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Abstract. The dust detector on the ESPRIT rocket detectedKeywords. Atmospheric  composition and  structure
two extended dust/aerosol layers during the launch on 1 JulyAerosols and particles; Middle atmosphere — composition
2006. The lower layer at height81.5-83 km coincided with  and chemistry; Instruments and techniques)
a strong NLC and PMSE layer. The maximum dust charge
density was~—3.5x10° e m3 and the dust layer was char-
acterized by a few strong dust layers where the dust charge )
density at the upper edges changed by factors 2—3 over a did- Introduction
tance of<10 m, while the same change at their lower edges
were much more gradual. The upper edge of this layer isburing the last decades, considerable attention has been fo-
also sharp, with a change in the probe current from zergeused on the observation and understanding of the role of
to Ipc=—10"11A over ~10m, while the same change at mesospheric dust particles, or aerosols. We will, in the fol-
the low edge occurs over500m. The second dust layer lowing, call these dust particles although they, for the most
at ~85-92 km was in the height range of a comparatively Part, probably consist of water ice. They were first recog-
weak PMSE layer and the maximum dust charge density wadized as being present as visual particles in the noctilucent
~—10B e 3. This demonstrates that PMSE can be formedclouds (NLC) (Gadsden and Scider, 1989; Thomas, 1991)
even if the ratio of the dust charge density to the electron@nd later it was suspected that non-visual small dust parti-
densityP=N,Z,/n.<0.01. cles could cause the so-called electron bite-outs, strong local
In spite of the dust detector being constructed to reducdepletions of the .eIectron density which often are measured
possible secondary charging effects from dust impacts, iy rocket probes in the summer mesosphere (Pedersen etal.,
was found that they were clearly present during the pas_196_39; Ulwick et al., _1988; Havnes et al., 1996). lea_r ot_)ser-
sage through both layers. The measured secondary char atlon_s of NLC partu_:les (von Cossart et al., 1_999) indicate
ing effects confirm recent results that dust in the NLC andthat visual NLC particles had an average radius-60 nm
PMSE layers can be very effective in producing secondary®nd average density of 8x10" m~3 which is confirmed by
charges with up te-50 to 100 electron charges being rubbed satellite measurements (Eremgnko et al., 2005). The radar
off by one impacting large dust particle, if the impact an- PMSE phenomenon (Cho andsger, 1997; Ecklund and
gle is #;>20-35. This again lends support to the sug- Balsley, 1981; Rapp andilbken, 2004) was also suspected
gested model for NLC and PMSE dust particles (Havnes andparlier as beu_’]g_llnked to d_ust p::_lrtul:les., duetoits S|m|Iar_|ty in
Naesheim, 2007) as a loosely bound water-ice clump interSeasonal variation and helghtdlsmbutmn to the NLC. Simul-
spersed with a considerable number of sub-nanometer-size@n€ous and co-located observations of PMSE and NLC con-
meteoric smoke particles, possibly also contaminated witrflude that they most likely have common causes (von Zahn

meteoric atomic species. and Bremer, 1999).
Direct in situ observations of the mesospheric dust were

attempted by sampling (Hallgren et al., 1973) but the re-

Correspondence tdD. Havnes sults were largely inconclusive although it was stated that
BY (ove.havnes@uit.no) a few large (diam~100 to 700 nm) mesospheric particles
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v62vl . IIIIIIIII B > grids as a function of payload spin rotation angle, led Havnes
' o1 and Naesheim (2007) to conclude that a model for the meso-
/ spheric dust could be a fairly loosely bound ice particle in

which a considerable number of small meteoric particles
(Rosinski and Snow, 1961; Hunten et al., 1980; Megner et al.,
EDD grid profiles 2006) of radiusS1 nm are embedded. Upon impact, the large
dust particle was assumed to fragment into many small sub-

J particles each containing one or more meteoric smoke parti-

Dusty grid profiles

cle. While most of the water ice on the fragments would sub-
B ‘ """" . """""" T 7' limate during the impact, the meteoric smoke particles made
v of metals and silicate compounds (Plane, 2003) should sur-
+2.0V 1> loe vive and a considerable fraction of them would carry away a
negative charge.
Fig. 1. The principle of the EDD probe, with its upper and lower ~ The model apparently requires that dust particles, with a
grids of square profiles and the circular ones for DUSTY. The grid radius of ~50 nm or more, are capable of carrying away
profiles are not shown to scale. The side edges are 1 mm for G2 ane._50 e to—100 e after impact and fragmentation. The re-
0.25mm for G1. For DUSTY both grids have profiles with diameter quirement of a secondary charge production, much higher
of 0.8 mm. than for experimentally observed impacts of pure ice parti-
cles, must be tested in future dust probe experiments. The
present dust experiment had as one of its purposes, to test the
were probably collected. Later observations by rocket Masgeality of the large secondary production required by obser-

spectrometers (Byn and Amold, 1981; Kopp et al., 1985; yations with the dust probe DUSTY (Havnes and Neesheim,
Schulte and Arnold, 1992) indicated the presence of massivegg7).

ions, or microclusters. Itis, however, unclear how the effect |, sect. 2. we describe the experiment. In Sect. 3, we will

of airflow could have affected these observations (Horanyipresent the basic observations, while in Sect. 4, we will anal-
et al., 1999; Hedin et al., 2006). The f|rst'pr0be 1o Unam-yse the currents to the probe. In Sect. 5, we find the sec-
biguously detect heavy charged mesospheric dust particles Qfgary charge production, the net dust current and the corre-

sizes probably from a few nm and upwards, was the DUSTYsponding dust charge density as a function of height.
probe flown in 1994 (Havnes et al., 1996). This probe

