MHD modBkgnat et al, 1999, 2000, 2001) to describe the
plasma flow around Venus, and a neutral gas density modeistbased on published data from
measurements. The input parameters were the followingr sohd densityng, = 1.5 x 10’'m~3;
solar wind speeds,, = 4.4 x 10°m/s; solar wind temperaturgs, = 2 x 10°K; and solar wind
magnetic fieldBsy = 1.2 x 10-8T. Three ENA images from vantage points in tkeplane at
different solar zenith angles are shown in Fig. 5. The vamtagints are located three Venus
radii from the centre of Venus, and the solar zenith angleslaf, 140", and 180 for the three
images respectively. The ENA flux is shown in units of'sn—?s~1. The centre of each image
corresponds to the direction looking straight toward thetieeof Venus. The white circle shows
the location of Venus’ surface. For all three images the panse altitude is 250 km at the subsolar
point. In the images from solar zenith angles 1@8d 140 the ENA flux has two local maxima:
one on the dayside of Venus and the other in the direction e@fstm. The latter maximum is
produced upstream of the bow shock by charge exchangeion8ibetween the protons in the
unperturbed solar wind and atoms in the exosphere of Venud -A180° the Sun is occulted
by Venus. Fig. 6 shows the ENA production rate per unit volumeylindrical coordinates for
an ionopause altitude of 400 km in units of A&s~1. The total hydrogen ENA production rate
integrated over the whole region shown in Fig. 6 i6 § 10°* s~1. For an ionopause altitude of
250 km the total production rate is18x 1074 s 1.

The ENA production, escape and precipitation rates wemuzted for ionopause altitudes of
250 km and 400 km. These numbers together with the correspgndmbers for Mars are found

in table I. For Mars both the numbers obtainedHigimstiom et al.(2002) using an empirical
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Hydrogen ENA production

FIG. 6 ENA production rate for an ionopause altitude of 40Q Rine cylindrical coordinate =  y2+ 22

is the distance to the Venus-sun line. The production ragbasvn in units of m3s 1,

TABLE | A comparison of some aspects of the results from VeansMars. Values for Venus are given for
ionopause altitudes 250 km and 400 km respectively. Venpigéuatmosphere is approximately the same
independent of the solar cycle. The values for Mars fidotimstiom et al.(2002) are all for solar minimum
conditions. Values from the MHD simulation of Mars were takkeom Gunell et al.(2005b). “Max. flux”
refers to the maximum flux in an ENA image of the interactiogioe downstream of the bow shock. Solar

minimum and maximum conditions are denoted by “min” and “fn@spectively.

Venus Venus Mars Mars

IP 250 kmIP 400 kmHolmstron MHD (Gunell) |unit

2.4-10%°, min
Production rate7.8-10%* | 5.6-10°* | 1.7-10%° st

5.1-10%4, max
Escaperate |5.3-10%*|4.0-10?*| 1.5-10%® st
Precip. rate | 2.2-10°*| 1.2-10%* | 1.4-10?* st

Max. flux 58.1010|3.8-1010| 3.10M1 1.1-10", min |srim2s!

plasma flow model and those obtained®ynell et al.(2005b) using an MHD model are reported.
The precipitation rate at Venus is higher than at Mars. Thisat unexpected because Venus is a
larger planet, and the Venusian ENA production region iafed closer to Venus than the Martian
ENA production region is to Mars, which is seen in Fig. 7. Ta#& panel of Fig. 7 shows an
ENA image of Mars Gunell et al, 2005b), that is based on an MHD model for the plasma flow
(Ma et al, 2002). The right panel of Fig. 7 shows an ENA image of VenusthBmages are

14



1 10
Mars 210 Venus 310

-50 0 30 -50 0 50

FIG. 7 ENA images from Mars (left) and Venus (right) from vage points with solar zenith angles of
120 and planetocentric distance three radii of the respectmegh. The image of the Martian environment

(Gunell et al, 2005b) is based on an MHD model of the plasma flow around Mars.

from vantage points at solar zenith angle 120d a planetocentric distance of three radii of the
respective planet.

The ENA flux and production rates at Venus are lower than asMaen though the solar wind
flux is greater at Venus. The reason for this is that the negaa density at relevant heights is
lower in Venus’ than Mars’ exosphere. The neutral densillg faff more rapidly with altitude at
Venus, because of the larger mass of that planet, which nies greater than the mass of Mars.
The dominant contribution to the neutral density at higitwadies at Mars during solar minimum
conditions is the large hydrogen coro&a@snopolsky and Gladston&996). The hydrogen den-
sity at Mars is greater than that at Venus everywhere ab@vexbbase, and hydrogen is by far the
most important species for ENA production at Mafo(mstiom et al, 2002).

To show the contributions from different regions, and taistrate the differences between
Venus and Mars, we examine the contributions from diffepasitions along a line of sight. Fig.
8 shows, in the three panels on the left side, from top to bottbe total neutral gas density, the
plasma flux, and the rate of ENA production in the directiowaad the vantage point, as func-
tions of distance along the line of sight from the vantagepolhe ENA production rate, when
integrated along the line of sight, gives the differentiblA&flux that is shown in the ENA images.
The right panel shows the lines of sight along for which tHéedent quantities are plotted in the
left panels. The filled red circle represents Mars and thiloyeVenus. The vantage points are at
solar zenith angle 100and a planetocentric distance of three radii of the respegianet. The
direction of the lines of sight corresponds to the direcodthe pixel with the maximum flux of
an ENA image from that vantage point. Because the topologhe@plasma flow is different at
Venus and Mars the directions of the maximum flux is also ckfi¢at the two planets. The higher

exospheric density at Mars is what makes the ENA flux at Maesitgr than at Venus, as is seen

15
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FIG. 8 The three panels on the left side show, from top to botthe total neutral gas density, the plasma
flux, and the rate of ENA production in the direction towar@ tantage point, as functions of distance
along the line of sight from the vantage point. Solid and ddsimes represent values at Mars and Venus
respectively. The right panel shows the lines of sight alfamgvhich the different quantities are plotted in

the left panels. The filled red circle represents Mars and/éiew Venus.

in the top left panel. Although the solar wind density is feglat Venus, the flux in the relevant
region, i.e., close to the planet, is similar to that at Mangddle left panel). The bulk speed of the
plasma is slowed down near the planet, and the line of sigliklds the highest differential flux

is farther away from the planet at Mars than at Venus.

