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Measurements of energetic neutral atoms (ENA) generatéldeirmagnetosheath at Mars are reported. These
ENAs are the result of charge exchange collisions betwelem sind protons and neutral oxygen and hydrogen
in the exosphere of Mars. The peak of the observed ENA flux3sc10'*m—2sr-1s~1. For the case studied
here, i.e., the passage of Mars Express through the Mart&gmetosheath around 20:15 UT on 3 May 2004, the
measurements agree with an analytical model of the ENA mtimtuat the planet. Itis possible to find parameter
values in the model such that the observed peak in the ENAteatenduring the spacecraft passage through the
magnetosheath is reproduced.

Keywords: Mars; solar wind; magnetospheres

I. INTRODUCTION parameter estimates we also use the lon Mass Analyzer (IMA)
and the Electron Spectrometer (ELS) of the ASPERA-3 in-

Energetic neutral atoms (ENAs) are produced by solar windtrument.  The NPI measures energetic neutral atom fluxes
protons and newly created planetary ions that undergo ehargn the vicinity of Mars. We compare our observations with
exchange collisions with neutral atoms in the exospheres ofimulations of ENAs that are based on a analytical model of
the non-magnetised planets. For magnetised planets, lik€€ Plasma flow around Mar&4llio, 1996). This model has
Earth, the exosphere is shielded from the solar wind by th&&en used to study the role of charge exchange in Mars-solar
magnetic field, and only plasma inside the magnetosphere caiind interaction Kallio et al., 1997), and was used tyolm-
contribute to the ENA production. Charge exchange is onétrom et al.(2002) to simulate ENA images. The computa-
of the processes through which the solar wind interacts witdional technique used to calculate the ENA flux was described
planetary atmospheres. By measuring the ENA flux this interin detail byHolmstiom et al.(2002). .
action process can be studied. ENA measurements can also ! NS paperis organised as follows. The observations are de-
give information about the escape of pick-up ions since thécribed in section Il, the numerical simulations are présen
charge exchange process that creates the ENAs also creatB$€ction lll. In section IV the observational results aoene
ions that can be picked up by the solar wind. ENA imaging igpared to the re_*sults from numerical simulations, and inisect
a powerful diagnostic tool to study the global distributioh Vv the conclusions are discussed.
single charge ions in planetary environmemslljams et al,

1992).
) . 1l, OBSERVATIONS
ENA images of Earth’s magnetosphere have been obtained

by the Swedish satellite AstridC{(son Brandt et al. 1999),

. . The ASPERA-3 instrument consists of four sensors that
by instruments on the IMAGE satellit&(rch et al, 2001),

o " measure electrons, ions and ENAs. In this work measure-
and on China’s Double Star missioM¢Kenna-Lawlor et al. ments made using the NPI sensor are analysed. We con-

2004). Holmsttom et aI.(_2002) simulated images of ENAs centrate on data collected during Mars Express orbit 363 on
produced by the interaction between the solar wind and Marg May 2004, when the spacecraft passed through the mag-
through the integration of the ENA production along lines Ofnetosheath f;md into the solar wind. Fig. 1 shows the orbit
sight to a virtual ENA instrument. Oxygen ENA images were, » cvlindrical coordinate system, in which tieaxis is di-
considered byBarabash et al(2002). Gunell et al.(2005a) octeq toward the sun, theaxis is directed northward, per-
compared the influence of different simulation models on thependicular to the ecliptic plane, and paxis closes the r7ight-
production and imaging of ENAs. Similar ENA simulations ,4eq system. The distance to the Mars-Sun line is thus
have also been performed for the Venus environméak ( \/m The bow shock and the induced magnetosphere

et al'., 2004;G'unell et al, 2005b). ENAs play an important boundary (IMB) are shown as dashed lines. The bow shock
role in sputtering of the atmosphere, because as they afe ung