showed that large amounts of negatively charged dust of a
charge density of up to—4x10°em > was presentin two 2 The dust experiment and the launch conditions
strong electron bite-outs. The dust was not observed visu-
ally or by lidars but a strong PMSE layer was present. Later,The ESPRIT Dust Detector (EDD) was one of 13 experi-
rocket probe observations (Mitchell et al., 2001; Havnes etments (6 engineering demonstrations and 7 scientific) on the
al., 2001a, b; Smiley et al., 2006) confirm the presence, alsESPRIT rocket (Engineering and Scientific Projects for Re-
of subvisual dust, at NLC and PME conditions. search and International Teamwork), a joint US and Norwe-
It is now becoming increasingly clear that secondary gian student project payload (Philbrick et al., 2007; Edwards
charging effects, due to impacting dust particles on rocketet al., 2007). It was launched 06:39 UT on 1 July 2006 from
payloads and their probes, can affect some measuremenfndgya Rocket Range as number 3 (SPIRIT 1ll) in a series
(Zadorozhny et al., 1993; Havnes et al., 1996; Vostrikov etof student rocket payloads.
al., 1997; Gumbel and Witt, 1998) and probably sometimes The EDD dust detector (Fig. 1) is a bucket which is closed
totally dominate them (Barjatya and Swenson, 2006; Havnedor external electrons and ions at the top by a grid (G1) biased
and Naesheim, 2007). In the last paper, it was demonstratedt+6.2 V, with another grid (G2) at6.2 V, 20 mm above the
that secondary charging by dust particles impacting on surbottom plate (DC) a#-2.0 V. The inner diameter of the probe
faces at a high impact angle (= angle with the normal was 80 mm. G1 is made of grid wires with a square profile
to the surface), which fragmented and carried away negathickness (5x0.25mm), all in the same plane and with
tive charge, could give the appearance of incoming positiveintergrain distances (from centre to centre) of 6.5mm. G2
charges. Similar effects have been observed in laboratory exhas the same shape and intergrain distance but the thickness
periments with small ice particles with sizes of the order of of the rectangular wires is increased to 1 mm. The currents
10 nm impacting on surfaces, with velocitiesef km/s (e.g.  from G1, G2 and the gold-plated DC are all measured. The
Andersson and Pettersson, 1997; Tomsic, 2001; Gridin et alEDD probe is similar to the original DUSTY probe (Havnes
2004). The required effectivity for the secondary charge pro-et al., 1996) but the shape of the grids has been altered to
duction of the mesospheric dust is much larger than what ihange the production of secondary charges from the im-
observed for pure water-ice particles in experiments. Thispacting dust particles. Also, the G1 wire thickness was re-
combined with a modelling of the impacts on the dust probeduced from 0.8 mm on DUSTY to 0.25mm, resulting in a
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ered, fromo1=0.23 to 0.08. On the G2 the grid wire thick- 10
ness is increased to 1 mm, and the covered fraction increase
from 02=0.23 on DUSTY to 0.28 on EDD. 10°
In the following, we will concentrate on the currenis;
and Ipc measured on G2 and DC, as was done in an earlier 8
analysis (Havnes and Naesheim, 2007). Grid 2 and the bot-< 1007
tom plate are close together and secondary charge effects o £
Ic2 will show up, with an opposite sign, in the currefiic. £
This enables us to find both the secondary current contribu-
tion I to Ig2 (and—Is to Ipc) and the current due to dust 1o|
before hitting or passing G2. The possible secondary effects
from G1, with its low effective area af;=0.08, will be ne-
glected. The current to this grid is dominated by the capture 10
of electrons. It appears that this current is severely affected - - o o " -
by the sweep frequency of Langmuir probes on booms (Es- Time in sec from launch
cobar et al., 2007), which are swept at a frequency of 1 Hz
(Fig. 2). The change of the grid profiles from circular to Fig. 2. The raw currents to G1, G2 and the bottom plate. The cur-
square (see Fig. 1) will reduce the production of secondaryents are shown as positive but bdif;; and/rpc were measured
charges compared to that of DUSTY, for similar impacts. as negative currents whileg is positive.
This is because the area of G2, which now gives impacts
at large impact angle% (measured from the normal of the
surface to the direction from where the dust comes), will be3 Observations by the ESPRIT Dust Detector (EDD)
strongly reduced on EDD compared to DUSTY if the coning
ang|ey (ang]e between pay|oad axis and Ve|ocity direction) The currents from the grids G1 and G2 and the bottom plate
of the payload is small to moderate. #t=0 there should DC (Fig. 1) were measured by logarithmic electrometers.
be no secondary production on the grids of EDD, since dusil he absolute values of the raw currefts1, /rc2 and/rpc,
impacts will only be on the upper side of the square with recorded during the flight in and near to the NLC and PMSE
6;=0°. The circular cross-section of a DUSTY grid will al- layers, are shown in Fig. 2. We will not, as earlier stated,
ways present surfaces to the incoming dust where 890, consider the current to G1 which is strongly affected by a
regardless ofy, and the secondary production is therefore separate Langmuir probe which is being sweptaHz (Es-
much more likely than for EDD. The coning of the ESPRIT cobar et al., 2007). Grid 1 is mainly intended to close the
payload, as measured with a sun sensor, wag3 as the  interior to the ambient ion and electron plasma and the com-
payload passed the NLC and PMSE layers (Reichard et alparatively large currents to it, is evidently caused by the cap-
2007). We will assume that the coning is around the ve-ture of electrons.
locity direction. This results in that some of the edges of In the uncorrected currenfsc, and/rpc, we clearly see
one grid square, which are aligned along the payload axighat there are impacts of dust in the time spaf2s to 74s
(Fig. 1), will have dust particle impact angles in the range which corresponds to the NLC and lower PMSE layer. The
0;>90—y~77°. Such impacts will lead to secondary charge Ic2 is positive, whilelpc is negative. This difference, in the
production (Havnes and Neesheim, 2007). sign of the current, is a signature of that secondary electric
The ESPRIT payload was launched during NLC and charge production is taking place and that it can be dominant
PMSE conditions. The ALOMAR lidars (von Zahn et al., in Ig>. This is discussed in more detail in Sects. 4 and 5.
1995) observed strong NLC from 82.1 to 84.1km at the There is a sinusoidal-like background contribution to
launch time. This NLC layer varied considerably in height the currentslrg»> and Irpc, ranging from about 10 to
with time and extended down te81 km only~10min be-  1071%A, at the coning period of,~3.84s. We have at-
fore launch and well below 81 k45 min after launch. The tempted to remove this unwanted current contribution by the
NLC layer apparently coincided well with a PMSE layer following two procedures. We have fitted a sinusoidal curve,
from ~82.2 to 84.4km. This layer, observed with the AL- of period 7, to the background and expected it to have lo-
WIN radar (Latteck et al., 1999), was relatively stable in cal maxima at the times 70.5, 74.3, 81.8 and 85.6 s which
height around the launch time, with some variation in heightwe find, from the inspection afrg2 andIrpc in Fig. 2, are
intensity profile. Well above the lower NLC/PMSE layer in regions where a negligible amount of dust is present. In
there was a second and weaker layer of PMSE (no NLC)Fig. 3 we show the raw currenitsg, and/rpc, and the back-
from 86.2 to 89.5 km. This layer varied a great deal in heightground sinusoidal current as a blue line. Fog, we have
and intensity on time scales of a few minutes around launctalso plotted the result for the background when we adapted
time. a Fourier-series to therg2 (Where the strong signal between

