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Abstract We present the first electron and ion moment maps (densitgityeand temper-
ature) of the martian plasma environment, using data fraEihS and IMA sensors of the
ASPERA-3 experiment onboard Mars Express. Moments araleadd by integration and by
Gaussian fits to the phase space distribution. The methat@flation and the calibration
parameters relevant for the calculation are describedtaildethe first part of the paper. The
estimation of ionospheric electron densities assumegtibahermal electron temperature
can be determined by the instrument - despite a cut-off bygathe spacecraft potential.
The spacecraft potential is estimated by the location otg#lectron peaks in the energy
spectrum. For the magnetosheath we separate the low eratgyf the electron spectrum -
presumably spacecraft photo electrons and the high enargyRor ions, we present maps
for solar wind protons and alpha particles. Protons withrgiee below 500eV which may
play an important role in the ionosphere are not measuredeoystrument. As well the low
speed solar wind protons are not sampled very well. The neseslall the boundaries of the
Mars-solar wind interaction and give a good qualitativecdipsion of the plasma behavior
at the different interaction regions.
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1 Introduction

The plasma environment of Mars has been keeping many segrédsthe present day (see
the reviews byNagy et al.[15] and Luhmann and Brace [11]). While the average location
of the main plasma boundaries (bow shock and magnetic pilbaundary, MPB) have
been studied in depth using the Mars Global Surveyor (MG Sjmetmeter instrument [14,
19] the fundamental question of how the pressure balaneeekationosphere of Mars and
the solar wind is achieved remains unsolved. The reasorhi®has been the insufficient
instrumentation for plasma investigations on previoussioiss. In this paper we follow the
terminology of [15] by calling the region between bow shool #1PB magnetosheath. With
the spatial resolution used in this paper we cannot idemtifyonopause (if it is different
from the MPB) and call the region inside the MPB ionospherdy@uring the Viking lander
missions altitude profiles of the ionospheric plasma dexssénd temperatures have been
obtained. The Phobos-2 mission, which had the ASPERA-h@asstrument onboard, had
too short of a lifetime to deliver enough statistics on trespta parameters [12]. The electron-
reflectometer on MGS has been giving excellent results omtitphology of the ionosphere
[3] but it was so far not possible to extract plasma densitielocities and temperatures from
the data because of instrumental restrictions. With twes/eboperation of the ASPERA-3
instrument on board the Mars Express spacecratt it is fofitsiegime possible to determine
large scale statistics of plasma moments in the environoféviars. In this paper we present
and discuss data obtained by the ELS electron sensor anddMgensor of the ASPERA-3
experiment between February 2004 and January 2006. Unéagly there are again severe
instrumental restrictions for the analysis: 1) Electroactfa are strongly influenced by the
charging of the spacecraft with respect to the local plasmime@nment §pacecraft potential).
Fortunately the energy resolution of the ELS sensor is goodigh to resolve peaks in the
spectrum caused by ionospheric photo electrons. Theses @dlakv an estimation of the
spacecraft potential in the ionosphere. Outside of thesphere we can only calculate



electron moments by assuming different levels of (positpacecraft potential. 2) the IMA

sensor does not measure protons below a threshold of ab@el/g§8epending on instrument
mode), so that we cannot give an estimate of proton mometi ilonosphere. For heavier
ions the separation of O+g® and CQ+ is rather difficult [4], thus we will discuss moments
of heavy ions in a later paper and present only proton andaghainticle moments in this

paper.

2 Instrumentation

The ASPERA-3 instrument on board of Mars Express consisissehsors: the ELS sensor
for thermal and energetic electrons, the IMA sensor forgmst helium and heavy ions, the
time-of-flight neutral particle sensor NPD and the neutmatiple sensor NPI. A general
description of the instrument is given in an accompanyingepgl]. In the first part of this
paper we describe how one can obtain plasma moments frorfettteos sensor ELS and the
ion sensor IMA. For the IMA sensor we will only discuss theigation of proton and alpha
moments. Respective calculations for other ions can be mnaalsimilar way. Specifically
for heavier ions there is an additional problem of speciparsgion. The purpose of the first
part of the paper is to give a guideline and reference for éheuéation of moments from the
ASPERA-3 detectors. Actual calibration factors might dieas the data analysis develops
but we expect that the principal methods described hereinerabd. Statistics of the derived
moments for the environment of Mars are presented in thesé&sion of this paper.

For the following calculations we have been using some teehdocuments describing
calibration parameters of the ASPERA-3 sensors. Thesentertis are not published in a
journal but can be obtained from the authors. We will refethiese documents by title and
main author with the remanersonal communication.

Instrumental Coordinates Instrumental coordinate systems for ASPERA-3 are destribe
in the documenASPERA-3 sensor numbering, 3.1, (S. Barabash, pers. conva.lise a
coordinate systemASP) which is defined as

Xasp = Zy = ZsR, Yasp = Yu = —Xsr, Zasp = —Xy = —Ysr 1)

inrelation to the ASPERA-3 main unit systeX, Yu, Zy) and the MEX spacecraft reference
system Ksr, Ysr, Zsr). We use the same coordinate system for all ASPERA-3 sendtbrs
azimuthal angley and polar angle? such thaty = 0° is the Zasp axis andp = 0° is the
positiveX asp axis. The ASPERA-3 main unitis mounted on a rotating platf¢scannerut
during the first two years of operation discussed in this pmescanner was not operating.
That means the ASP system as it is used here is fixed with riespne spacecraft frame.

3 Plasma Moment Calculation from Particle Counters

For general introductions on moment calculations we réfereader to textbooks, e.g. [16,9,
17,8]. But since textbook usually lack applied examplesisteri the following the principal
equations used for this paper.

We assume that each particle species can be described hiilzutien function f (v)(v)
in velocity space. Macroscopic properties of the partigtgribution can be described by



integrals of this function folded with powers of the velgoiector:

MK = / f (v)(v)kdv, 2)

whereM is a tensor of ordek .

Fork=0 we get the particle number densityk=1 gives the velocity vector, normalized
by n, while k=2 gives us the pressure tensor. The measurable quantfgifiicle counters is
the differential fluxJ(E,Q,r) for particles of energy, at a positiorr, within a solid angle
dQ. If mis particle mass, the relation between the distributiorcfiom and the differential
flux is:

2
JE,Q,r) = % f(rv) = %f(nv) @)

3.1 Moments by integration

Using equations 2 and 3 we will derive explicit forms of thememt equations. For k=0 in
equation 2, we get the following expression for tensity.

n:/v f(v)d3v:/d¢)/d19$im9/duuzf(u,z?,go) 4)

In the case of an isotropic plasma we get:

n :471/ f (V)o?do (5)

Using equation 3y (E) = % and becauséE = modo:

n:/dgo/dﬁsinﬁ/dvf(v)uz:/d@/dﬁsinﬁ/dE% (6)

If c(E, p,1) are the detector count§(E, ¢, ) the geometric factor of the detecter,
the acquisition time and E=E, 1-E, the energy width of the n-th energy channel, then:

c(E, p,v)

~ G(E,p,0)tAE 0

Note, that here we use tlsolid geometric facto = A AAQ (sensitive surfacesolid
angle) of the detector, which is usually multiplied by théad$or energy resolution to define
theenergy geometric fact@g = G %. IF > AE gives the full energy width of the sensor,
we can substitute integrals with sums and=dEE. Then:

. c(E,p,7)
=S 20> aosing S SE2D 8
NS LAY G E g ) E) ©®



The general expression for thelk velocity V (k = 1)is:
nv :/vf(v)d3v 9)
v
or explicitly:
nVy = /d(pco&p/dﬁsinzﬁ/dEJ(E,ﬁ,go) (10)
nvy = /d(psin(p/dﬁsinzﬂ/dEJ(E,ﬁ,go)
nV, :/dgo/dz?sinﬁcosﬂ/dEJ(E,ﬂ,go)
For k=2 we get thehermal pressuretensor:

P=m / (i = Vi) (vi — Vi) f (V)dBv = mM2 — nmV; Vg, (11)
\"

where:

M2 = /Q / viok f (vV)dQav, (12)
\

and i,k=(x,y,z) respectively, and is the bulk flow.