It is interesting to compare the results obtained here viighresults ofok et al.(2004). Al-
though their parameters are not exactly the same as oursitbat least similafok et al.(2004)
took the effect of space craft motion into account. We do 8oice we are considering ENAs with
energies above 50 eV this amounts only to a small correatia@ur case. Both models yield ENA
fluxes of the same order of magnitude, and one can conclutiththtwo models are in reasonable
agreement considering the uncertainties of the models| iReasurements will be required to

determine between them, or indeed to say anything condlysibout the accuracy of the models.
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II. THE INSTRUMENT
A. Overall configuration

The ASPERA-4 instrument is a replica of ASPERA-3 on board sMBxpress mission
(Barabash et al.2004). The experiment is a comprehensive plasma diagnostkage to mea-
sure ENAs, electrons, and ions with a wide angular covenage & three axis stabilised platform.
Mechanically ASPERA-4 consists of two units, the Main UMK) and the lon Mass Analyzer
(IMA) (Fig. 9). The Main Unit comprises three sensors: theutda Particle Imager (NPI), the
Neutral Particle Detector (NPD), the Electron Spectrom@.S), and a digital processing unit
(DPU), which all are located on a turnable platform. The coration of the 360 sensor field
of view (180 for the NPD) and the scans front @ 180 give, ideally, the required ™ maxi-
mum coverage, but part of the field of view is blocked by thecepeaft body. The real coverage
depends on the instrument location on the spacecraft. Atitetal interfaces of the instrument
with the spacecraft are made through the scanner. Eleltyri&8A interfaces only MU. The total
mass of the instrument is 9.00 kg; the main unit flight modessnaithout thermal hardware is
6.63 kg; and the mass of the IMA flight model is 2.37 kg withdwgrtnal hardware. The maximum
power consumption is 18 W. The Main unit envelope is 35063 x 288 mn? and for the IMA
287x 187x 165 mn¥.

The ASPERA-4 two ENA sensors complement each other. The\#&lsigned to provide mea-
surements with relatively high angular resolution but nesand energy discrimination while the
NPD performs mass and energy analysis of the incoming ENAghle angular resolution is crude.
This approach also gives the necessary redundancy as wie# aslependent cross-checking that
IS necessary for such measurements in a new environmentchinged particle sensors not only
provide characterisation of the local plasma environmemiatso support ENA measurements in
terms of charged particles background and inter-calibreti The ELS is a standard top-hat elec-
trostatic analyser in a very compact design and high enagglution. The IMA is an improved
version of the ion mass spectrographs TICS/Freja, IMISAVES, IMI/Planet-B Norberg et al,
1998), and an exact copy of the ICA (lon Composition Analymestrument that is flying on the
Rosetta mission. Since the IMA is not accommodated on thengtaelectrostatic sweeping is
used to achieva-45° elevation coverage.

The instrument design, while based on a moduled structerapdstrates high degree of pack-
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DPU IMA DPU

Scanner

FIG. 9 The ASPERA-4 overall configuration, main unit, and inass analyzer

aging and sharing of internal resources. The instrumenti@3Jonverters are shared between all
5 units including the two identical NPD sensors. The DPU raedal structure also serves as the
carrying support for mounting the NPD sensors and the NPtlim turn is carrying the ELS.
The internal walls that separate the DPU, NPI, and the two N@fsors have been replaced by
conductive kapton foils to minimise mass, while maintagnsuifficient electromagnetic shielding.

Because of the high radiation hardness requirement (30 ksadalum point shielding is used.
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TABLE Il The performance of the NPI, NPD, ELS, and IMA sensors

Parameter NPI NPD ELS IMA
Particles to be measured ENA ENA electrons ions
Energy, keV per charge ~0.1-60 | 0.1-10 0.01-15 0.01-36
Energy resolutionAE /E - 0.8 0.07 0.07
Mass resolution - H, O - m/g=1,2,4,8,16,32;40
Intrinsic field of view 9x 344 |9x 180 10x 360 90 x 360
Angular resolution, FWHM4.6 x 11.5°| 5x 3C° 10x 225° 4.5%x 22.5°
G-factor / pixel, cm sr 27-10°% |6.2-10°3 7-10°° 35.104
Efficiency, % ~1 0.5-15 |incl. in G-factoy  incl. in G-factor
Time resolution (full 3D), 9 32 32 32 196
Mass, kg 0.7 0.65 each 0.3 2.2

The ELS uses an external metallic conic-shape ring to proecsensitive electronics. Table |l

summarises the instrument performance.

B. The Neutral Particle Imager (NPI)

The ASPERA-4 NPI on Venus Express is a spare model of the ASPERPI currently flying
on board the Mars Express spacecraft which in turn is a r@pliche NPI-MCP sensor developed
for the ASPERA-C experiment on the Mars-96 mission and ssfadly flown on the Swedish
microsatellite Astrid launched in 199B#&rabash 1995).