reduction of the ratio of the dust probe opening which is cov- Uncorrected raw currents from the dust probe

-14
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Fig. 3. Showing the raw data from G2 and the bottom plate and therig. 5. As for Fig. 4 but now for layer 2, the upper PMSE layer.
representation of the background contribution by a Fourier series
with 12 terms as red, and by a sinus-like curve as a blue curve.

Irg2 s positive and rpc is negative. layer 1. Thelpc currents for both layers are strong enough

to be relatively slightly affected by uncertainties in the back-
o I, andl, inthe NLC/PMSE layer (Layer 1) ground sinusoidal current except at the edges and in the re-
Py ‘ gion from ~87.5 to 89 km where there appears to be a gap
in the PMSE layer. Thdg> current is very weak, and cor-
respondingly uncertain, in the whole height range of layer 2.
While it is positive in most or all of layer 1, it goes slightly
negative in the height region 85.5 to 86.5 km, while it is very
low in the rest of layer 2.
Figure 4a shows that in the NLC/PMSE layer there are
a few sublayers, all with sharp upper edges and a slower de-
cline of density in their lower parts. A similar case for the up-
per and lower edges of the total layer 1, with a decline from a
current~—10"11 A to less than-10"1? A over only~10m
at the upper edge and500 m in the lower part of the layer.
We have also investigated if thepc current is affected by
periodic phenomena related to the rocket, such as the rotation
80.8 81 812 83 83.05 83.1 period or the Langmuir sweep periodefl s. In Fig. 6, we
show the FFT power spectra of the NLC/PMSE (layer 1) in
Fig. 4. The correctedipc (black curves) andg, with Fourier  the top panel, the PMSE (layer 2) in the middle panel, and a
correction (red curve) and sinus correction (blue curve) for theregion above the PMSE layer in the lower panel. The power
NLC/PMSE layer. spectrum has been normalized so that the power at the rota-
tion frequencyfr=5.45Hz is put equal to 1. There are no
dominant frequencies in the NLC/PMSE or PMSE layer of
t=7251 and 73.65s was replaced by a straight line) and repanels (a) and (b) althougfyk and 4fr are weakly present.
plotted it (red curve) including only the first 12 terms, which Above the layers, as shown in panel (a), the and 41z
in our case, are terms with periods from 1.7 s and up to theare more clearly apparent but the dominant frequency is the

time interval of the plot of 20's. Subtracting the background coning frequency af.=1/3.84 which is outside the scale of
variations from/rg2 andIrpc give the netlg> andIpc. In Fig. 6.

Fig. 4 we give the net currents for the lower NLC/PMSE
layer, which we will call layer 1. We have blown up the
lower and upper parts of the layer to show details of the edge
regions. In Fig. 5, we show the much weaker upper PMSE
layer which we will call layer 2. The maximum currents,
shown in Fig. 5 for layer 2, are-30 times weaker than in
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Fig. 7. The dust charge number density and the secondary current

Fig. 6. Fourier frequency analysis of layer 1, 2 and the region aboveaS a function of height in layer 1 (NLC/PMSE).

the layers. We show the payload spin frequericynd its harmon-
ics up to 4fg.

NyZg4e symbolizes the total dust charge density given by
4 Analysis of the probe currents to Grid 2 and the bot-  an integration over all dust sizes of the dust size distribu-
tom plate tion multiplied with the dust charges as a function of size.
Ny is the dust densityZ; the dust charge number and
The interior of the dust probe is closed to the ambient thermab=1.602x 10-1° C. The rocket velocity i%/k, the dust probe
ions and electrons by grid 1, while the heavy dust particlesradius isR,, andy is the coning angle. A fraction;=0.08
pass through it (Havnes et al., 1996). Very small particles ofof the dust charge flux into the probe is removed by grid 1.
radius<4-5nm can be seriously affected by drag from the we disregard any contribution t, from secondary produc-
airflow around the payload (Horanyi et al., 1999; Rapp et al..tion on G1. Equation (1) describes tHap is made up of the
2005; Hedin et al., 2007) and may be prevented from reachdirect impact of dust plus a contributidg due to secondary
ing the interior of the dust probe. We will assume that thecharge production. Havnes and Naesheim (2007) found that
fraction of dust charge density carried by the very smallestthe net value ofs on the grid they impact is positive. This
dust particles, which are not detected by the dust probe, i$neans that the dust which impacts at h@fand fragmentsy
small compared to the total dust charge density. Model calwill rub off electrons. This behaviour is also observed in
culations show that in the lower PMSE layer, dust of radius|aboratory experiments where fresh surfaces exposed to im-
down to around 3 nm will probably enter the probe with an pacting and fragmenting ice particles, initially gave off nega-
efficiency of around 0.7, while for the upper layer slightly tive charges to the ice fragments. After some minutes, this
smaller dust should also enter the probe with a high effi-changed and the emission of positive particles dominated
ciency (Hedin et al., 2007). The comparatively small size (Tomsic, 2001). The curreripc is made up of the fraction
limits detection, together with recent findings that the major- (1—4v) of 15, which is not captured by G2, plus the sec-
ity of dust particles smaller than 2-3 nm probably are neu-ondary charges from G2 which now gives a contribution to
tral at sunlit conditions (Havnes and Kassa, 2009) due to theyC an opposite polarity to that on G2. Direct impacts on the
effect of photodetachment (Weingartner and Draine, 2001)yottom plate is not expected to lead to any secondary produc-
support our assumption. The dust will impact on G2 and thetjon, since the impact angle is small and the relative velocity
bottom plate and lead to currents is comparatively low (Dalmann et al., 1977). The secondary
Q) production on G2 will be-4 times larger than on G1 and the
fragments produced on G2 are much more likely to reach the
Inc =1 —-o0p)Ip — I 2 bottom plate both because of& times smaller air gap than
between G1 and G2 and also because the electric field be-