P is a symmetric tensor with 9 directional elements. Howegtag to spatial coverage
limitations of the ASPERA-3 sensor (see section 5), we wilj@stimate the three diagonal
terms, inthe ASPERA-3 coordinate system. For typical selad and magnetosheath plasma
distributions the off-diagonal terms are negligible.

Pyx = m/d(pco§¢/d19 sinsﬁ/dEuJ(u,ﬁ,go)—mVXZn (13)
Pyy = m/d(psinz(p/dﬁSinsﬁ/dEr)J(v,ﬁ,go)—mVyzn

P,, = m/d(p/dﬁsinﬂco§19/dEvJ(v,19,(p)—mV22n

and
P = m, (14)
3
P P[nPa]
T=—o0rT[eV] =6241 , 15
nK [eV] nfcm—3] (19)

_ lev
whereK = TI60SKelvin IS the Boltzmann constant and the factor 6241 comes from con-

version of units. For comparison and later use, note also:
1nPa= 10"8dyn/cn? = 5.403-1071?,/eVme,

whereme is the electron mass.



3.2 Moments by fitting

A different method to calculate moments of a plasma distigibuis by assuming that the
phase space density of particles has a Maxwellian disioibin velocity space:

_w-0)?

foy=C.e % , (16)

wherev is the bulk velocity which may be determined by integratidhe constanC is
determined by equation 4:

n

Replacing thehermal velocity; by thethermal energysingo; = ,/Z—HE; allows to express
the phase space density as

f_ E m 3/2 _ E—2~/EE+E 18
=n- -e t
( ) (71.'2Et ) ' ( )
where for the mean energy we may uke= fEf ETIS) :
JE

ExpressingE in [eV], n in [L/cm?] and m in electron masses,, and using le\&
1.7588 10"5me <% we get:

f(E)[s3/km®] = 0.8608 10°n- (Em (19)

32 e ,VEE:E
-e Et .
t

On the other hand the phase space density for each energyatttam be expressed by
the omni-directional differential flud (E) as:

JE)M  J(E)m?

B ="0 =5 (20)
Using equation 7 we get
- m? c(E)
f(E)_ZGr AE-E’ (21)
Again expressinge in [eV] andm in electron masseas, this is:
2 —
F(E)[s¥kmp] = 22016m" C(E) (22)

Gt AE-E’

Demanding equality between equations 19 and 22 allows terméte densityn and
thermal energyE; by fitting to the measured spectrum &fE). When there is a positive
spacecraft potentid , the energy for each step has to be replacel ByE . Since spacecraft
potentials are typically less than 20eV, this correctioony important for electrons. On the
other hand if plasma bulk speeds are below 300km/s, we BaveleV for electrons, such
that we may usé& = 0 in this case.
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Fig. 1 Data obtained by the ASPERA-3 ELS sensor in 2004-06-02 Qf30 06:30UT. Data are sampled
over 4s. From top to bottom: a) counts sampled by all anodéseirnergy range 0-20eV(black) and in the
energy range 20-30000eV (green), b)ratio of the two guestjilotted above, c) energy spectra sampled by
all anodes (counts/12s), d) same as above after subtramiimgponential fit to the phase space density for
each record, e) Energy of maximum flux in the subtracted sp®cin the range 10-30eV, f) resulting space
craft potential assuming COpeak energy at 23eV.



4 Electron moments from ASPERA-3 ELS

This section describes the implementation of the momeatiition for the ELS sensor of the
ASPERA-3 instrument onboard Mars Express. The ELS sensarhanergy range of 0.4eV
to 26keV which is splitinto 512 energy channels. We usegh8 Calibration Recon_5 of 13
Oct,2005R. Frahm, pers.comm.). In normal operation mode the enstrps are sampled
into 128 channels. The energy allocated for each channelrendfficiency are calculated
from the deflection voltages which are transmitted everyB&sthe engineering data set. The
geometric factor i$5 = 5.88- 10~*cn?sr for each anode, but is multiplied by an efficiency
factor which is linearly dependent on energy. The acquisitime for each energy channel
7 = 3.6/128s, at a sampling rate of 4s.

For the first two years of operation the ELS sensor is meagutithe plane asp = 90°
and we assume spherical symmetry. This assumption may ppefttavhen the ASPERA-3
scanner starts operating in 2006. In this paper we assurhghthacanner is not operating.
Also we neglect effects of shading of the instrument by thecepraft since the bulk flow
of electrons is negligible compared to their thermal sp#&¢ée effectively only loose about
a quarter of the distribution by shading resulting in a reédy small underestimation of the
density. This is different for higher energetic electroatns in the ionosphere which we do
not discuss in this paper.

The quantity defined via the calibration procedure for eamta and energy step is the
differential flux

C(E, ) Sadj (9)

J(E, p)[c/(cn? s st eV)]= G0

(23)

wherec(E, ¢) are the raw counts for each bifi,gj (¢) is a time constandécience adjust-
mentfor each anode anB.f ¢ [cm? sr eV] contains energy resolution and efficiency of each
anode and is further described in the calibration document.

Using this we get from equation 8 the final expression fordbesity:

nfem=] = 7 -1.686.10°/mime] D" >" % (24)
» E

The factor appears as a result of the conversion of Joule tse& equation 19) and
Ag fé” dv sing = %, if we assume that the value observed at each anode is valallfo
values of}. Alternatively one can regard this factor as the anode geenaultiplied by 4 .
AE is the energy width of each channel obtained by taking tterdifice between the center
energies.

The calculation of the threeelocity components is done with respect to the ASP coordi-
nate system (see section 2). Since ELS is scanning on a filen&t possible to estimate the
velocity in the z- direction (this will change if the ASPER#scanner operates.) Therefore
the measurement is only dependent on the apgietween the x- direction as defined in the
ASP coordinate system and the viewing direction of eacheflhELS anodes. Fa=90°
by using equations 3, 7, and 10 we get:
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Fig. 2 Phase space density as a function of energy, obtained bySRERA-3 ELS sensor in the ionosphere
at 2004-06-02 05:44:46UT to 05:44:58UT. Data are sampled 4s. The black lines are the measured data,
the blue lines are exponential fits assuming the spaceahpal valueEp (CO, peak at 23eV) and mean
energyEm = 0eV. The red lines are fits to the high energy part of the distiglouFEit parameters [1/cm3]
andE; [eV] are given for each fit with respective standard deviatio

2 5
NV [km/s] = = ig > cos(p) > I(E.9)AE (25)
(4 E

72107° .
nVylkm/s] = — > sin(p) D" J(E.p)AE
4 E

nV; =0

wherec(E, ¢) are the counts recorded by each ELS anode at an anglth respect to
the x- direction. The factar ?/16 defines the solid angle of integratiahy Jdv sSinf 4.