In the NPI the charged particles, electrons and ions, arevethby the electrostatic deflection
system, which consists of two disks separated by a 3 mm gap {8). The 5 kV potential
between the grounded and biased disks results in a stroogielgeld, which sweeps away all
charged particles with energies up to 60 keV. Since the ratdgNA flux substantially exceeds
the charged particle flux for energies greater than 60 ke¥, réjection energy is sufficient for
satisfactory performance. The disks also collimate thenmag beam over the azimuth angle.
Apart from being ON or OFF, the deflection system can be opdrattwo other modes, alternative
mode and sweeping mode. In the alternative mode, the deftestistem is turned on and off

for one sampling time. This mode is used for more accurataraéipn between charged and
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FIG. 10 Photograph and cut-away view of the NPI sensor.

neutral particles entering the system. The deflection sysg&onnected to the high voltage supply
via an optocoupler. Regulating the optocoupler refereraiage one can change the deflection
voltage performing the sweeping and alternating. In ordeetuce the time for discharging of
the deflection system disks down to 1 ms, a second paralletoppler is used.

The space between the deflection system disks is divided3@teectors by plastic (PEEK)
spokes forming 32 azimuthal collimators with a field of vieid8 x 18> each. Neutrals passing
through the deflection system hit a 32-sided cone target aaarg angle of incidence of 20
On impact with the target block the incident neutral canegithe reflected, produce secondary
particles, or both. The secondaries can be both ions antt@isc A 56 mm diameter PHOTONIS
MCP stack in chevron configuration followed by a 32 sectordendetects the particles leaving
the target. The signal from the MCP gives the direction of ghenary incoming neutral. The
MCP operates in ion mode with a negative bias of slightly ntbas -2.2 kV applied to the front
side and thus detects (a) sputtered positive ions of thettangterial, (b) positive ions resulting
from ionising of the primary neutrals, and (c) neutrals retibel from the target surface. In order
to improve the angular resolution and collimate the paetideaving the interaction surface, 32
separating walls are attached to the target forming a #ustructure. This configuration allows
the entering particles to experience multiple reflectioms$ each the MCP. NPI coverstn one
scanner scan (except a fraction blocked by the spacecrdy bod produces an image of the ENA
flux distribution in the form of an azimutk elevation matrix. The direction vector of 32 elements
is read out once every 62.5 ms. Two sectors centred aroungptheaxis and looking toward the
spacecraft body are blocked intentionally to provide nmammiig of the MCP assembly dark counts.

This space is also used for the ELS sensor harness. Theahteews of the NPI sensor is given

20



FIG. 11 NPIintegration:
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FIG. 12 The efficiency of sector 4 with neighbouring sectoechanically blocked.

in Fig. 11

A calibration of the NPI sensor was preformed to charaatetie sensor response. MCP-
saturation bias, dark count level, angular response iragtavand azimuth, and efficiency. One
sector (number 4) was thoroughly investigated, and a scémtie calibration beam in the central
plane of all sectors was used to find the relative respondacodther 31 sectors. The calibration
was performed using an ion beam as a particle source. Thguisadent to using an ENA beam,
since particles “forget” their initial charge state whereiracting with the surface of the target
block.

Fig. 12 is the efficiency of the NPl measured witp®t ions and protons in the beam for differ-
ent MCP bias and energies. The efficiency was measured iorgegith the neighbouring sectors
mechanically blocked. For the MCP operating bias 2.2 kV fffieiency for solar wind energies
(~ 1 kV) is around 5< 10~4. Fig. 13 is showing a scan in the central plane of all sectoes a

wide parallel beam of 5 keV protons. This measurement waemeed to calibrate out the rela-
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FIG. 13 Scan through the central plane of the sectors.
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FIG. 14 a) Full angular scan with sector 4 in the particle bépratons). The lower panels show a poly-
nomial fit. (b) Full angular scan with sector 4 in a UV photorafye(Lymane). The lower panels show a

polynomial fit.

tive sensitivity of the sectors, which varies significan®nce the sector angular (polar—azimuth)

response function should be included in the ENA image ingemniodels it was measured and an-

alytical fits were produced. The upper panels of Fig. 14(apnsthe measured data and response
function and the lower panels show a polynomial fit to the oese.

An important issue in the NPI design is the coating of thedaflgock for suppressing UV
photon fluxes, which enter the instrument and produce the Bdk¢pround in the measurements.
NPI uses the same coating as in the experiments PIPPI (Rreiudlanetary Particle Imaging)
on board Astrid-1 and ASPERA-C on board MARS-96, namely, DA, a resin-based graphite
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FIG. 15 (a) NPI sensitivity to UV intensity. (b) Total countirihg angular scan of sector 4 with UV beam.

(c) Translation measurement set up. (d) Translation measemt results.

dispersion. This is similar to Aquadag, which is a graphitgpdrsion in water. The coating
demonstrated satisfactory performance in the PIPPI exysri flown in the Earth’'s magneto-
sphere C:son Brandt et al.2000). To determine the target block UV separation the N& w
calibrated against hydrogen Lymanphotons A = 1216 nm). The calibration philosophy was
similar as that of the particle calibration in that the resg® of one sector (humber 4) was fully
characterised then a relative measurement was made fotitbesectors.

During calibrations conducted at the University of Arizaih@ UV-intensity in the beam was
continuously monitored by an absolutely calibrated chérore The maximum intensity mea-
sured was 10photons per second into the aperture of the NPI. The measoret rate was- 30
counts per second, which corresponds to a UV suppressiaieeffy of 13/30~ 3 x 107>, This
is somewhat higher than what was previously reporte@éabash(1995).

The intensity measurement is important to understand tHed .NPresponse. If we know that
the response is more or less linear within certain intessitre can scale the response against what
is present in space to determine the photon related backdroDue to an unstable beam only
three points on this curve were obtained. The NPI count fatethe respective beam intensities
are plotted in Fig. 15.

It is important to know what the UV-response is at differendident angles to an NP1 aperture.