fected by electric and magnetic fields they move freel fromand IMB shapes shown in Fig. 1 are the same as those used
-cted by 9 y : y for ENA calculations with the empirical model discussed in
high in the exosphere, where they are created in charge &Xaction 11
change collisions, to lower altitudes where they impact on o . .
i The IMB is the boundary which separates the solar wind
the atmosphere and cause sputteribgb{anc and Johnson f hei ion that is domi dbv bl ol
2000) rqmt elnnerreglonft atis omln_ate y plasma o paryetar
" ) . origin. It has been given many different names in the litera-
In this work we present observations made with the Neutrajre depending on what measured quantity have been used to
Particle Imager (NPI) of the ASPERA-3 instrument on ESAS gentify it. We call it the IMB followingLundin et al.(2004).
Mars Express missiorBarabash et al.2004). For solarwind  The sun is in the positive-direction. Whether the IMB is
the same boundary as the magnetic pile-up boundagnés
et al, 2000) cannot be determined by Mars Express that does
_ _ not carry a magnetometer.
“Electronic addressher bert . gunel | @hysi cs. org; also at Space Tech-  Tha NP field of view is divided into 32 sectors, each with
Ir;c;\lggy Ireland, National University of Ireland, MaynootBp. Kildare, Ire- a5 x 11.25° field of view. Fig. 2 shows the position of Mars
*Currently at NASA Goddard Space Flight Center, LaboratarySolar and ~ EXpress and the field of view of sectors 21-25 at 20:12:44

Space Physics, Mail Code 612.2, Greenbelt, MD 20771, USA UT on 3 May 2004, when the spacecraft was in the mag-
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FIG. 1 Mars Express orbit 363 in cylindrical coordinatesthathe
bow shock (BS) and the induced magnetosphere boundary (IMBFIG. 3 Orbit 363 data from the ASPERA-3 NPI sensor.
shown. The bow shock and IMB shapes shown here are the same as
those used for ENA calculations with the empirical modetdssed
in section Ill. The origin of the coordinate system is in teae A peak in the count rate is seen between 20:11 UT and 20:17
of Mars. Thex-axis is directed toward the sun, thaxis is directed UT for sectors 22—24. and it can also be discerned in sectors
northward, perpendicular to the ecliptic plane, andyieeis closes 51 o4 55 aithough it is less pronounced there. This peak is
the right-handed systenty? + 72)1/2 is the distance to the Mars-Sun |~ ° .= “~ o2 =S ; . .
line. identified as ENAs originating in the main production region
in the magnetosheath. The geometry can be seen in Fig. 2,
, which shows the spacecraft position at 20:12:44 and the field
orbit 363  2004-05-03 20:12:44 .
4 of view of the relevant sectors.
There is another peak at about 19:50 UT followed by a slow
decay that lasts until after the rise of the main peak desdrib
2 I above when the spacecraft has entered the magnetosheath.
This is most clearly seen in sectors 25 and 24, but traces are
L also seen in the other three sectors of Fig. 3. During th@deri
& o Q from 19:50 to 20:10 the spacecraft was inside the IMB and the
~ field of view covered the region between Mars and the IMB.
-1 The source of this signal could be ENAs or a contamination by
ultraviolet light reflected from the surface or scatteredha
atmosphere. A simple UV model is used to study this issue in
section Ill.
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Ill. SIMULATIONS

An empirical model for the plasma flow around Mars based

FIG. 2 Spacecraft position and field of view of sectors 21-25 a . -
20:12:44 UT on 3 May 2004. The grey-scale map shows a simu" measurements made with the ASPERA (Automatic Space

lation of the ENA production rate in a plane that intersebésdentre Plasma Experiment with a Rotating Analyzer) 'nStrL,‘ment
of all NPI sectors. Thé-axis is the projection of the Mars-Sun line ON board the Phobos 2 spacecraft was developetdijo
in the NPI plane, and thé-axis is perpendicular to both tifeaxis ~ (1996). This model was used to study the production of en-
and the Mars-Sun line. ergetic neutral atoms through charge exchange collisieas b
tween the solar wind protons and atoms and molecules in the
Martian neutral atmospher&éllio et al., 1997). It has also
netosheath. The grey-scale map shows a simulation of thigeen used to study the motion of protons and oxygen ions near
ENA production rate in a plane that intersects the centrdl of a Mars (Kallio and Koskinen1999). The model is cylindrically
NPI sectors. The simulation is discussed further in sedtlon symmetric with respect to the Mars-Sun axis, and includes
The -axis is the projection of the Mars-Sun line in the NPI a bow shock and an induced magnetosphere boundary. The
plane, and th€-axis is perpendicular to both tlifeaxis and  magnetic field is frozen into the modelled flow. A spherical
the Mars-Sun line. obstacle, that is impenetrable to the flow, is assumed at 170
Fig. 3 shows the observed count rate for NPI sectors 21-2%m altitude. The bow shock shape is given by a conical func-
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itational constantyl = 6.46- 10°3kg is the mass of Marsy is