For the thermapressure as in the case of the velocity calculation, we can analyhe on
the dependency on theangle and therefore we sBf, =0. In total:

5.403-10712
Pex[nPa] = T” > cos?p > VEI(E, ) AE —mV?n (26)
(2 E

5.403-10712 .
Pyy[nPa] = T’T > sin%p > VEJI(E,p)AE —mVin
(2 E

PZZZO

wherer /12= Ag [dd sin®y and a factor from conversion of units (see equation 15). The
velocity and pressure formulas are provided only for comepless. Since measurement of
the bulk flow with a planar sensor, which is partly shadowethieyspacecraft, produces large
errors it is better to calculate the thermal pressure fraattiermal temperature obtained by
fitting the energy spectrum.
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4.0.1 Spacecraft Potential

Fig.1 shows data obtained by the ELS-sensor for the period-26-02 05:30UT to 06:30UT.
The third panel from top shows the energy spectrum in raw tsooiotained by the sensor.
We generally work with spectra obtained by integrating éllahodes. The drop in counts
below 5eV is caused by a -5V repeller voltage applied to ptdtee anode counters from
saturation. In consequence the low energy part of the spads hidden from observation.

Between 04:30 and 04:50 the sensor observes high countalatee 20eV. Here the
spacecraft crosses the magnetosheath. Between 04:50 &&dth& spacecraft crosses the
magnetosphere with a wake crossing from 05:10 to 05:40r A8&55 the spacecraft crosses
the sheath again and enters the solar wind at 06:15. Experigith other missions shows
that in the ionosphere the spacecraft is usually negatislefrged and positively outside.
To estimate the spacecraft potential for a specific time vet ffiave to determine whether
the distribution is ionospheric or not. For this discrintioa we use the ratio of counts
obtained above and below 20eV (panel 2 from top). If thioraticeeds the value 3 we call
the distribution ionospheric otherwise non-ionosphevie observe that e.g. in the wake
this criterion declares distributions non-ionospherior Ron-ionospheric distributions we
assume a constant potential of either OV or +5V. Unfortugatéth this criterion sometimes
spectra obtained in the solar wind are also classified idrer@pwhen SC photo electrons
are present. To avoid this we apply an additional criteriemanding that a photo-electron
peak determination must be possible within a 20 min timeaiearound the timetag of the
data sample.

As can be seen from Fig.2 for ionospheric spectra a local pedke spectrum can
sometimes be observed between 10 and 25eV (here espe@biigdn 05:40 and 05:55).
This peak corresponds to@nd CQ photo electrons and is expected to have an actual energy
between 21 and 28eV [13]. Actually there are two peaks erplgeind sometimes observed)
at 23 and 27eV energy. The identification of these phototeles is discussed in detail by
[6]. We determine the observed energy of this peak by sufitcathe low energy thermal
part of the spectrum using an exponential fit to the phasesspamsity (panel 4 from top of
Fig.1). The energy of the maximum phase space density inaiiger 10 to 30eV is shown
in the bottom panel. We now subtract either 23eV or 27eV frbis ¢énergy to estimate the
SC potential for ionospheric distributions. If for a spexjbint in time a CQ-peak cannot
be determined we take the value from the spectrum closeisa@ifor which a value can be
determined. To correct the distribution for the spacegrafentia,| we subtract the potential
from the instrumental energy for each channel. Note, thattiethod does not exclude SC
photo electrons or secondary electrons. The geometriorfactd energy resolution of the
sensor are a function of the actually measured energy, lleysare not affected by the shift
in energy applied to the data after applying the geometdtofa.

4.1 Discussion of ELS spectra and moments

Fig.2 shows phase space densities as a function of eneyatald from the same data as in
Fig.1 for some 4s-spectra obtained in the ionosphere (agjreagnetosheath (c). In Fig.2a
we assume the C{peak to be at 23eV to determine the SC potenkal) We further assume
that the mean electron enerdy,) is 0eV. Then we fit an exponential to the 10 energy bins
with energies larger than the bin with maximum flux. The risglfit is shown in blue and
the fitted values for temperatukg and densityn are given with their standard deviations.
We observe that the standard deviation for the temperatwsially lower thark;, while the
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Fig. 3 Data obtained by the ASPERA-3 ELS sensor in 2004-06-02 Q5f30 06:30UT. Data are sampled
over 4s. From top to bottom: a) energy colour spectrum ofikegrated counts/12s of all anodes, b) space
craft potential assuming +5V outside the ionosphere ang @@k energy at 23eV, b) densities [iij'derived
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of the spectrum (green) and the complete spectrum (blu&)tal)temperatures [eV] by the same methods.
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density has very large standard deviations. This refleetsiticertainty in the extrapolation
to OeV energy which essentially determimres

Fig.2b shows the same distribution assuming that the-p&ak is at 27eV. We observe
that the density is rather sensitive to the assumed spaitgotantial.

Fig.2c shows a distribution measured in the magnetosheatinang a SC potential of
+5V. Here the high energy part of the distribution (from 1@uchels above the energy of
maximum flux) is fitted as well (red line) resulting in the palrdensityn, and temperature
Ei2. Note, that the bump at 50-80 eV is better fitted assuming la fnigan energ¥n, for
the high energy part. But since this would correspond to g kiggh differential streaming
velocity of the high energy part we assuiagy = 0.

Fig.3 shows again data obtained by the ELS-sensor for the same interval as Fig.1.
The top panel shows an uncalibrated energy spectrum in siguiatken from 12s averages
of the original data. The second panel shows the SC potesgiamhate, which here is set to
+5V for non-ionospheric distributions and calculated fra@3eV CQ peak for ionospheric
distributions (black line). When setting the potential ¥fdr non-ionospheric distributions
and calculate it from a 27eV C(peak for ionospheric distributions we obtain the potential
shown by the red line. The third panel shows electron desstiynates by integration (black),
by fitting the low energy peak (green) by fitting low and higrergy parts with the first
SCPotential estimate (blue) and with the second SCPolestinate (red). One can see that
for ionospheric distributions the integrated density rsoffi from the expected value, while
outside the ionosphere they are off by a factor 2. Note disd for ionospheric distributions
there is no fit to the high energy part of the spectrum.

The bottom panel shows temperature estimates by the sarhedsetere we observe
that for ionospheric distributions fitted and integratechperatures are comparable, while
in the sheath and solar wind the high energy part determhmegotal temperature. Total
temperature has been calculated by

TiowNiow + ThighNhigh

27
Niow + Nhigh @7

Tiotal =

We observe that for the alternative SCPotential estimaitiedn-ionospheric densities values
do not change significantly, while for ionospheric densit@lues increase by a factor 2.
Temperatures are unaffected for both cases.

For magnetosheath and solar wind the observed values ofelefi® appear to be rea-
sonable, but in the ionosphere at altitudes of about 300kmrmigét expect densities well
above 1000 e/cf- as reported by plasma frequency measurements (E.Ni&&RSIS -
personal comm.). Though there is a lot of uncertainty in ¥aisie at higher altitudes. The
reason for this discrepancy is probably that at lower alégithe electrons have a core tem-
perature of less than 1eV such that the energy resolutioneoELS sensor is insufficient
when the spectrum is shifted by a negative SC-potential.

Electron velocity and temperature determinations areudised at the end of this paper
in context with IMA observations. On about one orbit per notiite sensor is operated in
linear stepping mode. In this mode the energy range of the sensor is restricteel28eV
divided into linear steps of 1eV. In this mode the -5V repelleltage mentioned above is
switched off. Analysis of sample spectra shows that thelprob related to the extrapolation
of the spectrum at negative space craft potential is presewell and the quality of derived
moments does not increase substantially in this mode.
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5 lon moments from ASPERA-3 IMA

The IMA sensor of the ASPERA-3 instrument is a combined ebstatic energy- and mag-
netic mass-analyzer. It measures mass/charge and er@gécof ions in the ranges 1-
30amu/e and 10-30000eV/e. The instrument uses 16 anodesrgpthe ASP-XY plane.
The ASP polar angle is measured by electrostatic deviatwering 45 < Jasp < 135

in 16 sectors during a sampling time of 192s. For each anodesactor mass/charge is
measured in 32 channels&ssringsby magnetic deviation and energy/charge in 96 energy
channels.

