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Abstract. The ionosphere is always assumed to containmost important source of ionisation is provided by energetic
equal numbers of positive and negative charges in a giverlectrons precipitating out of the magnetosphere. The iono-
volume (quasineutrality). Hence fewer electrons than posi-sphere is quasi-neutral, i.e. the number densities of positive
tive charges are an indication of negative charges other thaand negative particles is equal. Hence the number density
electrons. Theories predict and in-situ mass spectrometeof negative charge& — — other than electrons — can be ob-
measurements confirmed that these negative charges are ndgined by forming the difference between positive charges
ative ions, but recent experimental results suggest that otheand electrons. The primary products of ionisation are free
scavengers of free electrons can also be active in the mes@lectrons {Ve) and (primary) positive ions; both these species
sphere. Outside the polar summer mesosphere this additionahn not only simply recombine in the reverse reaction (dis-
removal of electrons is today believed to be due to meteoricsociative recombination), but may experience several inter-
dust, which maximises in the mesosphere. Data predomimediate stages before eventually again leading to neutrals.
nantly from the recent ECOMA flights are used to test this Figure 1 shows a very basic chemical scheme of the most im-
presumption. Six sounding rockets carried different dust de{portant ion reactions active in the mesosphere. We will here
tectors, as well as probes for electrons and ions. With such anoncentrate on the negative plasma species such as free elec-
instrumental ensemble one can assess whether indeed the drans, negative ions, but also negatively charged larger par-
istence of meteoric dust removes more electrons than wouldicles presumably consisting of aerosol particles or meteoric
be expected from gas phase ion chemistry alone. Other facdust. In the above scheme, negative i6hs are formed by
tors potentially impacting on electron removal are also dis-a three-body attachment (coefficiegit of electrons involv-
cussed in the paper. ing the background (number densit) onto X. The reverse
reactions in this simple chemical scenario are via atomic oxy-
gen O and by photo detachment. As far as negative ions are
concerned, the chemical scheme in Fig. 1 is sufficient to qual-
itatively understand the observations reported in this paper.
] For the case of negatively charged particl@s §, their for-

1 Introduction mation is through direct electron attachment on neutral parti-

cles (P) while their sink is either recombination with positive

The ionosphere’s plasma is the result of a balance bet\NeeR)nS or photo detachment (cf. e.g. Rapp, 2009). Importantly;
ionisation from various sources and reverse reactions again ' '

leading to neutrals. At high latitudes, notably at night, the
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Fig. 1. Simplified ion-chemistry in the mesosphere (D-region). lons in the shaded boxes are the ones primarily produced. For graphical

reasons the reactions between the negative spaciesX(", and P™) to all of the positive species are omittetf & background number
density, NO = nitric oxide, O =atomic oxygen, P =particle).
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In other words, in absence of larger negatively charged parti-
cles,NT andNe should be predictably related providgtl;
is known and independent of altitude. A study of 28 rocket
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, ﬂ%?A flights where both electrons and positive ions were mea-
80 — = 41.004] sured revealed that/«; scatters widely about the values ex-
/1 —_ pected from laboratory measurements, which was tentatively
0 ‘ ascribed to additional electron loss by attachment to targets
1.E+06 1.E+07 1.E+08 1.E+09 1.E+10 1.E+11 1.E+12 . . .
electron density, m- larger than molecules, such as irregularly occurring meteoric

dust (Friedrich et al., 2011). At this time there are six rocket
Fig. 2. Night time electron density profiles of rocket flights which flights instrumented to measure charged dust, electrons and
carried particle detectors and positive ion probe;. The profilejgns which can substantiate this hypothesis. The ECOMA
ECOMA-7 is the lowest ever measured at auroral latitudes. flights 7, 8 and 9 had practically identical trajectories, almost
identical mechanical design and therefore comparable aero-
dynamical behaviour (see Rapp et al., 2011, for a general

introduction to the ECOMA project). In addition, three other
rockets with similar scientific instrumentation were launched

atomic oxygen is not thought to play any role in the charging
of these large patrticles.