TABLE | Model parameters used Biyolmstrom et al{2002) com- the atomic mass of neutral specigandT; is the temperature

pared to the parameters used here. The model obstacle tedoata

170 km altitude. of species at the exobase. The exobase altitude is assumed to
_ coincide with the model obstacle at 170 km. The properties of
Parameter Holmstrom | This work the exosphere are variable and the true conditions for tige da
Solar wind of the observation unknown. Therefore the parameters of the
Plasma density 25.10°m=3 | 2.0-1fm3 density profiles shall be seen as a an analytical fit rather tha
Temperature 10 eV 5eV a true set of parameters for the exosphere on the day of the
Solar wind speed 400 km/s 470 km/s obseryation. The exosphere parameters_are varied in Beqtio
Geometry v to fit the model results to thg observations. Three species
. are included in the model: atomic hydrogen; molecular hydro
Bow shock position)  1.55Rm 1.55Rm gen; and oxygen. For oxygen two populations with different
IMB position 1.2Rm 1.35Rnm temperatures are modelled.
IMB penetration 1/6 0.05 We started with exosphere parameters that were adopted
Neutral exobase from Holmstibm et al.(2002);Kallio et al. (1997);Krasnopol-
H density 9.9x 101 m—3/2.97x 102 m—3 sky and Gladstongl1996), and then the geometrical and exo-
H temperature 192 K 192 K spheric_ parameters were varie_d to fit the observed data. The
H, density 38-102 m-2 |1.14x 1083 m-3 solar wmd_parameters were estimated from IMA and ELS data
) ' and kept fixed at these estimated values. The parameters are
Hj temperature 192K 192K shown in Table I, the initial parameters being found in the
Onot density 55-10°m2 | 1.65-10'0m3 column labelled Holmstrom. The quantity called “IMB posi-
Onot temperature 44-10°K 44-10° K tion” in Table | is defined as the planetocentric distancéneo t
Othermal density 14-10%m=3| 42.10% m=3 point where the induced magnetosphere boundary intersects
Othermal temperature 173 K 173 K the Mars-sun line. It was varied to obtain a good agreement

with the rising edge of the main peak in the count rate for
sector 23. This is achieved with an IMB position 083R,.

tion that is based on Mariner 4. Mars 2. 3. 5. and Phobogo fit the peak count rate the density at the model obstacle

2 bow shock crossings. The shape of the induced magneteﬂ\fas also increased by a factor of three. This increases the

sphere boundary is given by an even fourth order polynomiapeutral density everywhere and hence increases the ENA pro-
ﬁgction. The IMB penetration parameter was decreased from

based on Phobos 2 data. The model is parameterised, a . i .
the parameter values used here are shown in Table I, that al 6 to O'05: This changes the stream Imes. anq InCreases the
shows the parameters used Hplmstiom et al.(2002), for proton flux in the magnetosheath thus contributing to a mghe
comparison. ENA flux at th_e observed peak. A careful study of the influ-
The algorithm for computing ENA images was described€"c® of the different parameters on the ENA flux as.well as
in detail by Holmstidom et al.(2002). The ENA production on Ithe s"hape a?d structurehof ENA :Images vv|a§ pur?llshe_d by
in the direction from the source toward the instrument is in—E.0 n;fst%r]n gt a .(ﬁOOkZ). ;—the rml)ge Ing r:esu t. |st_ OX"” In
tegrated along lines of sight from the position of the NPI on 9. 4. The bow shock and the are snown in Fig. 1 using
the spacecraft. The production rate is proportional to #wed :gggﬁeﬁzrgg]uegg;Sr'y-;?;g_q%ﬁc{ﬁg %gzse(?s;gg ';Egubcoevs g}%%';e
sity of the neutral exosphere, the directional proton find a is crossed at 20:18. This means that the main peak of the

the Cross sections for charge exchange with the @fferam N€ ENA flux started shortly after the spacecraft entered the-mag
tral species. We use the model for the cross sections that was

used byKallio et al. (1997). The proton velocity distribu- netosheath and ended a minute before the spacecraft crossed
tion is assumed to be a Maxwellian that is centred around thtehe b0\;]v shock and en_terellc:rthe s_ola: vvmd. f ultraviolet liah
bulk velocity given by the empirical plasma flow model. The We have made a simpi |e_d simu ation of u trgwo et light
simulated count rates shown in Fig. 4 have been compLJted J}Z"”.‘ Lyman alpha airglow to investigate the pos.'5|_b|e contam
weighted average of 434 line of sight integrals for eachaect :33:;1) nar?; tgﬁgﬁ;%g&f%ggmgﬂf'is-l::i]ri rﬂggglb's gzsﬁg]_on
The weights are given by the sensitivity of the NPI for ENAs . v sinal : f h o P liah y h
incident from different directions. The various directiomere 19 2N singe scattering of t e_|nC|d_ent sunlight. .T e ebu
scanned during calibrations yielding a £81 matrix for the irr?tthrLjat\I/ caused by UV photons is estimated by a line of sight
directional sensitivity. 9