The instrument operates at 3 different post-accelerabtiages (PAC) to allow increased
energy and mass resolution depending on the plasma enwrdnifhese PAC levels are:
PACO: 90V, PAC1:2433V, PAC2:4216V. The efficiencies andrgpeange depend on the
PAC level. The PAC level for a specific data record can in ppiecbe taken from the PAC
high voltage monitor variable in the IMA house keeping (HKtaket. In practice there is
a timetag mismatch between HK timetags and data recordageetWe apply an algorithm
which searches for the last valid HK record for each datardeco

The ground calibration of the instrument is describediieX IMA Calibration. Final
Report. V3.0,2005 (A. Fedorov,pers.comm, cited hereafter as IMACalRep). This report es-
sentially covers the determination of geometric factora asction of energy for different
ion species by lab measurements. Inflight calibrations avered by the documentdars
Express ASPERA-3.Flight Tables, 2006 (A. Fedorov,pers.comm) andIMA ASPERA-3 MEX.
What happened with the low energy ions?,2006 (A. Fedorov,pers.comm). The essential result
of these calibrations is that the effective number of enet@nnels is reduced to 54 — caused
by an unexpected voltage on one of the deflector plates.

In the following sections we discuss observations made \@halysing the actual inflight
data. We try to determine noise reduction algorithms andieffties of the different mass-
rings and anodes before we proceed to the moment calcudafidrere are many different
ways to reduce noise in measured data. We here describe thedsevhich we regard as
best suited for the IMA dataset.

Geometric factorsGF_ for Het+,0" and q for the 3 PAC levels have been calculated
inthe IMACalRep from lab measurements. These factors gotitaenergy resolutioN E/E
and are integrated over the polar angleThat means the angular widthy must not be
applied in the integrations and we defi@e= GF_E/AE in the following equations. We
use tables 5-7 of the IMACalRep and apply theHidactors to H and He+, the O+ factors
to O+ and O++ and the O2+ factors to heavier ions. As menti@teye we do not apply
the massring dependency of GHiscussed in section 7 of the IMACalRep. We also do not
take account of the andv¥ dependencies of GFwithin each anode and sector range. The
principal dependence an and® is covered by the corrections discussed above. Towards
the borders of each anode the efficiency decreases by abutsEorrection for this effect
would alter the calculated density by less than 2. We expettapplication of the minor
efficiency corrections do not have a significant influencehenderived moments. Another
problem is the sampling of a cold ion beam - as the solar witnichwsually has an angular
spread of less than 5deg. Since the IMA sensor has angukaob??.5dex 5.8deg the beam
should usually be observed in only one bin and the geomeitiof will be overestimated. In
factthere seemsto occur some scattering in the sensor ednisies signals in the neighboring
spatial bins as well. For this reason when calculating cerssities we sum the counts of all
spatial bins but take the geometric factor for one bin onlywasio in this paper. But when
calculating the spectrum for non-beam distributions (gick-up ions) it is better to take the
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maximum spatial bin value for each energy level. This isuised in the context of pick-up
ions in another paper [5].

The integratediensitycan either be determined by integrating over a complete 4&2s
or by just using ong-scan for a fixed}. For a complete scan we get:

nfcm™3] =

7 -7.1987-10~7/m[amu] . c(E,p,9)
8G[cmeradle[s] ZZSM; JEEV (28)

where we use\¢p = 2z /16 and unit conversion as in equation 19.

4

For thevelocity we have to use the complete scan:

nox[km/s] = n107 & Zco&szmzﬂ ZC(E ) (29)

8G[cm?radlz[s] ’

7107°
noy[km/s] = 8GorPradi Sl Zsmgonmzﬂ ZC(E 9, 0)

7107°
noz[km/s] = m Z Zsmﬁ cosy ZC(E 3, 0)

But velocity and pressure can only be determined when tHeftaw is in the instruments
J-range. Fortunately this is the case for most orbits whesplagecraft is in the solar wind
and magnetosheath. For regions with low bulk flow speed asx@mple heavy ions in the
ionosphere one has to apply a correction for the partial &Eldew of IMA.

For the integrated kinetjgressurewe might again assume spherical symmetry, such that
we get from equation 13 and 15:

5.403-10~1%7
Pxx[nPa]:\/m[me]—Zco&p Zsm ﬁZ\/E[eV]c(E 9,9) (30)

8G[cm?rad]z[s]

Pyy[nPa]:\/m[me]w Zsngo Zsm ﬁZN/E[eV]C(E 9,0) (31)

8G[cm?rad]z[s]
P,,[nPa]= /m[me] % Z Zsmﬂ cogV Z\/ E[eVIc(E,?,p) (32)

The thermal pressure is calculated from this by
Pin[nPa]= Pyin — m[me]9.1-1071%v2n (33)
and total temperature by

Trace(P
TnleV] = 6241%(”]).

As for the ELS sensor the better estimate of the total pressam be obtained by using a fit
to the energy spectrum since the integrated pressure & isghsitive to noise in the data.

(34)
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Fig. 4 Noise reduction in absolute counts obtained by the ASPERM/Bsensor in 2004-06-02 05:30UT
to 06:30UT as a function of energy/charge. Shown are sumsativé6 anodes and 32 massrings. Data are
sampled over 12s. Panels show from top to bottom: a) Unredaoants, b) counts after subtracting the
maximum count observed in the 15 top and bottom energy ckgnrjecounts after subtracting the average
counts for each 192s dataset from each bin of the 98 x 16 matrix..
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5.1 Noise Reduction

Observation of the measured spectra shows that the IMA sésisensitive to different
sources of noise: electronic noise of the amplifiers, no@mesed by penetrating electrons
and high energy protons depending on solar activity, naseed by UV light depending on
spacecraft orientation.

Fig.4 shows energy spectra obtained by IMA for the same gexfdime as discussed
in the previous section for the ELS sensor. The top panel shibevunreduced counts inte-
grated over all 16 anodes and 32 massrings for &ashctor sampled over 12s. The polar
scan covering 192s shows up in the repeatable pattern oftheld the ionosphere before
05:40 data seem to contain just noise, between 05:40 an@ @&lnoise level increases -
presumably caused by UV-light, after 05:55 solar wind iopgear at 1-4 keV energy.

We observe that the noise affects all energy channels anstimgsin comparable levels.
We apply two different techniques to reduce the noise ldvéleduce by maximum methpd
Since valid ion data are usually observed in the energy r&og¥-8keV we determine for
each anode and sector the maximum count rate above 8keV kmd4@eV (top and bottom
15 energy channels) and subtract this rate from all bing:e2iuce by average methodle
subtract from all bins of the 9% 32x 16 x 16 matrix the mean counts of all non-zero bins.

Results of the two noise reduction methods are shown in therlpanels of Fig.4. We
observed qualitatively that the first method is sufficientrf@mst data records in reducing
the noise level such that the reduced background is nelgigdimpared to the valid signal.
Only for records with severe UV contamination the seconchoetts more recommendable.
We also tested third methodnhich neglects all bins of the 3632 x 16 x 16 matrix which
contain just a single count, but we observed that this metkwodrely affects the valid signal.
Nevertheless this method has been applied onboard to IM#\aftgr Oct 11, 2005 because
high solar activity in summer 2005 increased the IMA backgrbnoise level in such a way
that the allowed data transmission rate was exceeded.