Here /) is the current inside the probe between grid 1 andyyeen G2 and DC will accelerate negative fragments toward
2, while 02=0.28 is the ratio of the area of grid 2 to that of he pottom plate.

the probe opening. The currefy is related to the total dust From Egs. (1) and (2) it follows that
charge densitw, Z,e in the dust layers by '

Ig2 = o2Ip + I

Ip = (1—01)NgZge - Vg - TR - cOSy () Ip=Iec2+Ipc 4)

www.ann-geophys.net/27/1119/2009/ Ann. Geophys., 27, 1MZR-2009



1124 O. Havnes et al.: Mesospheric dust observed by the ESPRIT payload

7 Layer 2 (PMSE) T T
5X1q T T . SPIRIT Il

! ! ! 835 84 845 85 855 86 865 87 875 88

2 ‘ ‘ ‘ ‘ ‘
85 86 87 88 89 90 91 92 Height in km
Height in km

) ) Fig. 9. In the top panel, we show the ratRs=1Ig>/Ipc for both

Fig. 8. As for Fig. 7 but for layer 2 (PMSE). layer 1 and layer 2. The very noisy results are from where there is
no detectable dust layer so the ratio is just of noise. The red curve is
for Fourier representation of the correction for the coning induced

Is = (1—02)lc2 — o2lpc (5)  background contribution, while the black is for a sinus representa-
tion of the correction. We have shown the theoretical limitRef

In Fig. 7, we show in the upper panel the dust charge numbetln the lower panel, we show, only for comparison, the result&fpr

panel the secondary currents for layer 1. In Fig. 8, we

show the same but now for layer 2. In both caggspughly NaZa<n, can give rise to PMSE (Havnes et al., 2001a, b:
e " 1 1

reflects the variations in dust charge density. This indicate 3 -
that the secondary charge production per impacting dust paj?app and libken, 2004). The present results indicate that

ticle does not vary dramatically throughout the two layers. if?ﬁ:te(lzzgtrr%i gz:z'g ga(;n& (;Z?figizrr?f t?)t,p(r)(; dpuizsflgl\lﬂessé’
The dust charge density;Z,, shown in Fig. 7 for the

NLC/PMSE layer, is considerable and the maximum densitysmce the electron density at this height region is most likely

of Ny Zs~—3.5x10°m~3 is similar to the maximum values neZ5x10°m=.

measured by DUSTY 1 (ECT-02) for a non-visual PMSE

layer (Havnes et al., 1996). For the DUSTY 1 flight these5 Secondary charge production in the NLC/PMSE and
large values ofV;Z,; coincided with the two deep electron PMSE layer

bite-outs each~0.5km wide and we find it likely that the

large values ofN;Z; in the NLC/PMSE layer must cause The secondary charge currerts as produced on grid 2 as
one or more electron bite-outs within this layer also. Thegiven by Eq. (5), are shown in Figs. 7 and 8. The importance
values ofN;Z,, for the upper PMSE layer shown in Fig. 8, ofthe secondary charge production can be seen from the ratio
are low throughout the whole layer and we find it unlikely I oolp 4 1
that values of Ny Zd|<10® m~3 will give rise to any elec- Rs= —2 = — 20778
tron bite-outs in this layer where the electron density most Ioc  (A—o2)lp—Is
likely is close to two orders of magnitude higher. The rocket Havnes and Naesheim (2007) showed that for the DUSTY 1
did not fly through any of the radar beams of the Alwin MST launch (Havnes et al., 1996Rs have all the values within
radar and a direct comparison of tNgZ; height profile with  the limits of Rg which wereRs~o2/(1—02)~0.3 for Is—0

the radar PMSE profile is not possible. It is, however, likely and Rg~—1 for Is>>Ip. For the ESPRIT dust probe the
that a PMSE was present along the rocket path in much of theorresponding limits are.87>Rs>—1. In fact, a correc-
height region of Fig. 8. The vertical Alwin beam observed ation for the slightly higher shadowing of the bottom plate
PMSE layer extending from¥86.2 to 89.5 km during launch. than for G2 at a coning’~13°, the limits will change to

In its upper parts from~88 to 89.5km a consistent weak 0.42>Rg(DUSTY)>—1.1 and 052>Rs(EDD)>—1.1. In
PMSE's of ~10-15dB above the background was presentFig. 9, we show the rati®Rs=Ic2/Ipc for ESPRIT in the

for more than 10 min before launch to more than 30 min af-upper panel, and for DUSTY 1 in the lower one. The result,
ter launch. In this region, the dust charge number densitywhen I, has been corrected by a Fourier-approximation to
was of the order oV, Z;~—5x10" m=3 only. This con- the background current, is shown as a red line, while the cor-
firms earlier findings that also very low dust densities with rection by a sine-curve is shown as a black lingc was

(6)

Ann. Geophys., 27, 1119428 2009 www.ann-geophys.net/27/1119/2009/



O. Havnes et al.: Mesospheric dust observed by the ESPRIT payload 1125

— 0
e 63 =85
0.25} - 8
77.5°
%) - 75°
g 0.2}
8 )
3 5
8 <, 015}
o o)
> <’
<
ke
c
S | ng(max)
Q
n
0.05r
e e e 0 L L L L L L L L
2 3 0 10 20 30 40 50 60 70 80 90
o o Grid rotation angle in de
0 Impact angle ei 90 g g

Fig. 10. A schematic representation of the secondary production ofFIg' .11' The varla.tlon of effective area for secondar.y charge pro-
. X duction as a function of payload rotation angle for different values
charge as a function of impact angle

of 63 (Fig. 10). The value ofig(max used here is 1.