An angular scan could reveal if there are any reflectionsfdfi®@deflection plates or the spokes in
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FIG. 16 The relative response of all sectors to the UV phofagman-a). The measurements are taken

with the UV beam centred on the aperture of each sector.

the electrostatic deflection system. The angular scan wade mvdh respect to the aperture plane
of the NPI (sector 4). We should thus expect not to see anytsauany other sector than number
4. If we do this must be a result of internal reflections sintplaotons from the beam are directed
into the centre of sector 4 for all angles. The result of thguder scan is in Fig. 14(b) and Fig.
15(b) shows the sum of all counts during the angular scan seators. There are visible counts
in sectors 3, 4 and 5 at around 10% of that in sector 4. To enBat¢here are no reflections from
the spokes of sectors other than the centre a translatiosurezaent was made. Sector aperture
number 4 was centred in the UV beam direction and the NPI wazdrdally translated according
to figure Fig. 15(c). The space in the tank limited the trainsteto less than the full diameter of the
NPI. However, reflections from aperture spokes further athay the translation range is highly
unlikely as it would require a multitude of reflections to chahe target block. The resulting
counts are in Fig. 15(d). It shows that there are not sigmficaunts in any sector other than 4.

The relative response of other sectors was measured withetlma centred in the centre of each
sector aperture. The beam intensity-compensated resalFig. 16.

Fig. 17 shows an example of NPI data from ASPERA-3 on Mars &sgrSimulations of the
ENA emissions from the corresponding directions (sectars)also included. The increase in the
count at around 20:10-20:20 UT results from ENA fluxes geedran the Martian magnetosheath
when the shocked solar wind protons charge exchange on tiepleere and move further as
hydrogen atoms along lines tangential to the solar winchstritnes. From data such as these one
can find important parameters. For example, the positiohefriduced Magnetosphere Boundary

near Mars can be foun@nell et al, 2005a).
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NPI Count rates for Mars Express orbit 363
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FIG. 17 Simulations (red curves) and filtered data (blackres)y from Mars Express orbit 363 and the

ASPERA-3 NPI sensor. The highest count rates in sector 28spond to a flux of Bx 10Mm2sr1s1,

STOP surface

Collecting grids

START MGP ‘ /’ LA

Deflector

START surface

FIG. 18 Three-dimensional view of the NPD principal compuse
C. The Neutral Particle Detector (NPD)

The NPD sensor consists of two identical detectors, eachhaghwis a pinhole camera. Fig.
18. provides a conceptual view of one detector.

In each detector the charged patrticles, electrons and @amesemoved by a deflection system,
which consists of two 90sectors separated by a 4.5 mm gap. In the normal operatiarde the
10 kV potential &5 kV) applied to the disks and the resulting strong electeldfsweeps away all
charged particles with energies up to 70 keV. The deflecsw ebllimates the incoming beam in
the elevation angle. The collimated ENA beam emerging frioen35 x 4.5 mm pin-hole hits the

START surface under a *9Hrazing angle causing secondary electron emission. Bytarsysf
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FIG. 19 Ray-tracing of electron (a) and 80 eV ion traject®(ie) in the START assembly optics.

collecting grids, the secondary electrons are transpadeshe of two MCP assemblies that give
the START signal for TOF electronics.

Depending on the azimuth angle, the collection efficienayegarom 80% to 95%. The inci-
dent ENAs are reflected from the START surface near-spdgul@ince the charge state equilib-
rium is established during the interaction with the surfabe emerging beam contains both the
neutral and ionised (positive and negative) componentfcrease the total efficiency, no further
separation by the charge is made.

As proven by the ion tracing, there is very little disturbamo the reflected atomic ions leaving
the START surface with an energy above 80 eV, introduced 8YSIFART electron optics. Fig. 19
shows the results of electron and ion ray-tracing in the STABsembly electron optics.

Therefore particles of all charge states, i.e., negatiesitral, and positive, will impact the
second surface, the STOP surface, and again produce seg@hel@rons, which are detected by
one of the three MCP assembilies giving the STOP signal. Tine ¢if flight over a fixed distance
of 8 cm defines the particle velocity. Three STOP MCPs alse giude resolution over azimuth
within 90° acceptance angle. Since the secondary electron yield deenmass for the same
velocity, the pulse height distribution analysis of the $T6ignals provides the estimation of
ENA mass. Each event is stored in the array STOP MCP chaifjme-of-flight x direction. The
array is accumulated over the sampling time5gas.

Fig. 20 shows a cross-section of the NPD sensor and its menegits with an ENA trajectory
shown in blue. Fig. 21 shows the views of the flight model of\iD sensor. Each sensor has 90
acceptance angel. Two identical sensors are built in a gecketalled on the scanning platform
proving 180 scan and thus organisingtZzoverage. Fig. 22 shows the two flight NPD sensors

during installation into the ASPERA-4 instrument with ajpees covered by red-tagged covers

26



Rotation axis StopMCP (dirl)

ENAs

Deflector electrodes Pinhole
+/-5kV

/ ’, StopSurface
|

StartSurface ENA trajectory

FIG. 20 Cross-view of the NPD sensor.
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FIG. 22 The flight model of the NPD sensor during installation
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with nitrogen purging tubes connected.

The selection of the START and STOP surfaces was the mosengalg part of the NPD de-
velopment. Extensive studies have been performed at Ustiyerf Bern Jans 2000) and Brigham
Young University (USA) to optimise the performance of thefaces which must satisfy a num-
ber of requirements, namely, high secondary electron yhalgh UV absorption even at grazing
angles, high particle reflection coefficient (START surfadéew angular scattering, and low pho-
toelectron yield. For the START surface we chose a multetagpating composed of a thin layer
of Cr,O3, covered by a thicker layer of MgF, and topped with a thin tayfeNVO,. The coating is
optimised for the absorption of the 121.4 nm line at the ibgident angle. The reflection coeffi-
cient reached was about 30%, a factor of 2 lower than the uedcairface. The coating is applied
on a titanium substrate polished down to JZbeughness.