Under normal circumstances atomic oxygen at night only
occurs above a pronounced ledge usually located between g¥tween 2004 and 2011.
and 88 km (Gumbel, 1997). If the ledge of the O-onset is not
very sudden, but shows structures, they are — as one would pata and instrumentation
expect — indeed reflected in similar structures in the electron
densities (Friedrich et al., 1999). Since photo detachment afree electrons are continuously produced by ionisation due
night is largely absent — or at best provided by scattered sunto sources predominantly originating from the Sun. At night
light — the loss of negative ions is primarily by ion-ion re- only galactic cosmic rays and scattered solar UV remains
combination (with coefficient;j) and the following relation  (i.e. from the geocorona), but at high geomagnetic latitudes
between the number densities of electrais and positive  precipitating energetic charged particles provide an ionisa-
chargesV* applies (cf. e.g. Friedrich et al., 2011): tion source largely independent of the time of the day. In

Fig. 2 six electron density profile are depicted which were
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Fig. 3. Negative charged patrticles (left panel), plasma densities (electrons, ions and inferred ions, centre) and atomic oxygen (right panel)
with error limits in the retrieval (flight HotPay-2).

Table 1. List of flights with particle detectors together with electron and ion density measurements.

Code Date Time F10.7 a,  Riometer Range B/aj Comments
UT  deg dB @ 27.6
MHz

ECOMA-0 2004-10-28 19:49 120.1 1185 3 0.003 Esrange5 x403!  low apogee; large angle of
attack

HotPay-2 2008-01-31 19:14 1166 629 23 0.006 Andgya0 x510-32 high apogee—> poor height
resolution in the meso-
sphere

ECOMA-7 2010-12-04 04:21 1129 76.4 0 0.000 Andgya.0 810732 all-time low Ne

ECOMA-8 2010-12-13 03:24 119.1 76.5 23 0.104 Andgya.0 x110~31  Geminid shower

ECOMA-9 2010-12-19 02:36 1236 704 5 0.006 Andgya.0>81032

41.094 2011-10-11 21:15 116.2 1301 2 0.420 Andgya4 x110~31  small angle of attack; mass
spectrometer

measured by rocket payloads that also carried ion density
probes and detectors for heavy particles. Among them the
— profile due to ECOMA-7 is not only the smallest in this col-
lection, but also the smallest electron profile ever measured
by a radio wave propagation experiment at auroral latitudes.
A prototype of the ECOMA series of nine flights was flown
from Esrange, Sweden, in October 2004. It carried the first

o bins o 153 of the ECOMA patrticle detectors (see below). The flight was
il a free ride on an otherwise experimental rocket launch. As
- LU a consequence of this uncoordinated flight opportunity, the

spherical apogee was only 95km which meant that the particles’ ve-
locity into the detector when passing the mesosphere was

somewhat low; additionally, the angle of attack (rocket axis

vs. velocity vector) was relatively large and the slanting im-
pact of the particles inside the detector may have distorted
the measurements (Kassa et al., 2012; Rapp et al., 2005).
This flight, termed ECOMA-0 in Table 1, is only listed for
Eig. 4. Forward section of an ECOMA payload in flight configura- completeness.

tion. In January 2008 the rocket payload HotPay-2 was
launched from the Andgya Rocket Range, Norway, and
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Fig. 5. Naturally charged dust collected by the ECOMA instrument in flight 7 (left panel). The negative sign indicates that the particles were
negatively charged, the positive current seen in the ECOMA dust data above 95 km is not an indication of positively charged dust, but rather
a sign of incomplete shielding against positive ions (Rapp et al., 2011). Electron and ion densities measured in the same flight (right panel);
the inferred ions (dashed line) are obtained from the measured electron densities applying Eq. (1).

reached an apogee of 377 km. Among the scientific instruthan electrons) are most likely negatively charged dust parti-
ments, most of which required a high altitude, it carried acles.