%
()

Layer 1 Layer 2

NLC/PMSE PMSE

—— ‘ [N ‘

82 84 86 88 90 92
Height in km

35
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only corrected by a sine-curve approximation to the back-
ground current. The noisy regions at the upper and lower
height regions in both panels and betwee83 to 84.8 km '
for ESPRIT are from regions where both, and Ipc ap-
proach zero so the ratio is just due to noise. The values closeg
to the edges of layer 1 and 2 for ESPRIT are uncertain be- <’
cause the uncertainties in the correction for the backgrounds
coning-induced current to botlg, andIpc.

It is clear from Fig. 9 that a considerable amount of sec-
ondary charge production is present, in spite of the small sur-Z 10
face of the side edges of the Grid 2 wires where impacts at%
sufficient high impact angles can occur. If no secondary im- § 5
pacts occurRs should approach the upper limit. As we see, 3
the ratioRg is not near this value in either of the two lay- =
ers. In layer 1, where both currentg, and Ipc are well
above the background current, except at the edges, the sec-
ondary current is in fact dominant on G2, since this cur-Fig. 12. The computeds(max for the two dust layers. We show
rent is positive andRg<0. In layer 2 the value ofgy is here the results for the sinus-correction for the background varia-
always low which means that the secondary production ortions. The Fourier representation gives only small changes to the
G2 approximately balances the direct curresfy to it. For ~ results in the two layers.
this to happen, we need a considerable secondary production
on the small area at the sides of the grid wires which can
produce secondary currents at dust impacts. A critical pavations from DUSTY 2 (Havnes et al., 1996), the onset of
rameter in this context is the dependence of secondary prasecondary production had to be at an angjle20-3%5 as
ductionn, (6;) on the impact anglé;. Based on laboratory compared to th&;~45° observed in experiments for pure
experiments (Tomsic, 2001), the dependence of secondarige particles (Tomsic, 2001). Also, they found that a large
production ong; is most likely one where there is no sec- secondary production should already result at impact angles
ondary production for lowd; <61, an increasing production as low a®;~55°, while Tomsic (2001) findg,~70° for ice
for 61 <6; <62, a maximum production betweépandds and particles. The reason for the comparatively high value of the
a decreasing production froth=63 to ;=0 at9,=90°, as  impact angles found in the experiments, compared to those
shown in Fig. 10. The value of,(6;) corresponds to the required for mesospheric dust particles, is most likely that
number of electrons which are carried away by one impactthe pure ice particles in the experiments will totally subli-
ing dust particle. Havnes and Neesheim (2007) found thatnate at lower impact angles (Tomsic, 2001). On the other
in order to explain the dust and secondary production obserhand, mesospheric ice particles may contain many small
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meteoric particles (Rosinski and Snow, 1961; Hunten et al. ~(Ase¢/ Agrid)-0270.023. Each of the impacts will produce
1980; Megner et al., 2006) which probably do not sublimate.n;(max) secondary electrons so we have
Havnes and Naesheim (2007) suggested that mesospheric

- 7 Ip
dust particles fragment during impact and that much or allj; =, (max - 0.023- == . (7)
of the ice within which the meteoric smoke particles are em- Zd

bedded, sublimates, while the meteoric smoke particles carryhis enables us to fings(max by the use of Egs. (4) and
away charge from thg surface where the impact takes placet5)_ We have plotted the results in Fig. 12 with=—1. For

The secondary charging effect of impacting meteoric sSmok&ayer 1, which most likely consists of fairly large NLC dust
particles may have been observed in rocket experiments durparticles of radius,;~50+20 nm (von Cossart et al., 1999;
ing winter conditions (Amyx et al., 2008). On grid 2 of EDD  Eremenko et al., 2005), the re&} should be higher thar1,

the secondary production can only take place on one of the, likely charge range could kig;—=—2 to —4. This shows
side edges of. the square wire profiles (Fig. 1) and the im+nat for this NLC/PMSE layer, the production facigrmax

pact angles will vary between 8¢ <6; <90 as the payload 4y well be from 50 to 100. This high number is in the range
rotates. The coning angle vyhen the pay!oad passes througl, 15 (max) which was also found by Havnes and Neesheim
the NLC and PMSE layers ig~13". The impact angle on  (2007). For layer 2 we have no direct information on the dust
the two side-edges andy in each square of the grid, which  gjzes" This layer most likely consists of smaller particles,
is exposed to impacts at high, have impact angles given gjnce it was not detected by lidars. Their charges will be
by cosf;,=siny- cosy (1) and co®;,=siny-sing(r) where  ¢joge to7,~—1 leading to values of; (max) of ~10-15.