The STOP surface is graphite (roughness around 100 nm)ex\msr a MgO layer of about
500 nm. This combination has a very high secondary electield low photoelectron yield, and
high UV absorption. A lot of efforts have been made to incecidi® stability of the MgO coating
against moisture. It was established that polishing thptgta substantially improves the stability
and possible increases in air humidity during storage aedgunch operations does not present
any problems for the surface performance. Therefore, batlases are stable and do not require
special maintenance.

The NPD calibrations included determining the efficien@gmetrical factor, angular response
and energy resolution. The calibration results fully cep@end to the specified performance. Since
charge-equilibrium establishes over just a thwt the particle-surface interaction, ion beams can
be used for calibrations of ENA sensors. Fig. 23 shows the @Sfibutions for a proton beam
at different energies (colour coded) in the energy rangae®3.0 keV. The displacement of the
peaks from the exact energy of the incident particles refléwe energy loss of 33%, which is
independent on energy. The full width at half maximum (FWHM#about 80%. Fig. 24 shows
the TOF distributions for HO™ ion beams of different energies covering the energy rangm fr
0.3 keV to 10.0 keV. The energy losses are the same as for thepoeams.

Fig. 25 shows calibrated dependence of the measured TOFeondbming particle energy for
protons and KHO™ ions. The dashed lines show the theoretical dependencespamding to the
33% energy loss in the START surface. The water moleculedymed in the ion source break
up during the impact, but the residual components carry dhgesinitial velocity corrected for the

energy loss in the target. Therefore, water can be used itoratd the response of the instrument
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FIG. 24 NPD TOF spectra of #D beams at different energies.

to oxygen beams. Since the TOF for oxygen with an energy b@deV is longer than the

TOF corresponding to slowest protons at around 100 eV TOFSmements alone can be used to

identify the particle mass at least in the low energy range.

Fig. 26 shows the NPD angular response over azimuth for a 3pgkeion beam for the three
STOP sectors. The red line shows the response of the ceattalrsand the green and the black
lines show the side sectors. Fig. 27 shows the sensor amgslaonse over the polar angle. The

FWHM over azimuth varies from 5Zor the central sector to 35and 37 for the two side sectors

respectively. Over polar angle the FWHM iH4 for all directions.

Fig. 28 shows the absolute efficiency of the NPD sensor asaifumof energy. The blue line

corresponds to the incident proton beam and the red linesponds to the 0™ beam.
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FIG. 26 The angular response of the NPD sensor in the azimaiteation.

Asis seenin Fig. 28 the efficiency is more than 11% feOHENAS at 6 keV. For the H ENA the
efficiency reaches 6.5%. Up to a certain energy the efficiamxgases with energy, corresponding
to an increase of the secondary electron yield. At the enesiggre the yield reaches unity the
efficiency levels out (approximately 3 keV for protons ande&/Kor oxygen). At energies below

1 keV, the efficiency is around few percent.
Fig. 29 shows an example of NPD data from NPD on ASPERA-3 orsNExpress. The six
panels correspond to the six directions from the two NPD @ensFor each panel the recorded
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FIG. 28 NPD sensor absolute efficiency

TOF spectrum is shown. NPD1 was looking at the subsolar negidMars while NPD2 looked
at the Martian upper atmosphere. The peaks in panels 1-8spand to an intense flux of ENAs
emerging from the sub-solar regioRytaana et al. 2005). The origin of this flux is not yet
known. It is perhaps similar to ENAs recorded by the NPI (sige E7). The lower peaks visible
on panels 4-6 are from ENAs originated from the Martian ugperosphere. They are the result of
backscattering of the solar wind protons precipitatingoahe upper atmosphergtaana et al,

2005) as predicted bigallio and Barabash{2001). A somewhat similar picture is expected from
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FIG. 29 NPD TOF spectra from Mars Express ASPERA-3 NPD. TRepahnels correspond to the six

viewing directions from the two NPD sensors.

FIG. 30 Cut-away view of the ELS sensor

the NPD on Venus Express ASPERA-4.

D. The Electron Spectrometer (ELS)

The Electron Spectrometer (ELS) sensor represents a nesvagem of ultra-light, low-power,
electron sensor (Fig. 30). It is formed by a°l13pherical top-hat electrostatic analyser and a
collimator system with the radii of the inner and outer hgshisres equal to 14.9 mm and 15.9
mm respectively. Particles can enter the aperture at ang amghe plane of incidence. Electrons

are then deflected into the spectrometer by applying a pesibltage to the inner hemisphere.
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The electrons hit a micro channel plate (MCP) after beingritl in energy by the analyser plates.
A spectral measurement is achieved by stepping the platagenl

Electrons with energies up to 20 keY are measured, with a maximum time resolution of
one energy sweep (consisting of 128 steps) per four secofklsre are 16 anodes behind the
MCP, each anode defining a.82 sector and each connected to a preamplifier. The ELS sensor
is mounted on the ASPERA-4 scanner platform, on top of the$¢Rkor, in such a way that the
full 4rtangular distribution of electrons will be measured duriagle platform scan. Depending
on the mode of operation a sample rotation scan takes 32y @280seconds.

The ELS was designed to be solar blind so that it may operaggposure to direct sunlight.
This has been achieved using two UV reducing mechanismsm@aderondary electron suppres-
sion technique. UV is minimised through the use of a seridigbf baffles in the ELS collimator
and a series of UV light traps at the entrance to the spheatefdction plates. Secondary electrons
are reduced by the addition of a special coating, based ondi#istEbanol-C process, which is
included through out the deflection surface, light trap, aallimator system Johnstone et al.
1997).