wave propagation experiment to measure (absolute) electron In December 2010 the final three of the series of nine
densities, a positive ion probe, a simple detector for chargedECOMA payloads were launched from Andgya. The pri-
dust, and a photometer to measure atomic oxygen (Enell ethary aim of these rocket soundings was to investigate the
al.,, 2011). Due to the high apogee, the time spent in thedistribution, properties and abundance of meteoric dust par-
mesosphere was short and therefore the altitude resolutioticles, which —according to theoretical models — are expected
rather poor. Figure 3 shows the results of these four instruto maximise in the mesosphere (e.g. Hunten et al., 1980;
ments. In addition to the measurements (electrons, ions, OBardeen et al., 2008; or Megner et al., 2008). The main in-
and dust), the dashed line indicates the ion density inferredgtrument on these payloads is the actual ECOMA detector
from the electron density applying Eqg. (1). Below 85km a (= Existence and Charge State of Meteoric Dust Grains in the
value for Blo; of 5x 10-32m3 leads to the best agreement Middle Atmosphere). In addition, an intermittent UV source
between measured and inferred ions. This value is considionises neutral particles to make them too detectable (Rapp
erably smaller than the one expected using the values oband Strelnikova, 2009; Fig. 4). The purpose of the final cam-
tained more than 40 years ago under laboratory conditionpaign in December 2010 was to investigate whether the well
(25x107°3'm3, i.e. Phelps, 1969, fop, and Peterson et predictable Geminid meteor shower had a noticeable direct
al., 1971, fore;). However, from the analysis @/« from influence on the dust observed in the mesosphere.

28 sounding rockets a mean value of onlp 8 10-32m3 The ECOMA instrument is designed for a typical veloc-
emerged (Friedrich et al., 2011), i.e. reasonably close to théty of about 1 kms? into the detector for naturally charges
present value. In the height region 85 to 88 km the inferredparticles to be detectable. Direct Simulation Monte Carlo
ion density is a little less than the measured one. This dis{DMSC) calculations with the geometry used here (Hedin
crepancy can either be remedied by varying fie; with et al., 2007) have shown that the ram pressure inside the
height, or be explained by a more effective electron loss profaraday cup is such that it effectively discriminates lighter
cess than provided by gas phase chemistry alone. The negrasses. Above 80 km the minimum detectable radius of such
atively charged dust actually measured can provide this adparticles (assuming a specific mass of 2 to 3 génis about
ditional electron scavenger. Also, according to conventional4 to 5nm (Rapp and Strelnikova, 2009). At higher altitudes
ion-chemical models (cf. Fig. 1), negative ions can not ex-(less atmospheric density), the detection threshold of mass or
ist in the presence of the appreciable number density ofadius of the particles is smaller. Hence the upper limit of the
atomic oxygen as was actually measured in this flight. Weheight where such an instrument detects particles is quantita-
can therefore conclude that what at lower altitudes one wouldively more meaningful than the lower edge of the occurence
explain as negative ions, at these relatively high altitudesof detected particles; that lower altitude limit is more instru-
where atomic oxygen prevails, the negative charges (othemental than geophysical.
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Fig. 6. As in Fig. 5, but for flight 8 (top) and 9 (bottom). Note again that the positive currents seen above 89 and 87 km (ECOMA-8 and -9,
respectively) are indications of incomplete shielding from positive ions and not signatures of positively charged particles (Rapp et al., 2012).
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Fig. 7. As in Fig. 4, but flight 41.094 (upleg data). The charged dust particles are of the mass range 500 to 2000 amu.

Figure 5 shows the number densities of the detected natutron and ion densities of that flight. For the measurement of
rally charged particles of ECOMA-7 together with the elec-
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the ion density not only the dedicated spherical gridded probe The most recent and most convincing case is provided by
(positive ion probe, PIP) could be used (Fig. 4), but also thethe data of the rocket flight CHAMPS (41.094), also from
current of the shielding grid that protects the entrance of theAndgya. The rocket axis was actively kept within °Lé
ECOMA detector from ionospheric plasma. The current col-the velocity vector, both on up- and downleg and guaranteed
lected by this grid, biased by3V, was monitored by a low high quality measurements throughout the whole flight. In
resolution housekeeping channel. Treating this configuratiorcontrast to the payloads discussed so far, here the particles
as a plane Langmuir probe yields ion densities typically toowere not detected by a Faraday cup, but by a mass spectro-
large by a factor of 100, but normalising the nominal profile meter with four mass ranges for each polarity (an early ver-
to the electron density profile at the prominent peak at 97 kmsion of this mass spectrometer is described by Knappmiller
leads to reasonable ion densities (cf. the accompanying paet al., 2008). Figure 7 shows the negatively charged masses
per by Friedrich et al.). Interestingly in the height region 86 in the range 500 to 2000 amu, the range which best corre-
to 95km the ion density obtained from the exposed shield-lates with the difference between measured and inferred ions
ing grid is consistently larger than what PIP measures. Thigupleg data).