¢(¢) is the rotation angle of the payload. The total effec-

tive grid areadyrig for direct impacts will vary slightly dur-

ing payload rotation because a varying amount of side-edg® Discussion

of the grid wire will be exposed to the incoming dust. Be-

cause of the comparatively small coning, the exposed sideThe dust observations by the dust probe EDD on the ESPRIT
edge area will be in the region of 10-15% of the upper edgepayload launched as SPIRIT Il confirmed that charged dust
area of the grid. Secondary charges should only be produceparticles are present in both visual dust layers (NLC/PMSE)
on the exposed side-edges where the particles hit with impacind in non-visual dust layers (PMSE). The maximum dust
angles varying between 98y =77 and 90 as the payload charge densities in layer 1 (Fig. 7), the NLC layer, is
rotates. The effective arefsec Of a side-edge for secondary NyZ;~—3.5% 10° m—3 which is close to the maximum val-
charge production is equal to the area of the side-edge normales which have been found in earlier rocket flights (Havnes
to the ram direction, multiplied with the value of secondary et al., 1996; Smiley et al., 2006). The dust charge density
production (Fig. 10);, at the relevant impact angle. Fig- is expected to be smaller or, in the case of a strong electron
ure 11 shows the ratidse¢/ Agrig between the effective area bite-out where most of the electrons are captured by the dust
for secondary production and the total grid area for differentparticles, comparable to the electron density just outside the
values off3 with y=13°. The effective areasec for sec-  clouds (Havnes et al., 2001a; Rapp et al., 2003). This means
ondary production is calculated here by use of a secondaryhat at the NLC of~82 km for ESPRIT, the electron density
productionn, (6;) which has a maximum valug, (maxX=1. without dust should be,>4x10° m~3. In the much higher
We later calculate the true valuesigfmax) in Fig. 10 which  layer 2 between-85 to 91.5 km height, wherd;Z; is low,

is required to reproduce the observed secondary productiorthe electron density should not be much affected, and we ex-
We see that fov3<90—y~77° there is a negligible vari- pect that the electron density must be appreciably higher at
ation in the ratio while a variation starts to develop when least by a factor of 2. This makes it probable that the ob-
63>90—y=77. This variation will be at a frequency of 4 served dust charge densities §Z;<—10° m—3 shown in
times the payload rotation frequency. We see, however, fronfig. 8, not only confirms that very little dust, compared to
the frequency analysis in Fig. 6, that there is no or a verythe electron density, is required for PMSE to be formed, but
weak contribution at 4% in both the layers (panels a and b) that a ratio as low a®=|N;Z;/n.|<0.01 can be sufficient.
which indicate that the value @k should be below~ 80° This is an observed record lo® for PMSE conditions and
and that the secondary production falls off at higheto confirms the results of Havnes et al. (20014, b) (see also Rapp
become 0 ap;=90°. Adopting the value®3=75" which and Lilbken, 2004) that earlier beliefs th&t-1 was required
was used by Havnes and Naesheim (2007), we have the ratimr PMSE to form, was not correct.

Ased/ Agria~0.082 at all rotation angles. This enables us to A very important result of the SPIRIT Il dust detector is
compute the value, (max), the number of electrons rubbed that it confirms that secondary charge production by impact-
off by one impacting dust particle, which is needed to ex-ing dust particles must always be considered. If dust can
plain the observed secondary currégnt From Eq. (3), we impact on probe or payload surfaces with an impact angle
know that the total flux of dust particles between grid 1 andin the range 20-35<¢; it is likely that secondary charge
2isIp/Z4e. The fraction of the total flux which impacts on effects will have an influence on the payload charging and
the edges of the grid wires to produce secondary charges igrobe currents. In the present dust detector EDD the grid
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wires were constructed to reduce the secondary productioBjorn, L. G. and Arnold, F.: Mass spectrometric detection of pre-
but they were still present. In DUSTY (Havnes et al., 1996) condensation nuclei at the arctic summer mesopause, Geophys.
the area of grid 2 (see Fig. 1) producing secondary charges Res. Lett,, 8, 1167-1170, 1981.

is about 30% of the total grid area while for the EDD it is Cho, J. Y. N. and Bttger, J.: An updated review of polar meso-
~10%. The non-negligible secondary production, in spite sp_here summer echoes: Observano_n;, theory, and their relation-
of the small part of the grid surface available for this case, ship to noctilucent clouds and subvisible aerosols, J. Geophys.

. . . . . Res., 102, 2001-2020, 1997.
shows that in the NLC region the impacting dust paruclesDalmanm B._K.. Gin, E.. Kissel, J.. and Dietzel, H.. The ion-

_Can each rub off a maximum number of ”e‘é_la“ve charges composition of the plasma produced by impacts of fast dust par-
in the range 50 to 100. Havnes and Neesheim (2007) also ticjes, plan. Space Sci., 25, 135-147, 1977.
found that this was required to explain the large positive cur-gckjund, W. L. and Balsley, B. B.: Long-term observations of the
rents on the front grid of their dust probe in the DUSTY 2 Arctic mesosphere with the MST radar at Poker Flat, Alaska, J.
(ECT-07) flight. This confirmation, that the secondary pro- Geophys. Res., 86, 7775-7780, 1981.
duction is very much higher for mesospheric dust particlesEdwards, P. S., Philbrick, C. R., Surdal, L. H., Johnsen, M. G.,
than for pure ice particles in experiments, gives support to Latteck, R., and Baumgarten, G.: The ESPRIT rocket payload
the model for the mesospheric dust proposed by Havnes and launch: Initial comparison with ground based atmospheric mea-
Naesheim (2007). We, therefore, find it now even more prob- SBuarI(Iaon;ﬁnFEf(’)gPrr:r% nfihaiig iéﬂ%";‘é‘gg{‘:E“\;%%?agv?ggzﬁt 2”?