There are two small differences between the ASPERA-3 (orrdbddars Express) and
ASPERA-4 ELS units. One is the inclusion of an outer cylindl2 mm thick Aluminium shield,
which was added to prolong ASPERA-4 ELS operation in theh@arsadiation environment of
Venus. The other is an offset of the symmetry axes of the ASREELS deflection plates out-
side the 1% design specification. This happened becauseSRERA-4 ELS, as the refurbished
Mars Express flight spare, was actually built earlier than ASPERA-3 ELS, and therefore did
not have the advantage of a critical improvement in the &aion process that ensured that the
stringent 1% requirement was achieved. The misalignmesattein differences in instrumental
properties as a function of the anode sector position, whithbe illustrated in the calibration
results discussed below.

The ASPERA-4 Electron Spectrometer (ELS) was calibratedatard Space Science Lab-
oratory, University College, London. The calibration fégi (Johnstone et al.1997), which is
based on the technique describedMgrshall et al.(1986), provides a wide area photoelectron
beam at energies ranging from a few eV to 15 keV with varialglanb intensities from a few Hz
to several MHz. The system is fully automated facilitatirgdilaration scans over the complete
range of polar and azimuth angles at several instrumenagelsettings both for the analyser as

well as the MCP. A flexible data acquisition system was irdgtgt into the automation to provide
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FIG. 31 Profile of 10eV electron beam prior to ELS calibration

simultaneous measurements from the 16 preamplifier chgnoebrdinated with the instrument
position and voltage settings. Before performing the unsint calibration, a profile of the beam
output is recorded at each of the calibration energies bynsieéda channeltron mounted on an
X-Y-table. A typical profile at 10 eV is shown in Fig. 31. Dugrrtalibrations, the channeltron is
mounted as close as possible to the instrument aperturelén tw provide a constant reference to
the beam intensity. Due the the mechanical imperfectiotseistrument mentioned above, the
laboratory calibrations were critical for defining the inshent response.

The instrument has two operational voltage ranges for tkeggrsweeps as described later and
hence, tests were carried out at several energies in bogesan cover-180 in polar andt3° in
elevation. Fig. 32 is a typical plot of the voltage-anglerscearried out over the 16 anodes at 30
eV inthe lower range. Fig. 33 is a plot of the k-factor acrdes16 anodes giving an average value
of 11.33. Although this is higher than the design value ofdu& to the mechanical imperfections,
the variation across the anodes is less than 5%, allowingnteument response to be made
good with the calibrations with small errors. The imperfecs result in a lower geometric factor
but have the advantage of increasing the maximum energypteuee of the instrument. The
calibrations also establish the MCP operational leveldligiht and are found to be 150 V higher
for the ASPERA-4 compared to the ASPERA-3 unit. This is pgagsiue to an MCP with a lower
intrinsic gain and/or due to a higher electronics thresfiotdhe readout electronics. Finally, the
UV rejection ratio of the analyser was also tested using adrymUYV source Alsop et al, 1996).

The ELS unit has a self contained, dual range, linear higkagel power supply. The first
power supply range is from O to about 20 volts (about 150 e\d) lass 4096 possible settings.
The second power supply range is from 0 to 2800 volts (abokeX0) and also has 4096 possible
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FIG. 33 Plot of the k-factor across the 16 anodes.

settings. The ELS sweep is fully programmable within thest@int of the maximum decay rate
of 32 steps/s. On any given step, the deflection plate voltageld constant during a minimum of
28.125 ms used to accumulate electrons. There is a minim@125 ms of data latency between
energy steps for transition.

In order to obtain high resolution measurements of the gnspgctrum, the power supply
may be operated in an oversampling mode, which, when cordbanth the knowledge of the
instrumental response function, increases the number eburement points per energy interval
over a reduced energy range. Measurements in this mode awensh Fig. 34, which shows a

clear resolution of the C&photoelectron peaks, characteristic of the Martian atresn

E. The lon Mass Analyzer (IMA)

The lon Mass Analyzer (Fig. 35), is an improved version ofitremass spectrographs TICS
(Freja, 1992), IMIS (part of ASPERA-C, Mars-96, 1996), antl (Planet-B, 1998) lorberg
etal, 1998). Itis an exact copy of the ICA instrument that is omiéy to comet 67P/Churyumov-
Gerasimenko on board the Rosetta spacecratft.

The principal diagram of the instrument is shown in Fig. 36nd enter the analyser through
the external grounded grid. Behind the grid there is a deflectystem whose purpose is to vary
the incident polar angle of particles (shown in Fig. 36 agttaries 1, 2, and 3). The deflection
angle depends on the voltage applied to the deflector etbetrand lies within the-45° from the
equatorial plane of the instrument. Fig. 37 shows the ims¢nt polar angle response as a function

of the deflector voltage. Then ions pass through the top batrekstatic analyser which select only
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FIG. 34 Photoelectron spectrum from the Mars ionosphere.