5.2 Mass Ring Efficiencies

Fig.5a shows an IMA energy/mass matrix without noise rdadoctor 2004-06-02 06:17-
06:19UT (PACL1). Overplotted are expected ion species mfgePACL (see section 5.4).
The track marked by black lines is for protons, the one by miees for He™*-ions. We
observe: 1. The efficiency of different massrings is différepecifically massrings 1,5 and
17 have higher count rates than the neighboring rings. 2€liba trace of higher count rates
between 800 and 1500eV which is presumably caused by présonghich the massring
allocation did not work. We call thesspill-over protonssince their signal is appearing in
mass rings were no protons are expected.

To take account of both effects we calculated integratechicrates for each massring
accumulated between 2004-02-01 and 2005-10-10 (Fig.6phaferve that massring 1 con-
tains most counts by far. The other massrings behave siynitarthe different PAC levels.
Massrings 11 and 23 are virtually empty, massrings 5 andelidrarsually high, above mass-
ring 15 even massrings have lower efficiency. Inspectiondi/idual matrices also revealed
that the high counts in massring 1 coincide with spill-ovestpns. We now assume that
the massring 1 counts for each energy level can be taken aasumeof spill-over protons
in that energy channel. To obtain the relative massringasuirtation by spill-over protons
we integrated the massring totals only for those periodsrevheassring 32 contains more
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Fig. 5 ASPERA-3 IMA energy/mass matrix obtained on 2004-06-022&6:19UT. Overplotted are ex-
pected ion species ranges for PAC1. Absolute count rategtlut reduction, b) after maximum reduction,
c) after proton subtraction, d) after application of effizis.

than 2000 counts. We assume that these periods are retdsefdr high proton contam-
ination. To subtract spill-over protons from a data recoedsmubtract from each bin in the
96 x 32x 16x 16 matrix the massring 1 counts multiplied by the massrifigiehcy. The
result is shown in Fig.5c. We observe that the reduction tspeofect but by far the best
method we have obtained so far.

To determine the relative efficiencies of neighboring magsrwe apply a 3rd order
polynomial fit to the massring totals summed over energy gatia bins - relative to the
counts observed in massring 1 observed for periods with nings32 counts of less than
2000. This gives us a measure of the background noise inffieeatiit massrings. The result
is shown in Fig.6. Each massring gets an efficiency corneat&fined by the ratio between
the measured counts and the fit.

5.3 Anode and Theta Efficiencies

Fig.7 shows the total counts (integrated over energy angd)melstive to the maximum total
counts observed for each 192s-record for the 16 anodes afes#&6tors of the IMA sensor.
We observe that anodes 1-3 have a count level about 4 timberttigan the other anodes.
One reason for this is that the sensor orientation is on nmétscsuch that these anodes
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obtain the bulk solar wind flux. On the other hand we would thpect a comparable flux
level in the neighboring anode 16. Lab measurements didhwt significant differences
in anode efficiency (A.Fedorov, pers.comm.). We assumetiedarge differences in anode
count rates are partially caused by shading of the sensbetspacecraft and generally apply
the correction factors corresponding to Fig.7a.

The later is also true for the sector efficiency (Fig.7b).t8excl-8 are looking towards
the spacecraft and show much lower count rates. In pringilema moments can only be
determined when the bulk flow of plasma is in sectors 9-14.igm5d massring, anode and
sector efficiencies have been applied.

5.4 Species Separation

For each PAC level the IMA sensor has a different measurena@ige for the ion species
in massring and energy. These ranges are taken from a foimMars Express ASPERA-
3.Flight Tables, 2006 (A. Fedorov,pers.comm). The formula delivers an upper and lower
massring number for a given mass/charge for each energy/s@derel.

Fig.8a shows an uncalibrated spectrum for orbit 539, whiab eiscussed in [4]. We take
this orbit as an example to discuss species separationdgeitanontains solar wind light ion
and ionospheric heavy ion observations.

Fig.9(top left) shows an IMA energy/mass matrix obtaine@%02 on this orbit. Over-
plotted are expected ion species ranges for PAC1 for massgfehatios 1(F), 2(He ),
4(He"), 8(O*T), 16(0") and 32(>0"). From the species ranges we calculate a probability
matrix for each species where for each energy chaBreetd massringn the probability to
contain speciesis:

m—cs(E))6

Ps(E,m) = e( Bs(E) (35)

wherecs(E) is the center massring number abg E) the massring range for each
species and energy step. While the probability distrilbutioderlying the tracks is Gaussian
[4, IMACalRep], we empirically determined the exponent &toid the loss of counts within
the species range. On the other hand we loose valid coursislewtf the range. In principle
one has to apply an efficiency correction taking account oé@eahse in efficiency with
distance from the track center as described in section 7 &fdMRep, but since this is a
second order effect we here do not apply this correction.

Fig.9(top right) shows the matrix after multiplication Wity ¢, 4 (E, m) and multiplying
energies by a factor 2 to account for the ion charge. Figt@fboleft) shows the matrix
obtained at 16:03 containing heavy ions. This matrix is alemwvn in Fig.3 of [4]. Note, that
in [4] massring 11 - which is virtually empty - is replaced byaverage of the neighboring
massring counts to achieve a smooth dataset for speciag.fiibte, also that for the heavy
ion matrix we did not apply a noise reduction to get a comdaregsult to [4].

Fig.9(bottom right) shows the matrix after multiplicationth Po (E, m). The lower

panels of Fig.8 show the energy spectra as a function of titee applying Ps(E, m) for
different ion species.
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5.5 Resulting IMA moments
5.5.1 Proton Density

Fig.10 shows data obtained by ASPERA-3 ELS and IMA obtainedvben 2004-08-01
03:00 and 04:00UT. The top panel shows the energy spectrteimeld by the ELS sensor.
The interval contains a period in undisturbed solar windi(08:15), magnetosheath (until
03:40), ionosphere (until 03:55) and wake (from 03:55). \Alewate high energy electron
densities (second panel) of 2-3/&in the solar wind, and of 4-10/chin magnetosheath. In
the ionosphere fitted electron densities are calculate@-4dzn?.

The third panel from top of Fig.10 shows the sectorized ubcged IMA energy spec-
trum. The fourth panel shows proton densities calculateihtegration without application
of noise reduction and calibration factors (but applicatdgeometric factors). If we calcu-
late densities for each sector separately (black line) warae symmetry of the distribution
when rotating around the sector ring. This only makes seh&athe peak flux is contained
in the respective sector ring. The 4ntegrated density (green line) is essentially the iraegr
over the sectorized densities.
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In the fifth panel of Fig.10 we apply noise reduction and calilon factors before cal-
culating proton densities. Since here we take account cdebeor efficiency we regard the
integrated average density (blue line) as the best estifoatbe proton density. If we re-
member that application of additional corrections for magsand anode efficiency might
increase the intensity by a factor 2, agreement with thelftitgh energy electron densities
in solar wind and magnetosheath is rather good.
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Fig. 11 Phase space density ofttas a function of energy, obtained by the ASPERA-3 IMA sens@004-
08-01 03:00UT to 03:30UT. Data are sampled over 192s. Tluk tilzes are the measured data, the blue lines
are fits assuming a Gaussian distribution around the maxiofuhe spectrum. The red lines are a Gaussian
fit to the high energy part of the spectrum. Fit paramene[rﬁcms], Et [eV] and Em, [eV] are given for each

fit.

Fig.11 shows fits to the IMA proton spectra for the first 30nfithe time interval shown
in Fig.10. The fit range is restricted to the 10 energy binsiadothe peak flux (blue fit).
The energy bins above that range are fitted by a second Gausséfit). The first four
spectra are obtained in the solar wind. One can see thatté dignsity is around.Q/cm?
indicating that the cold solar wind beam is probably slighthderestimated. One can also
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observe a high energy component which increases when agpngahe magnetosheath. The
bimodal distribution observed after 03:13 is not well fittgdone gaussian, only the heated
distributions after 03:26 are fitted well and give densitreagreement with calculation by
integration. After 03:42 in the ionosphere no fit is possible

This figure also shows the effect of the energy cut-off of tiegrument which is between
500 and 700 eV depending on PAC level. This corresponds kasipegleds of 310 and 370km/s
respectively but distributions with higher bulk speedsaise affected such that we can say
that only distributions with bulk speeds above 400km/s aaproperly measured.