can plausibly be explained by mass discrimination of PIP Table 1 lists the pertinent details of the present flights
due to the relatively low bias on the inner collecte(5 V), all of which occurred under full darkness (solar zenith an-
whereas no significant mass discrimination can be expectedles y > 98°). Under “comments” in Table 1, the reasons
by using the exposed grid as a Langmuir probe. This explaare listed why these two earlier flights are not fully consid-
nation suggests that the negative population must have corered in the present context; why we concentrate on the three
tained a significant fraction of heavy particles. There is aECOMA flights is primarily that they carried identical instru-
clear anticorrelation between negative charged particles andhents, had (almost) identical trajectories, and thus assured
electrons at 91.7 km, but also — although less pronounced — atomparable aerodynamic behaviour of the particle detectors.
93.8 km strengthening the argument that electrons are lost by

attachment to dust particles. To obtain the inferred ions here .

a value offla;j of 3.0 x 10-32m3 is used, again much lower 3 Conclusions

than the lab values suggest, but again fairly close to the meanh h bal b db iahti hiah lati
ionospheric experimental value. Below 89 km this line rea-T e charge balance observed by recent nighttime, high lati-

sonably tracks the measured ion density, but between 89 an‘i&‘de rocket flights shows negative charges — other than elec-

94 km, the density of inferred ions approach that of electronsYONS — which are significantly different in the five cases.

whereas the ion densities measured by PIP are somewhat '€ clrlwardged large partl;cles rr]neasured by_the sarln_e (;OCketS
larger, and considerably larger when derived from the grid®YP'caly disappear at about the same maximum altitudes as

current. We again attribute this discrepancy to an electronthe negative charges derived from the plasma measurements.

scavenging process more effective than predicted by Eq. (1)This strongly suggests thaF the ldeplet_i(')n of free electrons

arguably due to attachment onto the meteoric aerosols obS caused by the large particles in addition to the usual gas

served by the ECOMA detector phase chemistry by which the existence of negative ions in
The corresponding comparisons with the data of the flightsthe '°_We_f |onosphe_re is conventionally explam_ed.

ECOMA-8 and -9 do not show any discernible correlation in A similar correlation at the bottom of the particle layer and

fine structure details, but the altitude of the disappearancéhe el_ec:]rortlj deplethn IS not ﬁxrﬁ)edlﬁngbecayse r:lowhcokrj\c:l—
of negative charged particles strikingly agrees with the al-t'ons'nt_ € denser airare suc thatt e etgctlont resholdtor
titudes where the densities of electrons and ions converggqe particles is shifted to larger particle sizes/larger masses

(Fig. 6). Also, the ion densities derived from the ECOMA of which much smaller concentrations are expected. A fur-

grid on avera,ge do not deviate from those obtained by I:,”:,@her indication for electron scavenging by heavy particles is

The ion densities of flight ECOMA-8 are of poorer qual- given by the anti-correlation of density structure details be-

ity, which may explain why there is no discernible differ- twegn negitlvely chargedf partlclgs l?lnd elec_trons.

ence between inferred and measured ions (cf. Friedrich et al., Finally, the presence of appreciable atomic oxXygen, as ac-
2012). The maximum in the charged particles of ECOMA- tually measured by HotPay-2, destroys negative ions, but
9 at 86km does seem to be reflected in the plasma densit oes not affect electrons attached to dust particles; this is an

data, again strengthening the argument that heavy particle§nportant argument for the hypothesis that dust acts as an

scavenge free electrons. The fact that details of the chargeﬁlec'[ron scavenger.
particle densities are more clearly reflected in the electron
oy _3 . .
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