the given particle energy according to the interplate \g#taSince the top hat analyser has a full
360 cylindrical symmetry, the azimuthal range (in the planepeadicular to the symmetry axis)
of the instrument is 360 The parallel incident ion beam is focusing in the vicinitytloe exit

of the top hat analyser. Thus the particle position at thehtpanalyser exit codes its azimuthal
angle. Then the ions pass through the magnetic separattinrseThe cut of this section in the
azimuthal plane is shown in the right panel of Fig. 36. The nedg are shown as blue sectors.
Sixteen gaps between the magnets correspond to 16 azinsetttals of the instrument of 22
each. The radial deviation of the ion trajectories at the@xhe magnetic field region corresponds
to particle velocity per charge. Since behind electrostatialyser all particles have the same
energy per charge value, ion position codes their massespatticles are registered by an MCP
with a position sensitive anode. The anode resolves 32 bitneiradial position and 16 azimuthal

sectors. An example of detector response is shown in Fig. 38.
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FIG. 35 The IMA sensor in the vacuum chamber.
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FIG. 36 Cut of the analyser (left) with examples of the ionectories, and a cross section of the magnet
separator (right).
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To provide the possibility to measure light ions at low emesgions, such as Hwhich have
too small gyro-radius to reach the MCP, can be acceleratdelea the top hat analyser exit and
the magnetic section entrance. Fig. 38 shows the 1 keV pesgtdistribution over the detector
surface when the acceleration level is -2150 V. Protons patyially reach the MCP for this post
acceleration level. With an acceleration of 3615 V protorighe detector at least down to an
energy of 300 eV. From Fig. 37 one can see that polar anglduteso for constant deflector

voltage is about @ Fig. 39. shows the azimuthal response of the instrument.
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Logically the IMA instrument consists of the ion optics psinbwn in Fig. 36, a position sensi-
tive detector,

Besides the ion analyser and position sensitive deteatdiMiA sensor includes a high voltage
unit that provides the sweep voltage for all electrodes a@PNbias, and an IMA DPU. The IMA
DPU, which is built around the 16-bit MA31750 processor fldbgnex, controls analyser voltages,
reads out and accumulates the position information for e@téctor event, and forms telemetry
packets. The hardware operation mode is fixed. The fastesigong parameter is the particle
energy. It sweeps from 30 keV down to 10 eV over 96 logarittaiycequidistant steps. The
exposure time on each energy step is 125 ms. During this tieevial 16 radial position spectra
(32 points) corresponding to 16 azimuthal sectors are aatated. After each complete energy
sweep the instrument changes the polar angle of the fielceof vihe polar angle is scanned from
—45° up to +45° over 16 steps. The total time to complete a full 3D spectruh9i s. This
spectrum consists of 32 radial (mass) poirnt&6 azimuthal sectorg 96 energy steps 16 polar
angles. The data processing includes 3 stages: 1) logacitompression of the count values; 2)
integration (if necessary) over polar angles, and/or attiangles; and 3) RICE compression of
the final spectrum. The processing mode is set by TC or chastamatically according to the
TM rate limitations. The acceleration level is also commarid. Only 3 values of acceleration
are available: 0V, -2150 V, and -3650 V.

Fig. 40. shows an example of a energy-mass matrix of an iamlevent, and was obtained by
the ASPERA-3 IMA on Mars Express. The vertical axis représéme energy per charge in eV
and the horizontal axis represents the IMA sensor's magsmumber. The red and blue lines in
the figure indicate the calibrated mass band ranges for tfexeht ion species: p Ot: He?t;

and H". Measurements such as these are used to study the ion coimpadithe plasma that
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escapes from Margarlsson et al.2005).

F. The Digital Processing Unit (DPU)

The ASPERA-4 DPU mechanically includes two boards: the DB&fditself, which is shown
in Fig. 41, and a Housekeeping (HK) board, which is shown on BR. These are connected
together with the sensor control electronics and the poweply via a common bus system with
8 address and 16 data lines besides control, analog and gapely lines.

The DPU is built around the 16-bit processor MA31750 from Bymwvith 12 MHz system
clock frequency and an Actel Field Programmable Gate ArElBGA) RT54SX32S, which im-
plements memory management, watchdog functions and tre spacecraft interface protocol.
The software runs inside a 128 kByte RAM, organised in 2 barfike/o 32kByte static memory
chips each. On power-up, a two times 16 kByte bipolar PROMRIRAS) is activated with a boot
loader, which transfers the complete PROM contents intdRA#&I, changes then the program
control to the RAM area and switches the power to the PROMsiaffransistor switches to con-
serve power. It then starts monitoring the telecommandfexte for possible boot instructions.

This allows the configuration of the instrument in a flexilldat safe manner: If a start configura-
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FIG. 41 Main DPU circuit board.

tion is defined via telecommand, the software continuesrdauogly. Otherwise the default start
configuration inside the EEPROM is used. If this is corruptée original default configuration
from PROM will be used.

A 512 kByte radiation hardened EEPROM (Maxwell) containditinal program code and
configuration information, which can be modified from grou2dVByte mass memory RAM is
used to store measurement data and buffer telemetry packets

An Actel FPGA RT1280 implements the serial data transfetqual to the IMA detector with
an interface identical to the corresponding hardware usethe Rosetta mission. All interface
lines are buffered via special circuits to protect the ustent from external noise effects.

The DPU board is controlled by a 24 MHz crystal which is didd#own to 12 MHz and
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buffered inside an FPGA before it is used for FPGA and pramegserations and also on the HK

board. As the main FPGA needs 2.5V operations voltage slgsnerated by dedicated regulators
directly on the DPU and on the HK board. The watchdog cirawside the FPGA can be enabled
by software. Then it has to be reset regularly by softwaresscOtherwise it issues a hardware
reset to the whole DPU board after 16 seconds. Except for@ameror message, the behaviour
is identical to a boot sequence after power-up. The DPU boantrols most detector voltages

with direct access to the power supply board.

The HK board is controlled by a separate RT54SX32S FPGA, wimaps all input and output
functions into standard bus address space. It also implesntiea needed counters for detector
pulses from the NPI and ELS.