) . Eremenko, M. N., Petelina, S. V., Zasetsky, A. Y., Karlsson,
are _the ones Wh'(_;h rub off cha}rges from the sur_faces Wh'ch B., Rinsland, C. P., Llewellyn, E. J., and Sloan, J. J.: Shape
are impacted, while the water in the mesospheric dust parti- anq composition of PMC particles derived from satellite re-
cles mainly sublimates. However, it may be a problem for mote sensing measurements, Geophys. Res. Lett., 32, L16S086,
the model that the effectivity, of the fragments of the meso- doi:10.1029/2005GL023013, 2005.
spheric dust particles, is found to be so much higher tharEscobar, A. C., Bén, S. G., and Philbrick, C. R.: Preliminary Lang-
pure ice particles in rubbing off electrons. According to the muir probe analysis from ESPRIT, Proc. 18th ESA Symposium
estimates by Havnes and Naesheim (2007), the effectivity on European Rocket and Balloon Programmes and Related Re-
must be at least one and possibly several orders of magni- Search, Visby, Sweden, 37 June 2007 (ESA SP-647), 263-268,
tude larger than similar sized ice particles of which typically
Considerable part of the diference oan be oxplained becausg, oMY I pace 16, Springer-Verag, 1985

Eridin, V. V., Gebhardt, C. R., Tomsic, A., Schechter, |., Sciar,

apparently all of the ice particles evaporate if their sizes are |, 4 Kompa, K. L.: Surface impact induced fragmentation

smaller than~6nm, and many larger also (Tomsic, 2001),  anq charging of neat and mixed clusters of SO2 and H20, Int. J.
while the smoke particles are much less likely to sublimate. Mass Spectrom., 232, 1-7, 2004.

We do not know if a mixing of meteoric metals in atomic Gumbel, J. and Witt, G.: In situ measurements of the vertical struc-
form with the condensed water ice in the mesospheric dust ture of a noctilucent cloud, Geophys. Res. Lett., 25, 493-496,
(Havnes et al., 1990;iibken and Hoffner, 2004; Plane etal.,  1998.

2004) also can increase the probability for secondary impactiallgren, P. S., Schmalberger, D. C., and Hemenway, C. L.: Noc-
effects. However, it seems clear that a correct model for the tilucent cloud sampling by multi-experiment payload, Space
mesospheric dust particles must be quite different from that Res- XIl, 1105-1112, 1973.

of a pure ice particle, condensed around a small meteori¢t2/"es, O. and Kassa, M.. On the sizes and observable ef-
smoke particle fects of dust particles i PMWE, J. Geophys. Res., accepted,

doi:2008JD011276, 2009.

AcknowledgementsTopical Editor U.-P. Hoppe thanks two anony- Havnes, O. and Neesheim, L. I.: On the secondary charging effects
mous referees for their help in evaluating this paper. and structure of mesospheric dust particles impacting on rocket
probes, Ann. Geophys., 25, 623-637, 2007,
http://www.ann-geophys.net/25/623/2007/

Gadsden, M. and Sobder, W.: Noctilucent Clouds, Physics and

References Havnes, O., de Angelis, U., Bingham, R., Goertz, C. K., Morfill,
G. E., and Tsytovich, V.. On the role of dust in the summer
Amyx, K., Sternovsky, Z., Knappmiller, S., Robertson, S., &foyi, mesopause, J. Atmos. Terr. Phys., 52, 637-643, 1990.

M, and Gumbel, J.: In-situ measurement of smoke particles inHavnes, O., Trgim, J., Blix, T., Mortensen, W., Neesheim, L. I.,
the wintertime polar mesosphere between 80 and 85 km altitude, Thrane, E., and T@nnesen, T.: First detection of charged dust par-
J. Atmos. Sol. Terr. Phys., 70, 61-70, 2008. ticles in the Earth’s mesosphere, J. Geophys. Res., 101, 10839—
Andersson, P. U. and Pettersson, J. B. C.: lonization of water clus- 10847, 1996.
ters by collisions with graphite surfaces, Z. Phys. D, 41, 57-62,Havnes, O., Brattli, A., Aslaksen, T., Singer, W., Latteck, R., Blix,
1997. T., Thrane, E., and Trgim, J.: First common volume observa-
Barjatya, A. and Swenson, C. M.: Observations of triboelectric  tions of layered plasma structures and polar mesospheric summer
charging effects on Langmuir-type probes in dusty plasma, J. echoes by rocket and radar, Geophys. Res. Lett., 28, 1419-1422,
Geophys. Res., 111, A10, doi:10.1029/2006JA011806, 2006.

www.ann-geophys.net/27/1119/2009/ Ann. Geophys., 27, 1MZR-2009


http://www.ann-geophys.net/25/623/2007/

O. Havnes et al.: Mesospheric dust observed by the ESPRIT payload

1128
Rapp, M., lilbken, F.-J., and Blix, T. A.: Small scale density vari-
ations of electrons and charged particles in the vicinity of po-

2001a.
Havnes, O., Aslaksen, T., and Brattli, A.: Charged dust in the

Earth’s middle atmosphere, Phys. Scripta, T89, 133—-137, 2001b. lar mesosphere summer echoes, Atmos. Chem. Phys., 3, 1399—
Hedin, J., Gumbel, J., and Rapp, M.: On the efficiency of rocket- 1407, 2003,

borne particle detection in the mesosphere, Atmos. Chem. Phys., http://www.atmos-chem-phys.net/3/1399/2003/

7,3701-3711, 2007, Rapp, M., Hedin, J., Strelnikova, |., Friedrich, M., Gumbel, J.,

http://www.atmos-chem-phys.net/7/3701/2007/ and Lilbken F.—J.: Observations of positively charged nanopar-
Hedin, J., Gumbel, J., Rapp, M., and Waldemarsson, T.: On the ticles in the nighttime polar mesosphere, Geophys. Res. Lett.,

efficiency of rocket-borne particle detection in the mesosphere, 32, 123821, doi:10.1029/2005GL024676, 2005.