Fig.12 shows fits to the IMA He" spectra for the same time interval. These spectra
have been obtained after proton spill-over subtractioneXyct the peak-energy to be four
times the proton peak energy (the instrument measures Ef@ the instrumental E/Q has
been multiplied by 2). For the solar wind spectra that shan@dat about 5-7keV where a
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high energy peak is actually observed. We interpret the pebiw energies as a residual of
proton spill-over. Also the temperature of theHepeak in the cold solar wind seems to be
over-estimated by the fit.

5.5.2 lon elocities

Fig.13 shows plasma velocity and temperature determimaby ELS and IMA for the same
time interval as Fig.10. The two top panels show the energgtsp for reference. The next
two panels show IMA proton and He velocity components determined by integration after
calibration. The fifth panel from top shows tfieandp components of the proton velocity in
the instrumental (ASP) system: wheneveB S(p) > 90° andd > 90° the ion distribution
might be partly shadowed by the spacecraft (the @te is shown in red for reference).
We observe that in the solar wind (before 03:18 UT) both idmaasVy ~ —500, V; =

0, Vy ~ —100 km/s. In the magnetosheath ¥ecomponents agree, whilg, andVy do not.
Specifically the H&™ total velocity decreases while the proton velocity staysstant. We
interpret this as an effect of the low energy cut-off of thetpn distribution. That means, the
He™*-velocity is usually a better measure of the ion speed bt thi¢ draw back of lower
statistics. Note also, that after 03:27UT the velocity comgnts in the ASP frame indicate
that the distribution might be affected by shadowing. We adicshow ELS electron velocities
in this paper since the ELS measurements are planar and baguatitatively represent the
plasma velocity.

5.5.3 Temperature and Pressure

The lowest three panels of Fig.13 show electron and proterntal pressures and temper-
atures. The third panel from bottom shows the electron teatpes by integration (black),
low-energy fitting (blue) and high-energy fitting (green)e \Assume that for the solar wind
and magnetosheath integration and low-energy fitting eefivost of the times the temper-
ature of spacecraft photo electrons only. Only in the iohesp (after 03:42UT) - when the
spacecraft potential is negative - these measures migletisenable. But, it should be noted
that also here distributions with temperatures of less ttevi cannot be measured due to
the shift in the spectrum caused by the negative spaceai&ftipal and the repellent voltage
of ELS. The high-energy fitted temperature-ei15eV in the solar wind and 20-40eV in
the sheath are the better measure in these regions and enagrewith the fitted proton
temperature. The bottom panel of Fig. 13 shows solar winctrele and proton pressures in
the range 1-5 pPa, magnetosheath electron pressures 6fdP&3 and proton pressures of
80-200 pPa.
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6 Plasma moment statistics in the environment of Mars

In the following we apply the moment calculations discussdtie previous sections to the
complete ASPERA-3 ELS and IMA data sets obtained betweerb26@4 and 1 Feb 2006
at full time resolution (4s for ELS and 192s for IMA). For EL®wxclude periods of linear
stepping mode, for IMA we only use PAC level 1 and 2 data, edelperiods of spacecraft
shading of the sensor by taking records with a bulk speedertbie core field-of-view of the
sensor. Also we only use spectra where the integrated pdztosity is larger than 0.1/cn
The last condition excludes most spectra obtained with IMgide of the MPB where light
ions are rarely observed.

As discussed in the beginning of this paper plasma momentbeabtained either by
integration of the energy spectra or by fitting a Gaussiarhéophase space distribution
function. While the integration usually covers the complenergy spectrum, we fit low and
high energy parts of the spectrum separately for distdnstioutside the ionosphere. The
parameters discussed in the following are: 1. the low ant bigergy electron density by
fitting, 2. the low and high energy electron temperature hingjt 3. the proton density,
velocity and temperature by fitting and integration, andhé. @lpha density by fitting and
integration.

6.1 Spatial binning

In this paper we only discuss mean and maximum values of glaswments sampled
over the first two years of operation of Mars Express in oMie use the MEX orbital
data in the Mars-Solar-Orbital system (MSO) where the pesiX-axis is defined by the
instantaneous Mars-Sun line and the Y-axis points agdiesi/ars orbital velocity vector.
The Z-axis then points approximately in ecliptic north dtren. We calculate mean values
by binning the data on a spatial grid where the X-axis is ddflmethe MSO X-axis and the

Y-axis by Reyl =, /Y,\Z,I sot Z%/ISO’ that is we assume cylindrical symmetry with respect to
the Mars-Sun line. We do not take account of aberration &ffleg the Mars orbital speed
(24.1km/s), since it is low compared to the errors of meanarg. Dawn-dusk or North-
South asymmetries are usually related to the orientatidheointerplanetary magnetic field.
Since Mars Express does not have a magnetometer on boatdjRrerientation can only
be estimated by using a proxy from MGS data. We are plannibintthe data according to
IMF orientation in a later paper. The bin size we are using @ Wartian radii or 170km
for electrons and 0.1 Martian radii or 340km for ions. Sink&ons are sampled at 4s per
spectrum we get more than 100 samples/bin for most regioreyed by the orbits (Fig.14
top). Forions the acquisition time is only 192s per full 3@spum such that we use a coarser
grid and get between 10 and 100 samples per bin (Fig.14 bpttorall figures black shaded
bins denote a value which is equal or less than the minimuoewaithe color bar, red shaded
bins denote values which are higher than the maximum valtigeofolor bar. White space
means that no valid samples were taken here. We use threeediffstatistical measures to
determine moment levels for each spatial bin: the medianévar which same number of
samples have value above and below), the mean (sum ovengdlesdivided by number of
samples) and the maximum value observed during the measotémterval 1 Feb 2004 to 1
Feb 2006. Since data of particle counters are typicallyémibed by disturbances which may
only show up sporadically - like solar UV-light on the serssdhere are outliers in the data
which can falsify the maximum values observed but also themwalues. Thus the median
is usually the most robust measure of the average of the data.



28

MEX Reyl_MSO [R_M]

ELS_ORBXR_FC

,HHHH\‘HHHH\‘HHH\_H‘H_\HHH‘\ BERERERRE
. ]
A ]
A ]
1; 7
ol LI LU L L ] sl L L L L1
2 1 0 -1 -2 -3 -4
MEX X_MSO [R_M]
IMA_ORBXR_C12

T TT T T[T TT[TTTTTT I [TTTT7T] TTTTTTTTT]
a— =
s =
5 T ’
2 L ]
o r ]
0
EI C i
>
& 2
€ 2r
5 L
s L

- 7% %

B 5

B )

of L1l mmm‘mmmMmmm\‘m\mummm
2 1 0 2 3

1
MEX X_MSO [R_M]

4

10000

1000

100

10

samples/bin

100

10

Fig. 14 Number of data samples per bin obtained by the ELS sensogaritbmic stepping mode (top) and
the IMA sensor for PAC level 1 and 2 withy > 0.1/cr between 01 Feb 2004 and 01 Feb 2006 binned on
an MSO X-Rcyl grid with a gridsize of 0.05 and 0.3/Rrespectively.

samples/bin



29

ELS_ORBXR_DAMED

J\H\\H\‘\H\\H\\‘H\HHH‘\HHHH‘HHH\ TTTITTTITTT]

J ]