When calculating the ENA flux a Chamberlain exosphere Q —1(s)
is used to model the neutral gas density. The num- Rov = AUQET /LOSSS““e ds @)
ber densityn; of neutral species is modelled asn; = ) . . —
N; exp(—Bi (1/ro— 1/r))Z(Bi/r), wherer is the distance to wheret is the optical depth along the line of sight:
the centre of Marg; is the radius of the exobasgis Cham- s
berlain’s partition functionChamberlain and Hunteri987), () = 0/0 nu(s)ds (2)
andf; is a constant that is determined by the mass and temper-
ature of each specie@, = GMm /(ksT;), whereGisthe grav- and A = 525 x 10°°m? is the detector area,c =
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FIG. 4 Simulations (dashed curves) and filtered data (salides) from MEX orbit 363 and the ASPERA-3 NPI sensor. Theéhbgl count
rates in sector 23 and 24 correspond to fluxes.86110m—2sr1s71 and 12 x 10"'m~2sr-1s1 respectively. The dark counts shown in

Table Il have been added to the simulation results.

1.19x 107Y./To/Ty m? is the photo absorption cross sec-

tion (Bush and Chakrabarti1995b), wherelop = 1000 K.
Q=5x 108 is the quantum efficiency of the NPRQ the
solid angle of the field of view, andy is the density of neu-
tral hydrogen in the exosphere. The source funcam is
given by

X0
Sun(X,Y,2) = @s /X e X ¥y (3)

wherexy = 20Rn, is the sunward edge of the simulation region

@ is the incident Lyman alpha flux within the Doppler band

width. The value for the solar Lyman alpha is obtained from

the Solar2000 modelTfbiska et al.2000) and is scaled by

the square ratio of the Earth-Sun and Mars-Sun distances and
the Doppler bandwidth to solar emission line bandwidttorati
The Lyman alpha line that is emitted from the sun is Ao
wide, whereas photons can only be absorbed within the more
narrow Doppler bandwidth of the Martian exospheBaigh

and Chakrabarti1995a). Thus the incident flux is

3.99- 10'°-(1.008/1.621)2- (0.0164/0.9)m 2s 1 =
2.81- 1013m=—2s71,

s

"Finally 1(x,y,2) in Eq. (3)is defined by

1(X,Y,2) = c/xo nu (X, Y, 2)dX 4)
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0.6 ‘ ‘ ‘ ‘ TABLE Il ENA flux observed by the ASPERA-3 NPI and the dark

" sector o1 count and sensitivity that was used to calculate the flux.
0.5} | - - - Sector 22 Secto Flux Dark count Sensitivity
—— Sector 23 (m—ZSr—ls—l) (m—ZSr—l)
| | —— Sector 24
L ecter 21 | 3.4x101° 09 52x10°10
Qo —— Sector 25
g 22 | 10x10t 1.3  68x10710
599 23 | 13x 104 1.6  79x10°10
O
24 | 12x1041 2.1 80x 10710
0.2
25 | 9.9x10%0 2.1 79x 1010

0.1

The dark count is estimated as the mean of the count rate be-

tween the times 19:15 and 19:45. The maximum value in sec-

tor 23 is 13 x 10 m~2sr1s~! which is in agreement with

the highest emission from the shocked solar wind predicted

FIG. 5 A simulation of the count rate caused by Lyman alpha air by Holmstiom et aI.(2002),.as. shown in Plate 1 of that paper.

glow from the Martian hydrogen corona. There are a few uncertainties that can contribute to an error
in the flux that is calculated from the data. First, there can
be an error in the calibrated sensitivity. This error is lésm

where the path of integration is parallel with theaxis and 25 %. Secondly, the sensitivity depends on the incidenteangl

runs from the source point in questionxe= xo. within each sector, and since we cannot know the exact inci-