36th COSPAR Scientific Assembly, p. 3098, Beijing, China, 16— Reichard, G., Cochrane, C., and Fortin, W.: ESPRIT sun sensor:
23 July 2006. Results and future use, Proc. 18th ESA Symposium on European
Horanyi, M., Gumbel, J., Witt, G., and Robertson, S.: Simulation of  Rocket and Balloon Programmes and Related Research, Visby,
rocket-borne particle measurements in the mesosphere, Geophys. Sweden, 3—7 June 2007 (ESA SP—-647), 2007.
Res. Lett., 26, 1537-1540, 1999. Rosinski, J. and Snow, R. H.: Secondary particulate matter from
Hunten, D. M., Turco, R. P,, and Toon, O. B.: Smoke and dust meteor vapors, J. Meteorol., 18, 736745, 1961.

particles of meteoric origin in the mesosphere and stratosphereSchulte, P. and Arnold, F.: Detection of upper atmospheric

J. Atmos. Sci., 37, 1342-1357, 1980. negatively charged microclusters by a rocket-borne mass-
Kopp, E., Bertin, F., Bjrn,L.G., Dickinson, P. H. G., Philbrick, C. spectrometer, Geophys. Res. Lett., 19, 2297-2300, 1992.

R., and Witt, G.. The CAMP campaign 1982, Proc. 7th ESA Smiley, B., Rapp, M., Blix, T. A., Robertson, S., Howi, M., Lat-
Symposium on European Rocket and Balloon Programmes and teck, R., and Fiedler, J.: Charge and size distribution of meso-
spheric aerosol particles measured inside NLC and PMSE dur-

ing MIDAS MaCWAVE 2002, J. Atmos. Solar-Terr. Phys., 68,

Related Research, Loen, Norway, 5-11 May 1985, (ESA SP-
114-123, 2006.
Mesospheric clouds and the physics of the

229),117-123, 1985.
Latteck, R., Singer, W., and Bardey, H.: The ALWIN MST Radar —

Technical Design and Performance, Proceedings 14th ESA SymThomas, G. E.:

posium on European Rocket and Balloon Programmes and Re- mesopause region, Rev. Geophys., 29, 553-575, 1991.

lated Research, Potsdam, Germany, 31 May-3 June 1999, ESAomsic, A.: Collisions between water clusters and surfaces, Dr. fi-
los. thesis, Gothenburg University, Gothenburg, 2001.

SP-437, pp. 179-184, 1999.
LUbken, F. J. and Hoffner, J.: Experimental evidence for ice par-Ulwick, J. C., Baker, K. D., Kelley, M. C., Balsley, B. B., and
Ecklund, W. L.: Comparison of simultaneous MST radar and

ticle interaction with metal atoms at the high latitude sum-
mer mesopause region, Geophys. Res. Lett, 31, L08103, electron density probe measurements during STATE, J. Geophys.
Res., 93, 6989-7000, 1988.

doi:10.1029/2004GL019586, 2004.

Megner, L., Rapp, M., and Gumbel, J.: Distribution of meteoric von Cossart, G., Fiedler, J., and von Zahn, U.: Size distributions
smoke — sensitivity to microphysical properties and atmospheric of NLC particles as determined from 3-color observations of
conditions, Atmos. Chem. Phys., 6, 44154426, 2006, NLC by ground-based lidar, Geophys. Res. Lett., 26, 1513-1516,
http://www.atmos-chem-phys.net/6/4415/2006/ 1999.

Mitchell, J. D., Croskey, C. L., and Goldberg, R. A., Evidence for von Zahn, U. and Bremer, J.: Simultaneous and common-volume
charged aerosols and associated meter-scale structure in identi- observations of noctilucent clouds and polar mesosphere summer

fied PMSE/NLC regions, Geophys. Res. Lett., 28, 1423-1426, echoes, Geophys. Res. Lett., 26, 1521-1524, 1999.

2001. von Zahn, U., Thrane, E. V., and Skatteboe, R.: The ALOMAR
Pedersen, A., Trgim, J., and Kane, J.: Rocket measurement show- facility: Status and outlook, in Proceedings 12th ESA Sympo-
ing removal of electrons above the mesopause in summer at high sium on European Rocket and Balloon Programmes and Related
latitudes, Planet. Space Sci., 18, 945-947, 1969. Research, Lillehammer, Norway, (ESA SP,) pp. 379-385, 1995.

Philbrick, C. R., Bien, S. G., Wheeler, T. F., and Thrane, E. V.: Ed- Vostrikov, A. A., Zadorozhny, A. M., Dubov, D. Y., Witt, G., Kaza-
ucational advantages afforded by the ESPRIT project, Proc. 18th kova, I. V., Bragin, O. A., Kazakov, V. G., Kikhtenko, V. N.,
ESA Symposium on European Rocket and Balloon Programmes and Tyutin, A. A.: loozation of water clusters by collision with
and Related Research, Visby, Sweden, 3-7 June 2007 (ESA SP- surface, Z. Phys. D, 40(1-4), 542-545, 1997.

Weingartner, J. C. and Draine, B. T.: Electron—ion recombination
on grains and poycyclic aromatic hydrocarbons, Astrophys. J.,

647), 257-262, 2007.
Plane, J. M. C.: Atmospheric chemistry of meteoric metals, Chem.
Rev., 103, 4963-4984, 2003. 563, 842-852, 2001.
Plane, J. M. C., Murray, B. J., Chu, X. Z., and Gardner, C. S.: Re-Zadorozhny, A. M., Tyutin, A. A., Witt, G., Wilhelm, N., Walchli,
moval of meteoric iron on polar mesospheric clouds, Science, U., Cho, J.Y. N., and Swartz, W. E.: Electric field measurements
in the vicinity of noctilucent clouds and PMSE, Geophys. Res.

304, 426-428, 2004.
Rapp, M. and kbken, F.-J.: Polar mesosphere summer echoes Lett., 20, 2299-2302, 1993.

(PMSE): Review of observations and current understanding, At-

mos. Chem. Phys., 4, 2601-2633, 2004,
http://www.atmos-chem-phys.net/4/2601/2004/

www.ann-geophys.net/27/1119/2009/

Ann. Geophys., 27, 1119428 2009


http://www.atmos-chem-phys.net/7/3701/2007/
http://www.atmos-chem-phys.net/6/4415/2006/
http://www.atmos-chem-phys.net/4/2601/2004/
http://www.atmos-chem-phys.net/3/1399/2003/