£ 1 10
g‘: ]
x [ ]
Q 1 ol
£ B t
5L 5
s ] $
APy ]
x -
w
4 r ]

1; u

C o ]

B 7 ]

r 7 ]

o[l \HHHHHHH\Hhds\\\\\\\‘\\\\\\\”‘\” ] 1
2 1 0 1 2 3 P

MEX X_MSO [R_M]
ELS_ORBXR_SCPOTMED

ETTTTTTTIT T TIT I I mI T IT T IT ITTITITI TITITTITTd ITTTTTTTT 4
S E

C ] 5
s - 5
g‘: ]
e [ ] 2
3 r ] =
2k 73
>0 | o
A B 2
ﬁ, — (0]
g r ]

- 10,
1; u

C ] 9
r — ]

oL L DI I I I \HHHHHHH\Hhds\H\\H‘HH\HH‘HHHHV -10
2 1 0 2 3 P

-1
MEX X_MSO [R_M]|

Fig. 15 Median integrated electron density over all energies @og)median ionospheric spacecraft potential
estimate (bottom) assuming GQ@eaks at 23eV. Observations by the ELS sensor between 0100dbad
01 Feb 2006 binned on an MSO X-Rcyl grid with a gridsize of (Ryp.



30

hesl | L[] ]

-1
MEX X_MSO [R_M]|

ELS_ORBXR_FDHNMED

J\H\\H\‘\H\\H\\‘H\HHH‘\HHHH‘HH\H TTTTTTTTT]

P i

r Wy ]

L B 10
ST // 7
s P .
R ]
8: ] o
= ’I £
oo S
F.!'« a °
x L 7 4 i
w
E: ol :

> ]

i ]

N

of L ] 1
2 1 0 -1 -4

MEX X_MSO [R_M]
ELS_ORBXR_FDLI27MED

EITTITTIT TP T I I I T I I T I T I T T Tl I ITIT o] TTTITTTITTT] 100
P i

A i
= © ]
o [ ]
3 r ] by
2 " 10§
s L ' ] $
@ ol —
x -
w
ir ]

1; 7

r e ]

| 7/// -

|- u /"/- —

of B Lo b 1
2 1 0

2 -3

A

Fig. 16 Median of fitted high-energy electron density for non-igoteeyric spectra (top) and low-energy
electron density for ionospheric spectra (bottom) obsbiwethe ELS sensor between 01 Feb 2004 and 01
Feb 2006 binned on an MSO X-Rcyl grid with a gridsize of 0.03.R



31

6.2 Electron densities

As discussed in the first part of this paper it is a generallprolf electron counters flying in
space that electrons of energies with less than about 1@aregistered by the instrument
when the spacecraft potential is negative or overenhantesh the spacecraft potential is
positive. In addition electrons with less than 5eV are rédiédy the an additional grid to
avoid counter saturation. For ionospheric spectra theggnesolution of the ELS sensor of
the ASPERA-3 experiment is good enough to observe the remmtidized photo-electron
peaks expected in the energy range 20-30eV. The locatiohesketpeaks allows one to
estimate the spacecraft potential and subsequently wepstate the spectrum to energies
below 10eV. For non-ionospheric spectra we do not have aicdtidn of the spacecraft
potential and can only extrapolate the low energies asgufiiad values of the potential.
Note, that the energy determining geometric factors andieffty of each energy channel is
the actually measured energy while the energy shift by spaftepotential is applied after
applying these factors. Thus the effect of the shift on tfieiehcy is covered.

Fig.15 top shows the median electron density calculatednisgration with space-
craft potential correction. Here the spacecraft potehige been estimated as +5V for non-
ionospheric spectra and calculated assuming photo efeggdak energy at 23eV. The separa-
tion method for ionospheric and non-ionospheric spectsdban discussed in section 4.1. A
respective map of the resulting ionospheric spacecragintiats is shown as Fig.15 bottom.
Note, that potential values are determined for each 4s igpeeiue separately depending
on the closest observation of a photoelectron peak. Sirespghcecraft potential is being
determined whenever a 4s spectrum is classified ionospbgfiice ratio of low energy to
high energy counts, this map also shows that this critegdulifilled by some spectra in the
magnetosheath and solar wind. To reduce this effect we ienfiesadditional criterion for
ionospheric spectra that the point of measurement must beaoi@ than 0.5 Martian radii
away from the MGS MPB and that the closest observed @éak must not be more than
10min away in measurement time.

In solar wind, sheath and ionosphere the integrated degsigg a wrong measure of
the actual density - only in the magnetotail with sparserithstions it can be assumed a
better measure than the fitted values. We show the map hendyraaia guide to the actual
measured counts. Overplotted as black lines on all figuesthatbowshock and MPB location
as observed by the MGS magnetometer[19].

In Fig.16 top we show median fitted densities calculated filoerhigh energy part of the
spectrum only. Here we observe densities of 1-8/éon the solar wind, which agrees with
the proton observations (see below). For the magnetosteatiame influence of spacecraft
photoelectrons prevails such that here also Fig.16 topsgive best density estimate very
much in agreement with proton density observations. We als@rve that the presumed
positive spacecraft potential value does only have a mirfrénce on solar wind and mag-
netosheath densities. Fig.16 bottom shows the median liitteeénergy electron density for
ionospheric spectra. We regard the high density valueseddéor zenith angles larger than
100 degree as artefacts of an erroneous spacecraft potsitraation or bad fitting by low
counting statistics.

For the ionosphere the determination of electron densgi@such more problematic.
The minimum altitudes reached by Mars Express is about 26@tettron densities for
altitudes below 300km have been determined on previousions$y radar sounding and
radio occultation [10]. While maximum densities of°1€m® are reported below 200km
altitude, for solar zenith angles below 45 degree dendiies 10°/cm® at 300km altitude.
The median densities we observe for the lowest MEX altituatesonly 20-40/crh when
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assuming a 23eV photoelectron peak (not shown here) or 4Br?@vhen assuming a 27eV
photoelectron peak (Fig.16 bottom). A more detailed coimsparof ionospheric densities
with radio sounding results of the MARSIS experiment on Maxpress has to be done to
resolve this issue.

6.3 Electron temperatures

Fig.17 top shows the median electron temperature for tHe-@igrgy part of the spectrum
and non-ionospheric spectra. In the solar wind we obsempeeatures of 10-20eV which
is higher than the expected 1-5eV [18]. This might be an acteff a bad separation of the
high-energy tail of the spectrum in the solar wind. Towatusthow shock the temperature
seems to increase which might be an effect of upstreamirgretes or just the fluctuation
of the bow-shock position. In the magnetosheath we thinkakdor the densities the high-
energy part of the spectrum (Fig.17 bottom) will give thetdreéstimate. Here we observe
temperatures of 20-40eV for zenith angles smaller than @@edeand slightly lower for
larger angles. For the ionosphere only the low-energy pagtl7 bottom) is relevant and the
map seems to indicate that temperatures decrease witldaltt solar zenith angles smaller
than 90 degree. But minimum temperatures in the ionospheratmout 4eV. Hanson and
Mantas[7] give temperatures of only 0.5eV for 300km alt#u@hile the ELS sensor has
an energy resolution sufficient to measure such low energieghink that in a region of
negative spacecraft potentiBl the minimum temperature which can be measured is given
by eP, which is about 4eV.

6.4 Proton densities

Fig.18 shows median proton densities obtained by inteygatnd fitting the spectra of the
IMA sensor. We observe typical proton densities of about#/outside of the bow-shock
and 1-3/cm by integration and 3-5/cnby fitting in the magnetosheath. This difference
is probably caused by by the instrumental cut-off below lkehich is better extrapolated
by the fitting. The fitted values agree with observations &y AISPERA-1 experiment on
Phobos-2 [12]. At the MPB densities drop well below 1fcfihe median fall-off location
of the proton density seems also to agree with the MGS MPB.