Four eight-channel analog multiplexers select one out cdrglog voltages to be monitored.
They are digitalised by one 14-bit Analog-to-Digital-Center (ADC, LTC1419). Another 14-bit
ADC monitors the ELS deflection voltage. Two 8-bit DigitakAnalog-Converters generate via
8 latching buffers the control voltages for NPD, NPI, ELS dhed scanner. Also the sun-sensor
electronics is implemented on the HK board

The software is built around a real-time system with schexdaihd interrupt handler. All exe-
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cutable routines are defined inside a routing table, whislles in EEPROM and can be modified
during flight. In this way new or modified software routinesdze stored inside a free area of the
EEPROM, verified and added to the operating software by dictutheir start address into this

routing table. A macro feature of the telecommand handli@rethe possibility to generate se-
guences of standard telecommands automatically accotegre-defined list, reducing the need
for complex telecommand groups to be up-linked over and agam. Besides detector activation
and parameter control, compression and averaging of memsunt data allow the reduction of the

amount of telemetry generated.

G. The Scanner

The scanning platform was originally developed for the ARREC experiment for the Russian
Mars-96 project. The modifications that were made for thesMatpress and the Venus Express
missions mostly concerned optimisation of the performashagéng longterm operations and re-
ducing it mass. The ASPERA-4 scanner serves also as a beamature for the ELS, NPI, NPD
sensors, and the DPU, as well as all electrical interfacdstive spacecraft. The technical data of
the scanner system are summarised in table IlI.

Fig. 43. shows an internal view of the scanner. The large dianworm wheel (1) to which
the sensor assembly is fixed is rotated by a stepper motorig2y ¢o-axial worm screw (not
visible below the flat cable). The worm wheel is fixed to theusture with a large diameter
angular contact ball bearing. During the scanner life tiesd, several types of balls, including
the ordinary already mounted in the original bearings, wested. The balls finally used are of
ceramic type (SiN4), which was found to be the most suitable. The housing aruaileir sensor
platform are manufactured in a high-strength aluminiunoyall The motor driving electronics
(not shown), also located in the scanner, provides the neantrol and driving. The position
of the movable parts relative the scanner is given by thregnetéc sensors, two end-sensors at
0° and 180 (3), and one step counter. Because of the requirements gatéom operations no
mechanical contact exist in the sensors. The feed-throagledoop (4) with six cables and 6
connectors, each cable with 26 conductors (a maximum of dB6ections possible) interfacing
through D-SUB connectors, provides electrical interfatc#he whole instrument with the satellite
electrical systems.

A worm gear type of mechanism was selected in order to prasatfeocking without electrical
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TABLE Ill Mechanical scanner platform technical data.

Technical data Value Unit
Maximum angle of rotation +100 deg.
Angular movement per step, fs. Mod&0190 deg.
Angular movement per step, hs. Mg8eD095 deg.
Angular position feedback resolutior0.05 deg.
Angular positioning accuracy 0.2 deg.
Operational rotation rate 1.5/3.0/6.0 |deg./s
Maximum rotation rate ~25.0 deg./s
Power dissipation 0.5-2.0 W
Platform load 3.7 kg
Maximum platform load ~ 12 kg
Dimensions 60x 254x 232mm
Mass 1.42 kg
Operational lifetime in vacuum ~3 years

power, to minimise friction, and to obtain a high gear ratithe platform is made as a plug-in
unit towards the sensor assembly. Great efforts have besnt spreduce mass, volume, power
consumption and out-gassing in vacuum as well as to achigberéliability. On command the
platform can be turned to an arbitrary position or perfornmtgauous scanning at any rate of
rotation up to the maximum.

The scanner also contains a locking mechanism to avoid ldessiovements of the platform
during vibration. The mechanism contains a wire which ties small levers locking the worm
screw axis. Applying by command a voltage to the wire buresiitand the levers are forced apart
by a spring unlocking the axis.

. THE TEAM

The ASPERA-4 experiment is a large consortium including ddigs from 11 countries over
the entire Europe, USA, and Japan. Table IV shows the pritnargware responsibilities for the

different groups.
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TABLE IV ASPERA-4 groups and primary hardware respondiieii.

Organisation

Primary hardware contribution

Swedish Institute of Space Physics, Kiruna, Sweden

Pl-institute, Instrument provider

NPI, NPD, IMA, scanner

Centre d’Etude Spatiale des Rayonnements,

Toulouse, France

Co-Pl institute, NPl MCPs, IMA anod
system, IMA calibrations, IMA
development, DC/DC board, scanner

driver board, hardware support

D

Institute of Space and Astronautical Science,

Sagamichara, Japan

NPI calibrations and development

University of Bern, Physikalisches Institut, Switzerlang

INPD surfaces, NPD mechanics

Instituto di Fisica dello Spazio Interplanetari, Romelyt

& GSE, NPl mechanics, NPD electronj

ICS

Mullard Space Science Laboratory, UK

ELS calibrations

University of Arizona, Tucson, USA

START surface, NPD UV calibrations

Southwest Research Institute, San Antonio, USA

ELS (MEX spare), data analysis

Rutherford Appleton Laboratory , Oxfordshire, UK

NPD MCPs

Finnish Meteorological Institute, Helsinki, Finland

MU and IMA DPUs, theory

Space Physics Research Laboratory, University, Theory

of Michigan, Ann Arbor, Michigan, USA

Max Planck Institute for Solar System Research, NPD TOF electronics
Katlenburg-Lindau, Germany

Space Science Laboratory, University of California | Theory

at Berkeley, Berkeley, California, USA

Space Research Institute, Graz, Austria

Magnetometer team

Space Technology Ireland, National University of Irelg

Maynooth, Co. Kildare, Ireland

Rtrdware support

Applied Physics Laboratory/John Hopkins University,

Theory

Laurel, Maryland, USA
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FIG. 43 Internal view of the ASPERA-4 scanner. The numbeiets indicate 1) the large diameter worm

wheel; 2) a stepper motor; 3) the two end-sensors at scamsérgn 0 and 180 respectively; and 4) the

feed-through cable loop.
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