Analogously to the ENA simulations described above adent angle we have used the sensitivity for the central direc

weighted average is then formed using the measured relatiiéon of each sector, where the sensitivity is at its peakrdifi

sensitivities for different angles of incidence. The quanef-  the efficiency depends on the particle energy, and since we do

ficiency and the relative directional sensitivities weréediied  not know the energy of the incident ENAs this can contribute

in calibrations of the NPI reference model. This introduges to an error in the measured flux. For typical solar wind ener-

uncertainty of the absolute countrate, but the simulagsalt  gies, i.e.E = 1 keV for hydrogen, where = 103, this error

can still serve as a relative measure of the contributiomfro is approximately

ultraviolet light, and the shape of the curves shown in Fig. 5

can be compared to the shape of the curves showing observed Ae —74x% 10*4(eV)*1

count rate in Fig. 3. AE

19:00 19:30 20:00
UT on 03—-May-2004

The result of the UV simulation, which is shown in Fig.
IV. RESULTS 5, is that the maximum count rate is approximately 0.5, s
i.e., lower than the observed count rate by a factor of 10-100

Fig. 4 shows the data of Fig. 3, which has been digitally The shape of the simulated UV curves is completely different
filtered to remove high frequency noise. The filter is a low-fromthat of the observed countrates (figures 3 and 4) and thus
pass finite impulse response filter of length 201, with redl an even if the quantum efficiency of the instrument was off by a
symmetric coefficients. The signal is run first forward andVery large factor the observed peak between 20:11 and 20:17
then backward through the filter, thus obtaining preciselpz ~cannot be caused by this UV source.
phase distortion. Signals with a period less than one minute
are attenuated efficaciously. The dashed lines show thé resu
of the simulation described in section Ill. Using this fikdr V. CONCLUSIONS AND DISCUSSION
data we calculate the maximum ENA flux for each sector, dur-
ing the main peak between 20:11 UT and 20:17 UT. The result We have presented data from the Neutral particle imager
is shown in Table II. The flux is computed by subtracting theof the ASPERA-3 instrument on ESA's Mars Express mis-
dark count from each sector and multiplying by the sensjtivi  sion. During orbit 363 between 20:11 and 20:17 UT on 3

that is to say May 2004 a peak appeared in the observed count rate. It both
rises and falls off very sharply. The maximum flux is approxi-
iENA= R~ Ruark (5)  mately 16 m~2sr-!s~! in agreement with the predictions by
Ge Holmstibm et al.(2002). The source of the observed flux is

wherejenais the ENA flux,Ris the observed count ratey -k ENAs created in charge exchange collisions between atoms in
is the dark counti = 2.7 x 107 m?sr is the geometrical fac- the atmosphere of Mars and solar wind protons. The source
tor ande is the efficiency for each sector. The sensitivity thatregion is located in the shocked solar wind between the bow
is tabulated in Table II, along with the flux and the dark count shock and the induced magnetosphere boundary. The field of
is then defined as/1Ge). Since the NPI does not resolve par- view is shown in Fig. 2 on a map of the ENA production rate.

ticle energy the efficiency corresponding to 1 keV was usedThe ENAs that can reach the instrument are created between



the spacecraft and the Mars-sun line, because the ENA flux idensity profile of the exosphere, of which detailed knowkedg

highly directional and parallel with the plasma velocitytlee  is unavailable at this time. The shape of the curves of the UV

source point. The bulk velocity of the plasma downstream oemissions, however, excludes UV as a source for the main

the bow shock is directed diagonally outward from the Mars-peak between 20:11 and 20:17 UT.

sun line. This study shows that the general picture of the generation
The model parameter that is the most influential on theof ENAs at Mars is correct. ENAs are generated in the be-

morphology of ENA images is the IMB positiokiplmstibm  tween the bow shock and the induced magnetosphere bound-

et al, 2002). The IMB position is in turn likely to be influ- ary, and the flux agrees with predicted values. Now that a gen-

enced by the solar wind parameters. Combining ENA meaeral agreement has been confirmed ENA measurements can

surements with solar wind measurements can be a useful teche used in future work for automated parameter extraction;

nique for future studies of this dependence. The data agrede study mass loading, the shape and variability of plasma

with simulations using an IMB position, defined as the plan-boundaries; and for comparison between different Mararsol

etocentric distance to the IMB along the Mars-sun line, ofwind interaction models.

1.35Ry, and an, analogously defined, bow shock position of

1.55Ry,. This estimate of the parameters relies on the assump-

tion that these boundarie; were shaped according to thelmo%. ACKNOWLEDGEMENTS
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