6.5 lon Velocities

Fig.19top shows the total proton velocity observed by tha Bénsor at typical median values
of 500km/s in solar wind and magnetosheath. Because ofthehergy cut-off of the sensor
there is a strong bias towards high velocities in the protita.dAs estimated above (section
5.5.1) only distributions with bulk speeds over 400km/s eoerectly sampled. A better
estimate is the He++-velocity shown in Fig.19bottom. Heeeabserve a more reasonable
median solar wind speed of 300-400km/s and braking of thedspg about 50km/s at the
bow shock.

Fig.20 shows the median velocity vector orientation in M$ndrical coordinates for
protons (top) and He++(bottom). Here we can observe nibelyleviation of the solar wind
by the obstacle: in the inner magnetosheath at solar zemjflesiof 45 to 90 degrees vectors
are almost parallel to the MGS MPB. Since the velocity veot@ntation does not depend



34

IMA_ORBXR_H1D12MED

SERERRERERRERRRRERRRERERRRRRENRRRRERRRRRRERRER TTTTTTTTT] 100
+ |

3 =
s C ]
e [ ]
o [ ]
2]
2 r ] 1.0
= [
g 2
Eer
x L
s -

1

oLl HH\HH‘HHH\HMJAhésH\H\‘HHH\H‘HH\HH 0.1
2 1 0 -1 2 -3 -4

MEX X_MSO [R_M]
IMA_ORBXR_HFD12MED

ETTTTITTIT IITT T T I T I ITTI T I T ITTITITITTrIT ] TTTTTTTTT] 100
4l =

3 =
s C ]
< [ ]
o [ ]
2]
2 r ] 1.0
= [
& 2
Eer
x L
s -

1=

C 7//////.

oLl HH\HH‘HHH\HMJAhésHHH‘HHH\HHH\HH 0.1
2 1 0 2 -3 -4

1
MEX X_MSO [R_M]

Fig. 18 Median of integrated (top) and fitted (bottom) proton deneliserved by the IMA sensor in PAC 1
and 2 between 01 Feb 2004 and 01 Feb 2006 binned on an MSO XgRaybith a gridsize of 0.1 [y;.

p/cm"3

p/cm"3



35

IMA_ORBXR_HVT12MED
EITTTTTTTT \HHHH‘HHH\H‘HHH\H TTTTTTT

TTTTTTTTT 600

500

w

[km/s]

400+,

N
H+V_t

MEX Rcyl_MSO [R_M]

300

200

Ll HH\HHMJAMHHH‘HHH\H‘\HHHH
1 0 -2 -3 -

N

-1
MEX X_MSO [R_M]

T12MED
TTTTTTITTTTTTT

MA_ORBXR
I TTTT

— I
—m
—<

TTTTTTTTT 600

500

w

[km/s]

400_!

N

MEX Rcyl_MSO [R_M]
He++ V_t

300

‘HHHH\
3 4

200

oL LI \HHHH‘HHH\HMJAMHHH‘HH\HH
0 -2

N
[N

-1
MEX X_MSO [R_M]

Fig. 19 Median of integrated total proton velocity (top) and of gr@ted total He++ velocity (bottom)
observed by the IMA sensor in PAC 1 and 2 between 01 Feb 200@%aRdb 2006 binned on an MSO X-Rcyl
grid with a gridsize of 0.1 [y



36

strongly on the energy range, there are only small diffezsrizetween proton and He++
observations.

6.6 Proton Temperatures

Fig.21 shows the median proton temperature calculatedtbegriation (top) and by fitting
(bottom). The fit here includes the low and high energy patti®@&pectrum. For the tempera-
ture the two methods show very different values: integregetberatures are at around 100eV
and above in the magnetosheath, while fitted values are at 40e30eV in the solar wind
and 30-50eV in the sheath. The fitted values agree with exgectiues for the solar wind
[18] which indicates that the high temperatures calculateithtegration might be caused by
high energy noise or by the bad spatial resolution of the IMAs®r. For the magnetosheath
the bad spatial resolution is much less important. The ditthproton spectra is done only
for limited energy ranges (see section 5.5). This limitsriteximum temperatures which
can be fitted. Thus we may assume that for the magnetoshesititelgrated values may be
more representative since they also show maximum tempesadt the nose as one would
expect. On the other hand the integrated temperature is imtwenced by the low-energy
cut-off than the fitted values. Here the ASPERA-1 experinaésd reported very high values
of around 600eV [12], which is much higher than our medianesl

6.7 Alpha densities

Fig.22 shows the integrated and fitted alpha particle dessibserved by the IMA sensor.
Here we calculated the densities over the complete enenggr#\s discussed in section 5.5
this might overestimate the densities since at lower eastthie alpha track is contaminated
by spill-over protons. Still the observed values are on tieioof 0.2-0.3/crhwhich is about
10% of the proton densities. Fitted values show much béteedénsity increase at the bow
shock.

7 Summary and Conclusions

In the first part of this paper we have presented methods igedelasma moments from the
ion sensors of the ASPERA-3 experiment onboard Mars Expléss is the first time that
plasma moments have been determined in a wide range of worglib the environment of
Mars. After two years of operation of the ASPERA-3 instrutea are still learning about
the instruments behavior under changing conditions. Treiexpect that certain calibration
parameters and interpretations will change in the comiragsyef ASPERA data analysis.
But we expect that the principles described in this paperamemwalid and that the derived
moments will not change dramatically. The values we derdredensity, temperature and
velocity of electrons and protons are very reasonable whenspacecraft crosses solar
wind and magnetosheath regions. For the ionosphere we haapécific problem of very
low energy electron and ion distributions. Only further gamsons with other instruments
(MARSIS) will show how good our determinations are for theégion.

Each ion species has its specific problems for the momentlesiten: for electrons we
have the influence of the spacecraft potential and localgélettrons. In addition the planar
measurement without a magnetometer onboard prohibitsdtegrdination of the electron
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velocity vector. For protons we have the problem of an energyoff at about 500eV in
addition to the high noise level of the instrument. For haliand heavier ions we have the
problem of spill-over protons - that is protons which areeeously registered with a high
mass/charge value. Nevertheless we think that we have shdhis paper that we can derive
moments which are consistent in very different plasma doord.

In the second part of this paper we have been presenting sterfaps of plasma mo-
ments for the space environment of Mars obtained by the AZRERxperiment on board
Mars Express. These moments include densities and terapesdor electrons and protons,
densities for alpha particles and velocities for protomstdh and alpha moments are strictly
valid for solar wind and the magnetosheath only becauseeofaiv energy cut-off of the
instrument. Moments of heavier ions will be treated in arlpi@per. We observe median
density values of 2-3/cfrand proton temperatures of 20-30eV in the solar wind as ¢ggec
for solar distances of 1.5AU. In the magnetosheath dessitierease by a factor 2-3 and
ion temperatures by a factor 2. Recently these values haredmmpared with a 3D hybrid
simulation of the Martian plasma environment [2]. The resshowed qualitative agree-
ment for most parameters and quantitative agreement fotreteand proton densities and
temperatures.

We think that using the correction by spacecraft potentialare even able to estimate
ionospheric electron moments, which is difficult when uspagticle counters with a low
energy cut-off. Also the spatial binning used for this papéwo coarse to determine densities
atlowestaltitudes. Stillthe maximum values observed @kBoaltitude indicate that densities
reach up to 1¥cm? in agreement with radio occultation observations. To resthe long-
standing question whether the ionospheric particle predsisufficient to balance the solar
wind pressure, we need additional investigations usindnéaay ion data of ASPERA-3.
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